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Abstract High resolution melting curve (HRM) is a
recent advance for the detection of SNPs. The technique
measures temperature induced strand separation of short
PCR amplicons, and is able to detect variation as small as
one base difference between samples. It has been applied to
the analysis and scan of mutations in the genes causing
human diseases. In plant species, the use of this approach is
limited. We applied HRM analysis to almond SNP dis-
covery and genotyping based on the predicted SNP
information derived from the almond and peach EST
database. Putative SNPs were screened from almond and
peach EST contigs by HRM analysis against 25 almond
cultivars. All 4 classes of SNPs, INDELs and microsatel-
lites were discriminated, and the HRM profiles of 17
amplicons were established. The PCR amplicons contain-
ing single, double and multiple SNPs produced distinctive
HRM profiles. Additionally, different genotypes of INDEL
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and microsatellite variations were also characterised by
HRM analysis. By sequencing the PCR products, 100 SNPs
were validated/revealed in the HRM amplicons and their
flanking regions. The results showed that the average fre-
quency of SNPs was 1:114 bp in the genic regions, and
transition to transversion ratio was 1.16:1. Rare allele fre-
quencies of the SNPs varied from 0.02 to 0.5, and the
polymorphic information contents of the SNPs were from
0.04 to 0.53 at an average of 0.31. HRM has been dem-
onstrated to be a fast, low cost, and efficient approach for
SNP discovery and genotyping, in particular, for species
without much genomic information such as almond.

Introduction

Single nucleotide polymorphisms (SNPs) have been widely
used in a variety of research areas, such as association
studies (Ohnishi et al. 2001), biodiversity assessment (van
Tienderen et al. 2002), and genetic map construction
(Batley and Edwards 2007). The popularity of SNPs as
valuable and efficient molecular markers has increased as
these have been demonstrated to be the most abundant of
all the classes of molecular markers (Gupta et al. 2001;
Hayashi et al. 2004). Furthermore, recent advances in SNP
detection techniques allow high-throughput assays and
consequently high-density genome-wide scans (Ohnishi
et al. 2001; Tsuchihashi and Dracopoli 2002).

High resolution melting (HRM) analysis has been
developed to detect SNPs in small PCR amplicons because it
is an easy and low-cost method (Hoffmann et al. 2007; Hung
et al. 2008; Liew et al. 2004). The term ‘high resolution
melting analysis’ used for the characterisation of DNA
appeared in the literature as early as in 1974 (Michel et al.
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1974; Steinert and Van Assel 1974). However, the analyses
initially utilised large DNA fragments such as total mito-
chondrial DNA (Michel et al. 1974) and the kinetoplast
genome (Steinert and Van Assel 1974), and the analysis was
able to detect large differences only of length and CG content
of the DNA. Later melting analysis of shorter PCR ampli-
cons focused mainly on the differentiation of heterozygous
mutations from the homozygous wildtype (Hiratsuka et al.
2002; Toyota et al. 2000) as well as the length and GC
contents of the molecules (Ririe et al. 1997), while subtle
melting difference between different homozygotes was still
beyond the power of the analysis. Introduced in 2002 (Reed
et al. 2007), contemporary HRM analysis discriminates two
homozygous PCR amplicons containing a nucleotide varia-
tion as well as their heterozygote (Bennett et al. 2003;
Herrmann et al. 2007; Stephens et al. 2008; Zhou et al. 2005).
HRM has been developed to detect the single nucleotide
variations of all types with most applications in the diag-
nostic analysis of mutated genes causing human diseases
(Stephens et al. 2008; Wittwer et al. 2003; Zhou et al. 2004).
The methodology has involved using fluorescence labelled
or unlabelled probes that are specific to the SNP containing
sequence (Bennett et al. 2003; Zhou et al. 2005). However, it
has been demonstrated more recently that it is almost equally
effective when only PCR amplicon melting is performed
negating the need for costly probes (Hoffmann et al. 2007,
Krypuy et al. 2007; Liew et al. 2004). The evolution of the
HRM techniques from traditional melting curve analysis has
been implemented by the invention of new generation
intercalating dyes which can saturatedly bind to the double
stranded DNA without PCR inhibition; and by improved
optical and thermal precision that has been incorporated in
the instruments (Herrmann et al. 2006b). In addition to SNP
genotyping, the application of HRM analysis has also
extended to the assessment of DNA methylation (White et al.
2007; Wojdacz and Dobrovic 2007) and microsatellite
(Mackay et al. 2008).

Massive amounts of SNPs have been discovered and
characterised in the species where whole genome sequences
are available, such as human (The-International-HapMap-
Consortium 2007) and Arabidopsis (Schmid et al. 2003). In
almond (Prunus dulcis), six SNPs have been reported and
were used for mapping candidate genes (Silva et al. 2005).
While 33,189 peach and almond SNPs in 1,156 SNP reports
were recorded in the ESTree database (Lazzari et al. 2005,
2008) (http://www.itb.cnr.it/estree/snps.php), only in silico
SNP prediction was made without further validation details.
In fact, many reported SNPs are sequencing or other sys-
tematic errors and therefore not real SNPs. Therefore, the
SNPs need to be verified manually and experimentally.
There are no Prunus SNPs yet registered in dbSNP database
till 1 August 2008 (http://www.ncbi.nlm.nih.gov/SNP/),
although some SNPs were converted from RFLP fragments
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in Prunus mume (Fang et al. 2005) and used for mapping
candidate genes in almond (Silva et al. 2005). The aim of the
present study was to apply the HRM approach to the devel-
opment of SNPs with 25 important almond cultivars, using
existing almond and peach ESTs, and to establish a technique
for SNP discovery and genotyping in almond and other
species.

Materials and methods
Plant material and DNA extraction

A group of 25 almond cultivars was used as a population for
SNP validation and discovery. The origin and collection of
the cultivars is shown in Table 1. The leaves of these culti-
vars were collected from the following sources: the
Claremont and Alverstoke orchards at Waite Campus of The
University of Adelaide, South Australia; Loxton research
Centre, Loxton, South Australia; private orchards within
South Australia and Victoria (Woolley et al. 2000).
Collected leaves were stored at —80°C until required for
DNA extraction.

Table 1 Source of the almond cultivars assayed using high resolu-
tion melting (HRM) analysis

Cultivars Sources of leave collection Origin

All in One Waite United States
Alnem 88 Loxton Israel
Baxendale Waite Australia
Chellaston (Cole) Waite Australia
Ferraduel Loxton France
Ferragnes Loxton France
Ferralise Loxton France
Ferrastar Loxton France

Fritz Waite United States
Golden State Angle Vale United States
Johnston (Giles) Waite Australia
Keanes Seedling Loxton Australia
Lauranne Lindsay Point France
McKinlays Magnificent Willunga Australia

Milo Waite Alverstoke United States
Ne Plus Ultra Waite United States
Nonpareil Lindsay Point United States
Parkinson Willunga Australia
Peerless HRU Waite United States
Pethick Wonder Angle Vale Australia
Pierce Willunga Australia
Price Waite United States
Somerton Loxton Australia
Thompson 1 Waite Alverstoke United States

White Brandis 1

Willunga

Australia
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DNA was extracted from leaf tissue using the method
reported previously (Mekuria et al. 1999). Briefly, fresh
young leaves were ground to a fine powder in liquid nitrogen
and extracted with hot CTAB containing 2-mercaptoethanol
and PVP-40T. Contaminating substances were removed
with chloroform:isoamyl alcohol and the DNA was precip-
itated with cold isopropanol and washed in 76% ethanol
containing 10 mmol/L. CH;COONH, until it turned white.
The purified DNA was dissolved in TE buffer (10 mmol/L
Tris—HCI, 0.1 mmol/L EDTA, pH 8.0) and RNA was
removed by incubating the sample with DNase-free RNase
A. Additional proteins, including RNase, were precipitated
with NH4Ac, and the DNA was collected by precipitation
with ethanol and dissolved in TE buffer. DNA samples with
absorbance ratios above 1.7 (Sambrook et al. 2001) were
used for the analysis in this experiment and stored at —20°C
until needed.

SNP search in database

A total of 3,864 almond EST sequences were obtained
from the NCBI Genebank EST database (http://www.ncbi.
nlm.nih.gov/). The sequences were assembled using
ContigExpress of the Vector NTI 10 software package
(Invitrogen, Sydney, Australia) with a minimum overlap of
40 bases and 95% identity match. SNPs were chosen for
HRM analysis when their redundancy score was two or
higher (Batley et al. 2003). SNP search was also conducted
in the peach and almond SNP database at ESTree (http://
www.itb.cnr.it/estree) to obtain more putative SNPs and
they were then used for SNP development in almond.

Primer design and melting profile analysis

Forward and reverse primers spanning at least one putative
SNP were designed for HRM analysis using Primer 3
(Rozen and Skaletsky 2000). The pairs of primers were
designed to have an annealing temperature at 60 = 1°C
and to give an expected product size of 60—100 bp with
few exceptions. The primers were analysed using
NetPrimer to detect possible secondary structures, i.e.
primer dimer, hairpin, palindrome and repeats (http://www.
premierbiosoft.com/netprimer/netprimer.html, Premier
Biosoft International, Palo Alto, CA), as secondary struc-
tures of primers are thought to affect PCR amplification
efficiency and therefore HRM accuracy. Secondary
structure of the amplicons were analysed using the
DINAMeltServer (http://www.bioinfo.rpi.edu/applications/
hybrid/twostate-fold.php) (Markham and Zuker 2005). The
amplicons were considered appropriate for HRM analysis
when the AG value of the calculated secondary structure
was >—1 (CorbettResearch 2006).

PCR amplification, DNA melting and end point
fluorescence level acquiring

PCR amplifications were performed in a total volume of
10 puL on a Rotor-Gene 6500 realtime PCR Thermocycler
(Corbett Research, Sydney, Australia) and PCR reaction
preparation was automated by a CAS1200 liquid handling
system (Corbett Research). The reaction mixture contained
40 ng almond genomic DNA, 1x PCR buffer, 2.5 mM
MgCl,, 0.2 mM dNTP, 300 nM forward and reverse
primers, 1.5 uM Syto® 9 green fluorescent nucleic acid
stain, and 0.5 U Platinum Taq DNA polymerase (Invitro-
gen). The amplification was achieved by a touchdown PCR
protocol: first denaturation at 95°C for 2 min, then 50
cycles denaturation at 95°C for 5 s, annealing and exten-
sion for 10 s at 62°C for the first cycle and thereafter at
0.5°C decrease each for 10 cycles, and a final extension at
72°C for 2 min. Before HRM, the products were denatured
at 95°C for 5 s, and then annealed at 50°C for 30 s to
randomly form DNA duplexes. HRM was performed as
follows: pre-melt at the first appropriate temperature for
90 s, and melt at a ramp of 10°C in an appropriate tem-
perature range (Table 2) at 0.1°C increments every 2 s.
The fluorescent data were acquired at the end of each
annealing step during PCR cycles and each of the HRM
steps with automatic gain optimisation. End point fluores-
cence level was acquired following the melting process by
holding at 60°C for 5 min and 5 cycles of 60°C for 20 s
with fluorescence data being acquired at the end of each
cycle step. PCR products were separated using 1.5%
agarose or 8% polyacrylamide gel and stained with Gelstar
(Cambrex Bio Science Rockland, Rockland, Maine) when
required.

Amplification quality control and high resolution
melting curve

Realtime data acquired during PCR and DNA melting were
analysed using the Rotor-Gene 6500 series software
(Corbett Research). For data quality control, PCR ampli-
fication was analysed through the assessment of the Crt
value, end point fluorescence level, and the amplification
efficiency. The data from low quality amplification as
indicated in any of the following three analyses were
removed from HRM analysis. (1) Cr value of the ampli-
fication was assessed using the Quantitation analysis
module with manual setting of the threshold in the expo-
nential phase of the run. Runs with Cr value of less than 30
were considered suitable for the analysis. (2) The end point
fluorescence levels were acquired and examined using the
EndPoint Analysis module. Outliers having end point
fluorescence less than 50% of average fluorescence of the
samples were omitted from analysis. (3) Amplification
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4 efficiency was assessed using the Comparative Quantita-

% = ] tion analysis module. The data from samples with
5 § § 0:20 amplification efficiency lower than 1.4 were eliminated
Z 2 8 8 from analysis.
23| 2 2 High resolution melting curve analysis was performed

using the HRM analysis module. The melting data were
z normalised by adjusting the start and end fluorescence
% signals, respectively, of all the samples analysed to the
g o same levels. Difference plots of the melting data were
52| o visualised by selecting a target genotype for comparison.
2 E S < The melting data were also analysed using the Melt anal-
ysis module. In this analysis, negative first-derivative

o melting curves were produced from the fluorescence versus
§ o temperature plots. Genotypes were identified by examining
%‘) % % 5\[ normalised, difference and derivative melt plots.
s$2le =

- DNA sequence analysis
?gg- - ° Representative genotypes were chosen for sequencing.
:-’. g | ° = Fragments amplified from genomic DNA were sequenced
A @

to confirm expected SNPs or reveal new SNPs in their
amplicons and flanking regions. PCR products containing
the HRM amplicons were purified using a PureLink™
PCR Purification Kit following the protocol supplied by

Eu$Eb the manufacturer (Invitrogen). DNA samples were sent to
58823 the Australian Genome Research Facility (Brisbane, Aus-
> > 8 E tralia) for sequencing where an ABI 3730x] sequencing
% g % é platform and BigDye Terminator Version 3.1 (PE Applied
8 o @ = Biosystems) were employed. The primary and secondary
53 S ) peak calling were made in Australian Genome Research
N 59 E E Facility, and all sequencing traces were visually examined
5 8 & 5 S S to ascertain the base calls made by the software. Sequences
§ % 8 & ::t 8 with a mixture of unequal lengths were reconstructed
A A manually (Flot et al. 2006) or using an online program
§ B Champuru 1.0 (Flot 2007). Sequences obtained were
< g E % E % assembled and SNPs in the contigs were identified. Intron
% .E E &3 E é sequences were determined by aligning genomic sequences
with EST sequences using the BLAST 2 Sequences pro-
. gram (Tatusova and Madden 1999). Open reading frames
& (ORF) were identified for corresponding EST sequences
%g % § using ORF Information of The Genome Database for
e B < Rosaceae (GDR) (http://www.bioinfo.wsu.edu/gdr/).
2 % Nomenclature of SNPs markers
o =
E=gu="
§ § g g The nomenclature of the SNP markers for almond followed
- the rule reported in pearl millet (Bertin et al. 2005) with
T |a modifications. Taking Xneas001a0234EU919650 (9-cis-
E = epoxycarotenoid dioygenase) for example, X indicates a
§ § s s DNA marker, ne identifies a University of New England
N E § § marker, letter a correspond to almond, s symbolises a SNP
ﬁ : § § marker, 001 represents a unique number for an EST contig,
15 = = a recognises the HRM amplicon in the contig, 0234 is the
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identifier of a specific SNP in the contigs, EU919650 is the
GenBank accession number of source sequence, (9-cis-
epoxycarotenoid dioygenase) is the putative function of the
gene and this functional identifier is optional. A simplified
name of the amplicon is Xneas001a, and a simplified name
of the SNP is Xneas001a0234. As HRM analysis is equally
effective for some insertions or deletions (INDELSs) and
microsatellites, the INDEL and microsatellite markers
analysed in the study are named following the same rule.

Allele frequency estimation and SNP information
content

The allele frequency was estimated according to Griffiths
et al. (2008), and the formula was modified to accommo-
date the multi-allelic situation:

P =faa+ 1/2 ZfA/x

where p stands for the frequency of the allele A, fa,4 is the
frequency of homozygous genotypes AA, fax is the fre-
quency of heterozygous genotypes where allele A appears.

SNP polymorphic information content (PIC) was
determined using the following equation (Botstein et al.
1980).

n

PIC; =1 - ) Pif’
j=1

where PIC; is the polymorphic information content of a
SNP i, Pij is the frequency of the jth pattern for SNP i and
the summation extends over n patterns.

Genetic distance and clustering

Genetic distance between almond cultivars was calculated
as one minus the proportion of alleles shared (PSA),
GD = 1-PSA (Bowcock et al. 1994), that was imple-
mented by MICROSAT with 1,000 bootstraps (Minch et al.
1998). Clustering of the SNP data was undertaken by
NEIGHBOR using the Neighbor-joining method, and a
consensus tree from 1,000 replicates was drawn using the
Consensus program of the PHYLIP software package
(Felsenstein 1993), and viewed in TreeView (Page 1996).

Results
Identification of SNPs from the EST database
A total of 3,864 almond EST sequences were assembled

into 276 contigs, and 17 EST contigs were predicted to
have SNPs with a redundancy score >2 and adequate
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flanking sequences for primer design. In addition, 10 EST
contigs with putative SNPs were selected from a Prunus
SNP database at ESTree for HRM analysis. Altogether, 27
EST contig sequences were used for primer design to
validate and/or identify SNPs by HRM analysis.

HRM analysis

From 27 EST contigs, HRM analysis demonstrated that 15
had polymorphic melting curves when assayed against the
test population consisting of 25 almond cultivars, while 12
were monomorphic, indicating possible sequencing errors
in the putative SNP sites of the EST, or that the rare SNP
allele was not present in the almond population used in the
present study. The polymorphisms identified by HRM
analysis included SNPs, INDELs and microsatellite varia-
tions (Table 2). About 17 PCR amplifications derived from
15 EST contigs were listed in Table 2 as two amplicons
were analysed in the sequences obtained from the EST
contigs Xneas0I2 and Xneas 035. Flanking sequence
information and related GenBank accession numbers of the
SNPs are available in the dbSNP database (http://www.
ncbi.nlm.nih.gov/SNP/). All four classes of SNPs (Liew
et al. 2004) were detected by HRM analysis, and the
genotypes with different SNP alleles were distinguished by
distinct melting profiles. A/T transversions have been
considered to be the SNP variation most difficult to resolve
by melting analysis (Liew et al. 2004; Santal.ucia 1998). In
this study, the amplicon Xneas031b with A/T variation was
distinctly differentiated (Fig. 1 g, h).

Single, double and multiple SNPs were present in the
amplicons designed for HRM analysis. For a single SNP
amplicon, two or three genotypes were detected by the HRM
analysis as shown by the normalised melting curve and dif-
ference plot (Fig. 1 a-h). Four genotypes were identified in
an HRM amplicon (XneasOOla) having double SNPs
(Fig. 2). The melting curve of homozygous individuals had a
single melting domain, and heterozygous individuals pro-
duced two or more as shown by normalised and derivative
plots (Fig. 2). The genotypes heterozygous at one SNP site
produced two melting domains and a genotype heterozygous
at two SNP sites produced four melting domains.

INDELSs of one or more nucleotides were detected in
this study. Two HRM assayed fragments were found to
have INDELS in one or multiple positions. Figure 3 shows
part of the sequence of Xneas0I2b, and its HRM profiles of
the genotypes. In this amplicon, there were five positions of
variations including one SNP and four nucleotide INDELSs.
The variations resulted in five variants of sequences.
Consequently, in the 25 almond cultivars, five genotypes
were identified. The heterozygous genotypes for the IN-
DELs, i.e. genotype 4 and 5, showed significant melting
domain transitions.
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Fig. 1 High resolution melting
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A microsatellite (Xneasl24a0250) was also observed to
have significant HRM differentiation among the genotypes.
The HRM analysis of the tri-nucleotide microsatellite is
shown in Fig. 4. A 92-bp amplicon of the microsatellite
was designed from EST consensus sequences for HRM
analysis. HRM analysis revealed five genotypes in the
almond population (Fig. 4a—c), and three alleles at 92, 89
and 83 bp were identified by polyacrylamide gel electro-
phoresis (Fig. 4d) and the polymorphism was confirmed by
sequencing (Fig. 4e). Similar to the HRM result of the

TS5 T8 TES 79 TS B0 @5 @ M5 R @5 &

oC

INDEL Xneas012b, two heterozygous genotypes (i.e. 4 and
5) showed significant melting domain transition.

Mixture HRM assay

The genotypes can be investigated by mixing equivalent
amount of PCR products of two genotypes. The rationale is
that the mixture of any two different homozygous geno-
types of the same SNP will produce a melting curve
corresponding to that of their heterozygous genotype. On
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Fig. 2 High resolution melting (HRM) curve profiles of a HRM
amplicon XneasOOla with double SNPs. a Normalised plot showing
four genotypes in twenty-five almond cultivars, b difference plot of a,
¢ normalised plot of a homozygous individual showing one melting
domain (arrow), d derivative plot of ¢, e normalised plot of an
individual heterozygous at one SNP site (T/C) showing two melting
domains (arrows), f derivative plot of e, g normalised plot of an
individual heterozygous at one SNP site (T/C) showing two melting
domains (arrows), h derivative plot of g, i normalised plot of an
individual heterozygous at two SNPs (T/C and T/C) showing four
melting domains (arrows), j derivative plot of i

the other hand, the mixture of two identical genotypes will
produce an identical melting curve of the genotype whether
they are homozygous or heterozygous. In application, we
can apply this approach to confirm or identify homozygous
and their corresponding heterozygous genotypes. This is

Fig. 3 Sequence alignment and
HRM profile of an amplicon
Xneas012b containing one SNP
and INDELSs at four nucleotide
positions. a Alignment of 5
sequence variants (Roman
numerals) occurred at 5
nucleotide positions (arrows),
b normalised plot of 5
genotypes (Arabic numerals)
consisting of different variants
(Roman numerals), ¢ and

d difference and derivative plots
of b

a

g

1= [I+
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5= sV
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Fig. 4 HRM, polyacrylamide

particularly practical when the HRM profile shows more
melting curve types than expected, or in the situation where
the HRM curves of some individual samples show a slight
shift from the major types of HRM curves. As shown in
Fig. 5, Nonpareil and Lauranne produced homozygous
HRM curves but were not consistent with the HRM curve
of the homozygous TT genotype. If these two cultivars
have different SNP alleles, the mixture of their PCR with
the PCR of a TT individual will produce a heterozygous
HRM curve. However, the mixture of an equivalent
amount of Nonpareil and Lauranne PCR products with
Keanes Seedling (TT) PCR product showed HRM curves
the same as Milo, another homozygous TT individual. This
result indicated that Nonpareil and Lauranne were homo-
zygous TT as well.
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Fig. 5 HRM analysis of mixed genotypes of SNP Xneas076a0281.
a HRM profile showing Nonpareil and Lauranne with melting curve
of unknown genotype (?, red). b Mixture of equivalent volumes of
samples of homozygous TT (blue) and unknown genotypes

SNP validation and discovery by sequencing

The genomic DNA fragments comprising HRM amplicons
were sequenced to validate the SNPs predicted from ESTs,
and uncover new SNPs. In total, 100 SNPs (single nucle-
otide INDELSs are included) were recorded from 11,412 bp
of genomic DNA. The average frequency of SNPs was
1:114 bp in the sequenced DNA representing the genic
regions of the genome. The respective frequencies in
coding region, intron and un-translated regions (UTRs)
were 1:157, 1:130 and 1:51. The 100 SNPs consisted of 51
transitions (51%), 44 transversions (44%), and 5 INDELs
(5%), resulting in an average transition to transversion ratio
of 1.16:1. The distributions of nucleotide transitions and
transversions varied in different sections of the genes. 57.1,
54.5 and 40.6% SNPs were transitions, and 34.3, 45.5 and
53.1% SNPs were transversions in the coding regions,
introns and UTRs, respectively.
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(Nonpareil and Lauranne) produced a curve (pink) identical to the
curve of homozygous TT (blue). This proved that the unknown
genotypes of Nonpareil and Lauranne were homozygous TT

SNP informativeness

Two alleles and two to three genotypes were observed in
the almond population for most of the SNPs analysed with
HRM (Fig. 6). The frequencies of the rare alleles ranged
from 2 to 50% in the population. The frequencies of major
homozygous and heterozygous genotypes ranged from 24
to 96% and 4 to 72%, respectively. Thirteen out of 22
(59%) SNPs analysed only by HRM did not contain
homozygous genotypes of the rare alleles, and the rest of
the SNPs had 1-6 such genotypes out of 25 cultivars. The
SNP Xneas035a0077 had three alleles at a nucleotide
position comprising a major allele T (62%), one rare allele
C (26%) and a single base INDEL (12%). In the SNP
Xneas031b0365, two alleles A and T were equally dis-
tributed in the population, and interestingly, the genotype
distribution of this SNP was in a ratio of 1:2:1 (AA:AT:TT,
P < 0.05) resembling the allele distribution in a random
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Fig. 7 A dendrogram showing the genetic similarity clustering of 25
almond cultivars with 17 HRM amplicons including SNPs, INDELs
and a microsatellite. The genetic distance was calculated as one minus
the proportion of alleles shared (PSA), and clustering was produced
using Neighbor-joining method. The dendrogram was a consensus
from 1,000 replicates; bootstrap values >400 are shown. / Australian
cultivars, 2 Californian cultivars, 3 French cultivars, 4 Israeli cultivar

mating population. In addition, the PIC of the SNPs varied
from 0.04 (Xneas012b1332) to 0.53 (Xneas035a0077) at an
average of 0.31.

Application of HRM-SNP in classification of almond

Twenty-five almond cultivars were genotyped through
HRM analysis and the data were used for the construction of
a clustering dendrogram (Fig. 7). The results showed that
the panel of 17 genic fragments including SNPs, INDELs
and a microsatellite was able to resolve the genetic differ-
ences between these cultivars except between Price and
Pethick Wonder. At the hierarchy levels where a small
group of cultivars was clustered, the bootstrap values were
comparatively high in most of the clusters, whereas at
higher hierarchy levels, the bootstrap values became much
lower (mostly <100). Therefore, the cluster tree can only
reliably group cultivars with close relationships. Conse-
quently, 25 almond cultivars were divided into six groups.
All in One, a hybrid cultivar of almond and peach, is only

cultivar clustered as a sole member in group I. Australian
cultivars were clustered mainly in group II, with the
Californian cultivar Thompson 1. The only Israeli cultivar
in the study, Alnem 88, was clustered with Price, a
Californian cultivar, and Pethick Wonder, an Australian
cultivar. Four French cultivars grouped closely in group IV
which also included an Australian cultivar Baxendale
showing further relationships with the French cultivars.
Californian cultivars fall mostly in groups V and VI, min-
gled with a few Australian and one French cultivar.

Discussion

In total, 17 PCR amplicons designed from 15 EST contigs
or genomic DNA introns that contain SNPs, INDELSs and
microsatellites were investigated using HRM based on the
putative SNP information obtained from the almond and
Prunus EST database. Through sequencing of the HRM
amplicon and flanking regions, 100 SNPs including single
nucleotide INDELs were determined in the population.
HRM profiles of the fragments and assay techniques were
established and the resulting SNP data were used to cluster
the almond cultivars.

HRM is a novel, homogenous and close-tube post-PCR
method that can be applied to analyse the genetic variations
including SNPs, length polymorphism and methylations of
DNA in PCR amplicons (Herrmann et al. 2007; White et al.
2007). HRM requires an additional step, the melting pro-
cess following cycling, and an additional reagent, a specific
generic DNA fluorescence dye, to fulfil the assay in com-
parison with conventional PCR. Therefore, the time and
costs of the analysis is similar to conventional PCR and it
omits the need for post-PCR separation required by many
other assays. Therefore, a HRM assay has the advantages
of speed, simplicity, and lower cost. The cost of HRM
analysis has been reported as $1.50 per sample (Hung et al.
2008). The cost is estimated to be $0.70 in our experi-
mental system because we used a smaller reaction volume
(10 pL) as opposed to 25 pL used in Hung et al. (2008) and
many other publications. The time taken for the assay is
less than 2 h for up to 100 samples.

HRM has been applied to detect mutations in known
genes mostly in humans (Bennett et al. 2003; Herrmann
et al. 2006a; Kennerson et al. 2007; Willmore-Payne et al.
2005). The use of this approach for SNP analysis in plant
species is very limited (Lehmensiek et al. 2008). This study
extended the application of the HRM method to the
development of SNP markers by designing an HRM assay
based on the putative SNPs from EST databases. This
approach takes advantage of the existing EST database, but
avoided unnecessary sequencing efforts for putative SNPs
in amplicons with invariant HRM curves in the test
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population. In our experiment, homozygous and heterozy-
gous genotypes of all four SNP classes were proved to be
distinguishable. In addition, the assay was able to resolve
other variations including INDELs, microsatellites and
complex multiple SNP amplicons.

HRM profiles of double heterozygous amplicons have
been reported (Herrmann et al. 2007). In the present study,
we have characterised two complex HRM amplicons,
Xneas001a containing double SNPs (Fig. 2) and Xneas012b
containing multiple nucleotide variations including a SNP
and INDELSs at four positions among which three are con-
secutive (Fig. 3). The XneasOOla amplicon showed one
homozygous, two single heterozygous, and one double
heterozygous genotypes. The double heterozygous ampli-
con of XneasOOla was revealed to have four melting
domains in comparison to three melting domains of a
double heterozygous amplicon reported by Herrmann et al.
(2007). This may be attributable to the larger predicted AT,
of two heteroduplexes of the amplicon than that of HBB c.
(9C>T; 20A>T) in Herrmann et al. (2007). The predicted
difference in melting temperatures (AT,,) between two
heteroduplexes of XneasOOla double heterozygotes was
0.7°C, whereas the AT, of two heteroduplexes of the HBB
c. (9C>T; 20A>T) was only 0.1°C. Xneas012b is another
HRM amplicon involving a double heterozygous genotype
in this study. The variations in the amplicon, however, are
single base deletions at two positions. Two melting domains
with a significant melting transition were observed (Fig. 3,
I + IV). Similar HRM melting curves were obtained from
melting of the heterozygous genotype with a three-nucleo-
tide deletion in Xneas012b (Fig. 3, Ill + V, and I 4 IV),
and two genotypes of the tri-nucleotide microsatellite
Xneasl24a (Fig. 4, 1 + 1II and II 4 III). Melting analyses
of a single heterozygote with deletion has been described
previously with 1-(Lipsky et al. 2001) and up to 32-bp
deletion (Rasmussen and Werge 2007). Nevertheless, we
have not seen other melting analyses of a double hetero-
zygous genotype with two deletion sites.

The mixture of equivalent amounts of two PCR products
to determine their variation types was used in the present
study. HRM measures the DNA disassociation in a solution
system as is the case everywhere else for disassociation
analysis of DNA molecules. Together with the character-
istics of DNA, the components and concentrations of the
ions and the volume of the solution in the assay system
play important roles in the measurement. To compare the
melting curves between samples, homogenous assay con-
ditions are necessitated. As in all other laboratory work, the
occurrence of systematic variations is inevitable in HRM
assay. These include unforeseen variations of template
DNA concentration, and subtle ion concentration increases
due to sporadic evaporation in some samples. The mixture
experiment described here is a simple way to examine the

@ Springer

results generated from HRM with minimum effort, as the
assayed PCR products can be reused following initial HRM
analysis. The result shown in Fig. 5 has led to the proper
interpretation of the two deviated melting curves of SNP
Xneas076a0281. Moreover, when class 4 (A/T) SNP is
assessed, it is very likely two homozygous genotypes show
subtle differentiation. In such circumstances, the HRM
results can be verified using a mixture experiment. This
novel application of the mixture experiments in HRM
genotype calling will be a valuable trouble-shooting and
genotyping confirmation tool.

As expected, the SNP frequencies were lowest in the
coding region (1:157), moderate in the intron (1:130), and
highest in the UTR (1:51). The result is consistent with the
findings in other taxa (Ching et al. 2002; Salisbury et al.
2003). The average ratio of transition to transversion was
1.16:1 in almond, which is a low ratio compared to that in
other species, 2.45:1 in human (Salisbury et al. 2003), and
1.53:1 in maize (Ching et al. 2002). Transition bias over
transversion has been considered universal in the genome
(Rosenberg et al. 2003; Wakeley 1994) although contrary
results have been described in grasshopper pseudogenes
(Keller et al. 2007). The occurrence of transition bias has
been considered to be partially due to cytosine methylation
(Shen et al. 1994). Therefore, the low transition bias may
reflect low methylation levels in the almond genome, and this
could be significant because of the role of methylation in
epigenetics and imprinting (Martienssen and Colot 2001).
Similar to the previous observations, the UTR sequences
showed the highest variation, while the coding region
showed the lowest (Ching et al. 2002; Salisbury et al. 2003).
Despite the mean transitional bias, we observed the transition
to transversion ratio is low (1:0.78) in the UTR regions. As
the sample of UTR sequences were small (1630 bp with 32
SNPs), this result is not yet conclusive.

The genotyping data from HRM analysis was used to
investigate the relationships between almond cultivars. The
panel of 17 genic fragments including SNPs, INDELs and a
microsatellite can discriminate all the cultivars between
each other except Price and Pethick Wonder as they have a
very close relationship (Woolley et al. 2000). The clus-
tering tree, however, was not able to define the precise
relationships between the groups of cultivars as the boot-
strap values were small at higher hierarchy levels. To
define the precise relationships between groups, an
increased number of SNPs or a combination of different
marker types is needed. Woolley et al. (2000) and Xie et al.
(2006) fingerprinted and constructed dendrograms of
almond cultivars from different countries using RAPD and
SSR markers. In the present study, most cultivars with
common origins were clustered in groups, and showed
similar relationship patterns. This is in agreement with
previous findings (Woolley et al. 2000; Xie et al. 2006) but
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we formed smaller groups. The PIC average value was
0.31, and this corresponds to the heterozygosity index of
Nei (1987). This indicates high heterozygosity of this panel
of SNPs and therefore they are valuable markers for map
constructions in almond populations.

HRM has been applied rapidly in SNP detection, mostly in
diagnostic analysis and scanning for mutations in genes
causing human diseases. We have shown this approach to be
equally valuable in plant SNP discovery and identification.
The advantages of the technique include low cost, simplicity,
high-throughput capability and accuracy. While many high-
throughput SNP detection approaches such as SNP micro-
array are cost efficient for whole genome scan in the species
where genome-wide SNP information is available, it is
expensive to assay small amount of SNPs using those
methods. It is demonstrated that HRM is a feasible means for
such assay. As increasing DNA sequence information
becomes available for species such as almond, HRM will be
a valuable method for SNP detection and genotyping. This is
particularly useful in plant cultivar identification, genetic
mapping, QTL analysis, diagnosis of pathogenic species, and
gene discovery. Furthermore, data produced from HRM
analysis is portable and therefore not only feasible for in-
terrun genotype comparison but also for library based
database construction (Stephens et al. 2008). This feature
may facilitate international collaborative efforts using SNP
based genotyping and therefore genetics and biodiversity
studies by using HRM analysis.

Acknowledgments We acknowledge Dr. Yizhou Chen for his
helpful discussions and suggestions on HRM analysis. This research
was funded by Australian Research Council Grant No. DP0556459.

References

Batley J, Edwards D (2007) SNP applications in plants. In: Oraguzie
N, Rikkerink E, Gardiner S, Nihal De Silva H (eds) Association
mapping in plants. Springer, New York, pp 95-102

Batley J, Barker G, O’Sullivan H, Edwards KJ, Edwards D (2003)
Mining for single nucleotide polymorphisms and insertions/
deletions in maize expressed sequence tag data. Plant Physiol
132:84-91

Bennett CD, Campbell MN, Cook CJ, Eyre DJ, Nay LM, Nielsen DR,
Rasmussen RP, Bernard PS (2003) The LightTyper™: high-
throughput genotyping using fluorescent melting curve analysis.
Biotechniques 34:1288-1295

Bertin I, Zhu JH, Gale MD (2005) SSCP-SNP in pearl millet—a new
marker system for comparative genetics. Theor Appl Genet
110:1467-1472

Botstein D, White RL, Skolnick M, Davis RW (1980) Construction of
a genetic linkage map in man using restriction fragment length
polymorphisms. Am J Hum Genet 32:314-331

Bowcock AM, Ruizlinares A, Tomfohrde J, Minch E, Kidd JR,
Cavallisforza LL (1994) High-resolution of human evolutionary
trees with polymorphic microsatellites. Nature 368:455-457

Ching A, Caldwell KS, Jung M, Dolan M, Smith OS, Tingey S,
Morgante M, Rafalski AJ (2002) SNP frequency, haplotype

structure and linkage disequilibrium in elite maize inbred lines.
BMC Genet 3:19

CorbettResearch (2006) High resolution melt assay design and
analysis CorProtocol™. Corbett Research, Sydney

Fang J, Devanand PS, Chao CT (2005) Practical strategy for
identification of single nucleotide polymorphisms in fruiting
mei (Prunus mume Sieb. et Zucc.) from amplified fragment
length polymorphism fragments. Plant Mol Biol Rep 23:227—
239

Felsenstein J (1993) PHYLIP (phylogeny inference package) version
3.6a2. Department of Genetics, University of Washington,
Seattle

Flot JF (2007) Champuru 1.0: a computer software for unraveling
mixtures of two DNA sequences of unequal lengths. Mol Ecol
Notes 7:974-977

Flot JF, Tillier A, Samadi S, Tillier S (2006) Phase determination
from direct sequencing of length-variable DNA regions. Mol
Ecol Notes 6:627-630

Griffiths AJF, Wessler SR, Lewontin RC, Carroll SB (2008)
Introduction to genetic analysis, 9th edn. W.H. Freeman and
Co., New York

Gupta PK, Roy JK, Prasad M (2001) Single nucleotide polymor-
phisms: a new paradigm for molecular marker technology and
DNA polymorphism detection with emphasis on their use in
plants. Curr Sci 80:524-535

Hayashi K, Hashimoto N, Daigen M, Ashikawa I (2004) Develop-
ment of PCR-based SNP markers for rice blast resistance genes
at the Piz locus. Theor Appl Genet 108:1212-1220

Herrmann MG, Durtschi JD, Bromley LK, Wittwer CT, Voelkerding
KV (2006a) Amplicon DNA melting analysis for mutation
scanning and genotyping: cross-platform comparison of instru-
ments and dyes. Clin Chem 52:494-503

Herrmann MG, Durtschi JD, Voelkerding KV, Wittwer CT (2006b)
Instrument comparison for DNA genotyping by amplicon
melting. J Assoc Lab Automat 11:273-277

Herrmann MG, Durtschi JD, Wittwer CT, Voelkerding KV (2007)
Expanded instrument comparison of amplicon DNA melting
analysis for mutation scanning and genotyping. Clin Chem
53:1544-1548

Hiratsuka M, Narahara K, Kishikawa Y, Hamdy SI, Endo N,
Agatsuma Y, Matsuura M, Inoue T, Tomioka Y, Mizugaki M
(2002) A simultaneous LightCycler detection assay for five
genetic polymorphisms influencing drug sensitivity. Clin Bio-
chem 35:35-40

Hoffmann M, Hurlebaus J, Weilke C (2007) High-resolution melting
curve analysis on the LightCycler (R) 480 PCR system. Nat
Methods Suppl S:AN17-AN18

Hung C-C, Lee C-N, Chang C-H, Jong Y-J, Chen C-P, Hsieh W-S, Su
Y-N, Lin W-L (2008) Genotyping of the G1138A mutation of
the FGFR3 gene in patients with achondroplasia using high-
resolution melting analysis. Clin Biochem 41:162-166

Keller I, Bensasson D, Nichols RA (2007) Transition-transversion
bias is not universal: a counter example from grasshopper
pseudogenes. PLoS Genet 3:185-191

Kennerson L, Warburton T, Nelis E, Brewer M, Polly P, De Jonghe P,
Timmerman V, Nicholson GA (2007) Mutation scanning the
GJIB1 gene with high-resolution melting analysis: implications
for mutation scanning of genes for Charcot-Marie-Tooth disease.
Clin Chem 53:349-352

Krypuy M, Ahmed A, Etemadmoghadam D, Hyland S, Australian
Ovarian Cancer Study Group, deFazio A, Fox S, Brenton J,
Bowtell D, Dobrovic A (2007) High resolution melting for
mutation scanning of TP53 exons 5-8. BMC Cancer 7:168

Lazzari B, Caprera A, Vecchietti A, Stella A, Milanesi L, Pozzi C
(2005) ESTree db: a tool for peach functional genomics. BMC
Bioinformatics 6(Suppl 4):S16

@ Springer



14

Theor Appl Genet (2008) 118:1-14

Lazzari B, Caprera A, Vecchietti A, Merelli I, Barale F, Milanesi L,
Stella A, Pozzi C (2008) Version VI of the ESTree db: an
improved tool for peach transcriptome analysis. BMC Bioinfor-
matics 9(Suppl 2):S9

Lehmensiek A, Sutherland MW, McNamara RB (2008) The use of
high resolution melting (HRM) to map single nucleotide
polymorphism markers linked to a covered smut resistance gene
in barley. Theor Appl Genet

Liew M, Pryor R, Palais R, Meadows C, Erali M, Lyon E, Wittwer C
(2004) Genotyping of single-nucleotide polymorphisms by high-
resolution melting of small amplicons. Clin Chem 50:1156-1164

Lipsky RH, Mazzanti CM, Rudolph JG, Xu K, Vyas G, Bozak D,
Radel MQ, Goldman D (2001) DNA melting analysis for
detection of single nucleotide polymorphisms. Clin Chem
47:635-644

Mackay JF, Wright CD, Bonfiglioli RG (2008) A new approach to
varietal identification in plants by microsatellite high resolution
melting analysis: application to the verification of grapevine and
olive cultivars. Plant Methods 4:8

Markham NR, Zuker M (2005) DINAMelt web server for nucleic acid
melting prediction. Nucleic Acids Res 33:W577-W581

Martienssen RA, Colot V (2001) DNA methylation and epigenetic
inheritance in plants and filamentous fungi. Science 293:1070-
1074

Mekuria GT, Collins GG, Sedgley M (1999) Genetic variability
between different accessions of some common commercial olive
cultivars. J Hortic Sci Biotechnol 74:309-314

Michel F, Lazowska J, Faye G, Fukuhara H, Slonimski PP (1974)
Physical and genetic organization of petite and grande yeast
mitochondrial DNA: III. high resolution melting and reassoci-
ation studies. J Mol Biol 85:411-431

Minch E, Ruiz-Linares A, Goldstein DB, Feldman MW, Cavalli-
Sforza LL (1998) Microsat2: a computer program for calculating
various statistics on microsatellite allele data. Department of
Genetics. Stanford University, Stanford

Nei M (1987) Molecular evolutionary genetics. Columbia University
Press, New York

Ohnishi Y, Tanaka T, Ozaki K, Yamada R, Suzuki H, Nakamura Y
(2001) A high-throughput SNP typing system for genome-wide
association studies. ] Hum Genet 46:471-477

Page RDM (1996) TreeView: an application to display phylogenetic
trees on personal computers. Comput Appl Biosci 12:357-358

Rasmussen H, Werge T (2007) A closed-tube assay for genotyping of
the 32-bp deletion polymorphism in the chemokine receptor 5
(CCRY) gene: dissociation analysis of amplified fragments of
DNA. Mol Cell Probes 21:8-11

Reed GH, Kent JO, Wittwer CT (2007) High-resolution DNA melting
analysis for simple and efficient molecular diagnostics. Phar-
macogenomics 8:597-608

Ririe KM, Rasmussen RP, Wittwer CT (1997) Product differentiation
by analysis of DNA melting curves during the polymerase chain
reaction. Anal Biochem 245:154-160

Rosenberg MS, Subramanian S, Kumar S (2003) Patterns of
transitional mutation biases within and among mammalian
genomes. Mol Biol Evol 20:988-993

Rozen S, Skaletsky H (2000) Primer3 on the WWW for general users
and for biologist programmers. Methods Mol Biol 132:365-386

Salisbury BA, Pungliya M, Choi JY, Jiang R, Sun XJ, Stephens JC
(2003) SNP and haplotype variation in the human genome.
Mutat Res 526:53-61

Sambrook J, Russell DW, Cold Spring Harbor Laboratory (2001)
Molecular cloning: a laboratory manual, 3rd edn. Cold Spring
Harbor Laboratory, Cold Spring Harbor

Santalucia J Jr (1998) A unified view of polymer, dumbbell, and
oligonucleotide DNA nearest-neighbor hermodynamics. Proc
Natl Acad Sci USA 95:1460-1465

@ Springer

Schmid KJ, Sorensen TR, Stracke R, Torjek O, Altmann T, Mitchell-
Olds T, Weisshaar B (2003) Large-scale identification and
analysis of genome-wide single-nucleotide polymorphisms for
mapping in Arabidopsis thaliana. Genome Res 13:1250-1257

Shen JC, Rideout WM 3rd, Jones PA (1994) The rate of hydrolytic
deamination of 5-methylcytosine in double-stranded DNA.
Nucleic Acids Res 22:972-976

Silva C, Garcia-Mas J, Sanchez AM, Ards P, Oliveira MM (2005)
Looking into flowering time in almond (Prunus dulcis (Mill) D.
A. Webb): the candidate gene approach. Theor Appl Genet
110:959-968

Steinert M, Van Assel S (1974) Base composition heterogeneity in
kinetoplast DNA from four species of hemoflagellates. Biochem
Biophys Res Commun 61:1249-1255

Stephens AJ, Inman-Bamber J, Giffard PM, Huygens F (2008) High-
resolution melting analysis of the spa repeat region of Staphy-
lococcus aureus. Clin Chem 54:432-436

Tatusova TA, Madden TL (1999) BLAST 2 Sequences, a new tool for
comparing protein and nucleotide sequences. FEMS Microbiol
Lett 174:247-250

The-International-HapMap-Consortium (2007) A second generation
human haplotype map of over 3.1 million SNPs. Nature
449:851-861

Toyota T, Watanabe A, Shibuya H, Nankai M, Hattori E, Yamada K,
Kurumaji A, Karkera JD, Detera-Wadleigh SD, Yoshikawa T
(2000) Association study on the DUSP6 gene, an affective
disorder candidate gene on 12q23, performed by using fluores-
cence resonance energy transfer-based melting curve analysis on
the LightCycler. Mol Psychiatry 5:489-494

Tsuchihashi Z, Dracopoli N (2002) Progress in high throughput SNP
genotyping methods. Pharmacogenomics J 2:103-110

van Tienderen PH, de Haan AA, van der Linden CG, Vosman B
(2002) Biodiversity assessment using markers for ecologically
important traits. Trends Ecol Evol 17:577-582

Wakeley J (1994) Substitution-rate variation among sites and the
estimation of transition bias. Mol Biol Evol 11:436-442

White HE, Hall VJ, Cross NCP (2007) Methylation-sensitive high-
resolution melting-curve analysis of the SNRPN gene as a
diagnostic screen for Prader-Willi and Angelman syndromes.
Clin Chem 53:1960-1962

Willmore-Payne C, Holden JA, Tripp S, Layfield LJ (2005) Human
malignant melanoma: detection of BRAF- and c-kit-activating
mutations by high-resolution amplicon melting analysis. Hum
Pathol 36:486-493

Wittwer CT, Reed GH, Gundry CN, Vandersteen JG, Pryor RJ (2003)
High-resolution genotyping by amplicon melting analysis using
LCGreen. Clin Chem 49:853-860

Wojdacz TK, Dobrovic A (2007) Methylation-sensitive high resolu-
tion melting (MS-HRM): a new approach for sensitive and high-
throughput assessment of methylation. Nucleic Acids Res 35:e41

Woolley FM, Collins GG, Sedgley M (2000) Application of DNA
fingerprinting for the classification of selected almond [Prunus
dulcis (Miller) D. A. Webb] cultivars. Aust J Exp Agric 40:995-
1001

Xie H, Sui Y, Chang F-Q, Xu Y, Ma R-C (2006) SSR allelic variation
in almond (Prunus dulcis Mill.). Theor Appl Genet 112:366-372

Zhou L, Vandersteen J, Wang L, Fuller T, Taylor M, Palais B,
Wittwer CT (2004) High-resolution DNA melting curve analysis
to establish HLA genotypic identity. Tissue Antigens 64:156—
164

Zhou LM, Wang L, Palais R, Pryor R, Wittwer CT (2005) High-
resolution DNA melting analysis for simultaneous mutation
scanning and genotyping in solution. Clin Chem 51:1770-1777



	High resolution melting analysis of almond SNPs derived �from ESTs
	Abstract
	Introduction
	Materials and methods
	Plant material and DNA extraction
	SNP search in database
	Primer design and melting profile analysis
	PCR amplification, DNA melting and end point fluorescence level acquiring
	Amplification quality control and high resolution melting curve
	DNA sequence analysis
	Nomenclature of SNPs markers
	Allele frequency estimation and SNP information content
	Genetic distance and clustering

	Results
	Identification of SNPs from the EST database
	HRM analysis
	Mixture HRM assay
	SNP validation and discovery by sequencing
	SNP informativeness
	Application of HRM-SNP in classification of almond

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


