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Abstract Recent DNA sequencing projects and the

establishment of high-throughput assays have pro-

vided an abundance of sequence information and data

on nucleotide polymorphisms in rice. Based on

previously identified single-nucleotide polymor-

phisms (SNPs) and insertions/deletions, we employed

denaturing high-performance liquid chromatography

(DHPLC) to genotype rice varieties using a chro-

matographic pattern-based strategy. In this study, 12

amplicons harboring multiple and informative SNPs

were screened. PCR products of the 12 amplicons

from 47 rice varieties were analyzed by DHPLC and

DNA sequencing. Each homozygous sample with a

single peak pattern in the initial DHPLC analysis was

mixed with zhenshan97 for a second DHPLC analysis.

The 12 amplicons were found to be polymorphic

across the hybrids, and mixed homozygous samples

with 43 distinct DHPLC elution profiles detected.

Sequence analysis confirmed that the distinct DHPLC

patterns corresponded to different DNA sequences. A

set of distinct characteristic profiles in six amplicons

differentiated between all of the hybrids, inbred lines,

and restorer lines and produced unique a fingerprint

for these lines. In addition, we found that the DHPLC

pattern of the hybrid was in accordance with the results

obtained by DHPLC analysis of a mixed sample of the

two parents. These results demonstrate that DHPLC

can be efficiently applied for the rapid and automated

identification of diverse rice varieties and could

possibly be utilized for seed genetic purity testing on

a high-throughput scale.

Keywords Denaturing high-performance liquid

chromatography � Rice identification � Purity test

Introduction

Rice (Oryza sativa), which has two cultivated sub-

species, indica and japonica, is one of the most

important food crops throughout the world and is a

staple for more than half the world’s population

(Ohtsubo and Nakamura 2007). It is estimated that

there are more than 100,000 rice varieties worldwide.

Distinct rice genotypes used for cultivation and the

quality of the seeds both have a strong effect on

productivity. Elite cultivars are discriminated by

commercial brands, and varietal adulteration with
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the intent to obtain premium-brand quality remains a

serious problem at present. The owner of a cultivar

requires the legal protection against adulteration as

well as exclusive sales of a protected cultivar, and the

developer of a variety needs to protect it from

exploitation by others. Given the necessity of protect-

ing cultivars and preventing unauthorized commercial

use, the development of a stable and reliable method

for cultivar identification is of great significance.

However, because new cultivars normally arise from

hybridizations between members of an elite group of

genetically similar parents, the amount of genetic

variability among newly developed cultivars is likely

to become even smaller (Rahman et al. 2009) making

it more difficult to distinguish the cultivars from one

another (Zhu et al. 2012).

The success of hybrid rice production depends on

the supply of genetically homogenous high-quality

seeds to farmers. Because there is always a chance of

contamination in a hybrid seed production plot due to

sterile line selfing affected by low temperature, cross-

pollination, and/or mechanical mixtures during sub-

sequent handling of the harvested material, the

assessment of seed purity is very important for quality

control in hybrid seed production. It has been

estimated that 1 % impurity in the hybrid seed

decreases the potential yield of a hybrid by approx-

imately 100 kg ha-1 (Mao et al. 1996).

Molecular markers based on the indirect detection

of sequence-level polymorphism have proven to be

powerful tools for the genetic discrimination among

species and seed purity assessment. Several molecular

markers including restriction fragment length poly-

morphisms (RFLPs) (Wang and Tanksley 1989;

Zhang et al. 1992), random amplification of polymor-

phic DNA (RAPDs) (Saker et al. 2005; Yong et al.

1999), simple sequence repeats (SSRs) (Garris et al.

2005; Saker et al. 2005; Ni et al. 2002), inter-simple

sequence repeats (ISSRs) (Blair et al. 1999), and

amplified fragment length polymorphisms (AFLPs)

(Saker et al. 2005) are presently available to identify

variation at molecular level. However, little variation

can be detected at the DNA level using techniques

such as RAPD, AFLP, and RFLP.

Among the various molecular markers that are used,

single-nucleotide polymorphisms (SNP) and insertions/

deletions (INDELs) are the most abundant types of

polymorphism, which can theoretically be found within

every genomic sequence, and the polymorphism is

strongly preserved in alternate generations (Giordano

et al. 1999; Rafalski 2002a, b). SNPs and INDELs have

been used as genetic markers for many genetic appli-

cations such as cultivar identification, the construction

of genetic maps, the assessment of genetic diversity, the

detection of genotype/phenotype associations, and

marker-assisted breeding (Diego et al. 2007; Flint-

Garcia et al. 2005; José et al. 2011; Simko et al. 2004;

Szalma et al. 2005). In recent years, numerous sequenc-

ing projects in rice have generated an abundance of

sequence information including SNPs and INDELs

(Feltus et al. 2004; Huang et al. 2010; McCouch et al.

2010; McNally et al. 2009; Shen et al. 2004). Among

these two basic types, SNPmarkers are very frequent in

genomes, and recent studies have identified approxi-

mately nine SNP/kb across 517 resequenced rice

varieties (Huang et al. 2010). Furthermore, the estab-

lishment and development of high-throughput genotyp-

ing methods have provided an abundance of valuable

data on SNP frequency within and between germplasm

groups, which make single-nucleotide polymorphisms

(SNPs) highly attractive as genetic markers (Chen et al.

2011; Thomson et al. 2012;Yamamoto et al. 2010; Zhao

et al. 2010, 2011).

Denaturing high-performance liquid chromatogra-

phy (DHPLC) is an automated, highly sensitive and

reliable genotyping platform for detecting SNPs and

INDELs, based on the altered melting behavior of

heteroduplexes versus homoduplexes in ion pair

reverse-phase HPLC, under conditions of partial heat

denaturation within a linear acetonitrile gradient

(Hassan et al. 2013; Lehtokari et al. 2006; Li et al.

2008). In this technique, PCR product from a sample

with heterozygous mutation or mixture of two PCR

products (a reference and a test product) is denatured

and annealed to form DNA heteroduplex molecules.

On a chromatogram in the DHPLC system, DNA

homoduplexes generally produce one peak, whereas

DNA heteroduplexes elute earlier in one or more

additional peaks. The sequence difference is thus

translated into an altered elution profile (Nairz et al.

2002). Previous studies have demonstrated that the

elution profile from DHPLC varies depending on the

type of nucleotide change within the same fragment

(Gross et al. 1999; Li et al. 2008; Wagner et al. 1999).

Due to its ability to predict the sequence polymor-

phisms present in samples, DHPLC has been sug-

gested as a highly effective method for genetic

analyses (Gross et al. 1999).
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DHPLC analysis provides high-throughput screen-

ing of samples in a 96-well format. In general, a single

DHPLC analysis requires approximately 7–8 min,

including column regeneration and re-equilibration to

starting conditions. However, by using an accelerator,

the running time per sample can be further minimized

by 2–3 min, further improving the efficiency of the

process (Raja et al. 2001).

In the last few years, DHPLC has become a widely

employed method for the identification of SNPs in

diagnostic testing for disease (Li et al. 2008) and high-

resolution SNP mapping (Nairz et al. 2002; Raja et al.

2001). The application of DHPLC in the identification

of crop species has not been reported to date.

In this study, we screened several amplicons

containing multiple and informative SNPs based on

the SNP data generated primarily from the OryzaSNP

project (McNally et al. 2009) and the SNP research on

300 rice inbred lines (Chen et al. 2011). Further, we

used DHPLC to genotype 47 rice varieties, test the

variation within parental lines, and determine the

hybrid heterozygosity by analyzing the screened

amplicons. Our results demonstrate the power and

usefulness of this technique for identifying rice

varieties and assessing seed purity based upon elution

profiles.

Materials and methods

Plant materials and DNA extraction

A total of 47 rice accessions representing the com-

mercial rice germplasms used in China were chosen

for DHPLC analysis. These rice accessions included

12 cytoplasmic male sterile (CMS) lines and 14

restorer (R) lines used as major parents in rice

breeding programs in China, and 16 elite rice hybrids

released for commercial cultivation in different

regions of China. In addition, five inbred rice varieties

were also analyzed (Supplementary Table S1). Among

all rice varieties, 13 rice hybrids and their parental

lines were included. Rice seeds of these varieties were

obtained from Hunan Hybrid Rice Research Center

(HHRRC), Changsha. DNA analysis of the varieties

was conducted by randomly selecting several seeds

per line and planting them in the paddy field in

HHRRC. Rice leaves were collected for DNA extrac-

tion from approximately 10 plants of each genotype.

Genomic DNAwas extracted using the CTABmethod

of Murray and Thompson (1980).

Amplicons screening and PCR conditions

Because the elution profile from DHPLC varies

depending on the type of nucleotide change, when

detecting polymorphism by DHPLC, the analyzed

amplicons should contain multiple and informative

SNPs among the rice varieties. In this study, we

screened amplicons within several chromosomes

based on a set of 372 high-quality SNPs developed

by Haodong Chen et al. (2011) and another SNP

discovery set from the OryzaSNP project that provided

comprehensive SNP data across 20 diverse rice

varieties (McNally et al. 2009). The following proce-

dure was used for amplicon screening: (1) select SNP

loci on chromosomes 1–4 from the 372 SNPs set

identified primarily by genotyping 300 rice accessions

(Chen et al. 2011), and extract 1201 bp of genomic

DNA sequence with 600 bp upstream and downstream

of each selected SNP; (2) enter the 1201-bp sequence

into Transgenomic WAVEMAKERTM Software for

amplicon design, choose fragments with fairly uni-

form melt domains that range from 170 to 700 bp, and

include the SNP loci selected in the previous step; (3)

screen the fragments harboring two or more SNPs

across four rice varieties (LTH, MH63, ZS97, SHZ2)

that had been previously identified by the OryzaSNP

project (McNally et al. 2009). From all screened

fragments, 12 fragments distributed on four chromo-

somes were randomly selected for polymerase chain

reaction (PCR) primer design.

PCR primers were designed for the 12 fragments

using primer prime 5 software. PCRs consisted of 19

PCR buffer (Promega, USA), 5 pmol of each primer,

1.0 U of pfu DNA polymerase (Promega, USA),

250 lM dNTP, and 50 ng of genomic DNA, in a

volume of 25 lL. The PCR cycles were carried out

using a Veriti� Thermal Cycler with an initial

denaturing step at 94 �C for 2 min, followed by 30

cycles of 30 s at 94 �C, 45 s at the respective

annealing temperature (Supplementary Table S2),

1 min at 72 �C, and 10 min at 72 �C for final

extension. Details regarding the 12 selected amplicons

and their respective primers are given in Supplemen-

tary Table S2.
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Heteroduplex formation

Prior to DHPLC analysis, unpurified PCR products of

each rice variety underwent the denaturation/anneal-

ing step, which included denaturing at 95 �C for

5 min, followed by slow cooling to room temperature

at a rate of 1 �C/min. The PCR products of the hybrids

containing heterozygous sequence in the analyzed

amplicon could form heteroduplex. In contrast, the

PCR products of all R, CMS, and inbred lines, which

are homozygous for any particular amplicon, and the

PCR products of the hybrids, which are homozygous

for the analyzed amplicon, could form homoduplex

only. Therefore, it was necessary to perform an

additional heteroduplex formation assay by mixing

reference DNA and homoduplex to create a heterodu-

plex, to reveal sequence variants in the homozygous

state by producing different DHPLC elution profiles.

In the present study, PCR products from ZS97 were

selected as reference DNA and added in equal

proportions to each homozygous sample, and then,

the denaturation/annealing step was performed. The

DHPLC elution profile of the mixed homozygous

samples would vary depending on the type of the

sequence variation from ZS97.

In addition, equal amounts of the PCR products

from the two parents of each hybrid were mixed

together and hybridized with the denaturation/anneal-

ing step to create a heteroduplex. Due to the

heterozygosity of the hybrid derived from the

sequence variation between the parental lines, it is

possible to determine hybrid seed purity by comparing

the DHPLC elution profiles of the F1 hybrid with that

of the mixed sample of the two parents.

DHPLC analysis

Analysis was performed using a WAVE DHPLC

instrument (TransgenomicTM). An aliquot (4–8 lL) of
the products from the previous denaturation/annealing

step was automatically injected into a DNASep

column and analyzed at a flow rate of 0.90 ml/min

by a linear acetonitrile gradient, achieved by mixing a

buffer A (0.1 M TEAA, pH7.0) and a buffer B (0.1 M

TEAA (Transgenomic, USA) with 25 % acetonitrile,

pH7.0). The initial oven temperature and gradient

conditions to be tested were determined using an

algorithm provided by the WAVEMAKER (Transge-

nomic) software. When necessary, the temperatures

and gradient condition were changed to obtain the

optimal separation of heteroduplex molecules.

Direct sequencing

To identify the sequence polymorphisms among the

rice varieties detected by DHPLC, the PCR products

from each rice variety were further sequenced. To

facilitate direct sequencing, universal M13 forward

and M13 reverse promoter homologous sequences

were added to each primer pair indicated in Supple-

mentary Table S2 for re-amplifying each rice variety

sequence. Amplified PCR products were purified and

sequenced in both directions using universal M13

forward and M13 reverse primers by Sangon Biotech

(Shanghai, China). DNA sequence data from both

directions were checked for sequencing errors and

aligned using Sequencher software (Gene Codes

Corporation, USA). Sequences polymorphisms were

identified manually.

Statistical analysis

To evaluate the repeatability and reproducibility of

DHPLC analysis for rice genotyping, intra-day and

inter-day assays were performed by analyzing each

sequence variant of rice in 10 experiments per week on

three consecutive weeks, under optimal DHPLC

conditions. Buffer A and buffer B were replaced

every week. The precision of DHPLC analysis was

assessed by retention time differences and coefficients

of variation. Statistical analyses were conducted with

the SPSS 13.0 software program (SPSS, USA).

Results

Determination of temperature and separation

gradient conditions

The temperature at which the samples are run is a

critical parameter for the DHPLC procedure. In the

present work, we first analyzed the PCR product from

ZS97 at the temperate and separation gradient condi-

tions predicted by WAVEMAKER software to obtain

a homoduplex elution profile for each amplicon. As

the homoduplex DNA, the PCR product from each

amplicon from ZS97 should yield an elution profile

with a single peak. The experimental results showed
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that the software-predicted temperature was suit-

able for the analysis of homoduplex DNA for only

five amplicons. For example, at the software-deducted

temperature (58.5 �C) for amplicon IV, the PCR

product from ZS97 produced an elution profile with

multiple peaks (Supplementary Fig S1a). This result

may have occurred because the temperature was too

high to partially melt the homoduplex DNA. There-

fore, we analyzed the PCR product from ZS97 in

0.5 �C decrements over the range of predicted tem-

perature until a single peak was detected. For DHPLC

analysis of amplicon IV, the lower temperature

(56.5 �C) was found to be appropriate for the analysis

of homoduplex DNA (Supplementary Fig S1b).

The production of an elution profile with a single

peak by homoduplex DNA is not the only criterion for

temperature selection. For some amplicons, it was

necessary to further adapt the temperature to resolve as

many rice genotypes as possible. As shown in Fig. 1a,

the temperature (59.4 �C) fit for the homoduplex DNA

analysis was not optimal for the detection of sequence

variants, due to the presence of a broadened signal as a

result of an excessively high temperature, yielding

inconsistent and irreproducible results. Under lower

temperature (58.4 �C), the PCR product containing

one type of sequence variant showed a single peak and

was almost indistinguishable from homoduplex DNA

(Fig. 1b). At increasing temperature, each genotype

produced a unique elution profile that differed from

the others with respect to the number and retention

time of its DHPLC peaks (Fig. 1c). However, the peak

for heteroduplex DNA was not apparent. To obtain a

clear profile, we changed the linear gradient from a

slope of 2 % increase in buffer B per minute to a 3 %

increase, resulting in a narrow and enhanced signal,

and finally obtained elution profiles with more appar-

ent peaks (Fig. 1d). The optimal DHPLC gradient and

temperature conditions for all the 12 amplicons are

listed in Supplementary Table S3.

DHPLC patterns

The PCR products of the 12 amplicons synthesized

from 47 rice varieties were subjected to DHPLC

Fig. 1 Impact of temperate and gradient conditions on DHPLC

analysis. Profiles were produced by analyzing amplicon VII

PCR products synthesized from three different rice genotypes

under four separation conditions. a PCR products eluted with a

slope of 2 % increase in buffer B per min and analyzed at

59.4 �C. b PCR products eluted with a slope of 2 % increase in

buffer B per min and analyzed at 58.4 �C. c PCR products eluted

with a slope of 2 % increase in buffer B per min and analyzed at

58.7 �C. d PCR products eluted with a slope of 3 % increase in

buffer B per min and analyzed at 58.7 �C
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analysis under the separation conditions listed in

Supplementary Table S3. Their corresponding elution

profiles were compared with the patterns from ZS97,

which is a homozygous line selected as reference

control. For each amplicon, the elution profiles of the

restorer, CMS, and inbred lines were all highly similar

to that of ZS97 and showed a single peak of

homoduplex DNA. In contrast, different DHPLC

elution profiles were detected upon analyzing the

hybrids. In addition to profiles with a single peak,

some hybrid PCR products produced elution profiles

with multiple peaks due to the reduced column

retention time of heteroduplex DNA, implying that

these rice hybrids are heterozygous for the analyzed

amplicon. In order to discriminate the homozygous

samples based on their DHPLC elution patterns, each

PCR product of the CMS, restore, inbred lines, and

hybrids that produced single peak profiles in the initial

DHPLC analysis was mixed with the PCR product of

ZS97, respectively, and submitted for the additional

DHPLC analysis. As expected, some of them exhib-

ited altered DHPLC elution profiles and exhibited

distinct patterns with multiple peaks.

By the continuous DHPLC analysis for all the PCR

products and mixed PCR samples of a single ampli-

con, different DHPLC profiles could be detected and

distinguished easily due to their significant differences

in peak number and retention time. For each amplicon,

some samples showed nearly identical profiles, which

had the same peak number and similar retention times.

As shown in Fig. 2, the CMS line (P64S), restore line

(FH838), inbred lines (YJZ), and hybrid (YY9113)

produced identical profiles with a single peak, and

some hybrids (SY63, YLY-1, CLY343) produced two

distinct profiles differing in peak number and retention

times. By mixing with ZS97, FH838 and P64S

produced multiple peaks which are highly similar to

the patterns of hybrids SY63, YLY-1, and CLY343,

respectively, while YJZ and YY9113 still produced a

single peak.

Overall, the 12 amplicons selected in the present

study exhibited a total of 43 different DHPLC elution

profiles detected across the hybrids and mixed sam-

ples. Of the 12 amplicons, amplicon VII exhibited the

highest polymorphism, producing six types of elution

profiles (Fig. 3g), whereas the fewest polymorphic

Fig. 2 DHPLC elution

profiles of seven rice lines

obtained by DHPLC

analysis of amplicon III.

Direct DHPLC analysis on

PCR products of seven rice

lines (YJZ, YY9113,

FH838, P64S, SY63, YLY-

1, CLY343) and additional

DHPLC analysis on mixed

PCR samples of four lines

(YJZ, YY9113, FH838,

P64S), which produced

single peak profile in the

initial DHPLC analysis.

Variety names are labeled to

the right of the

chromatogram
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patterns were presented by amplicons I, II, and V, with

only two types produced for all samples (Fig. 3a, b, e).

The others included five types of elution profiles for

amplicons XI and IX (Fig. 3k, i); four types for

amplicons IV, VI, and XII (Fig. 3d, f, l); and three

types for amplicons III, VIII, and X (Fig. 3c, h, j). For

all the DHPLC profile patterns, 32 different types were

detected in both the hybrids and mixed samples, seven

types were detected only in the mixed samples, and

four types were detected only in the hybrids.

To assess whether it was possible to assign a

specific elution profile to a sequence variant within the

amplicon, the PCR products amplified from each rice

variety were sequenced. The sequencing results val-

idated that the CMS, R, inbred lines, and hybrids that

produced single peak profiles in the initial DHPLC

analysis were all homozygous for the analyzed

amplicon. When these samples were mixed with

ZS97, no nucleotide variation from ZS97 was detected

in any of the samples for which the elution profile was

the same with a single peak. Other DHPLC profiles

with multiple peaks associated with heteroduplex

DNA from hybrids or the mixed samples varied in

accordance with the type of nucleotide change. As

shown in Fig. 4, for nucleotide mutations at positions

50 and 104 of the sequence of amplicon IV (50G ? A

and 104T ? C), a multi-peak elution profile (type A)

was produced that was distinct from profile type B

associated with the samples containing G ? A alter-

ations at base 50 and C ? A alterations at base 110. In

the case of the coexistence of two substitutions at

positions 104 and 110 (104T ? C and 110C ? A) in

the same amplicon, elution profile type C, which was

noticeably different from types B and C, was

observed.

Our sequencing results showed that the samples

exhibiting nearly identical elution profiles harbor

common sequence variants, and each sequence variant

presented a unique elution profile for each of the 12

amplicons. All of the sequence variants involved

single-nucleotide substitutions except the sequence

variants associated with profile types C, D, and F for

amplicon VII and a sequence variant associated with

profile type C for amplicon X, which included

deletions and insertions, in addition to several

nucleotide substitutions (data not shown). Our results

demonstrated that the polymorphism of the elution

profiles was derived from the polymorphism in the

positions and numbers of SNPs and INDELs within

the amplicons among the different rice varieties.

As shown in Supplementary Fig S2, the profiles

associated with a specific sequence variant exhibited

the similar patterns and same peak quality by both

intra-day and inter-day analyses. But significant inter-

day assay variation in retention times was observed,

which may be due to subtle changes in buffer

composition, making profile characterization by reten-

tion time of peaks unreliable. However, it was noted

that for each sequence variant, the difference in the

retention time between each peak (ahead of the last

peak) and the last peak (Delta-Peak, DP) just varied
slightly by the intra-day and inter-day assays and

stayed within a certain range (Supplementary

Table S4). Therefore, we proposed that the peak

number and the difference in the retention time

between each peak and the last peak (DP) could be

used as the critical parameters to characterize DHPLC

profiles that correlated with a specific sequence

variant.

Identification of rice genotypes and assessment

of hybrid purity by DHPLC analysis

In the 16 rice hybrids from which crude PCR products

of the 12 amplicons were subjected to DHPLC

analysis, the number of hybrids for which multiple

peaks were detected averaged 9 per amplicon, with a

minimum of 5 (amplicon IX) and a maximum of 14

(amplicon VI and VIII). It was easier to distinguish the

hybrids producing profiles with multiple peaks from

their homozygous parental lines as well as other

hybrids that produced profiles with a single peak. In

addition, the differences in peak number andDP values

could help to distinguish these hybrids from each

other. Interestingly, profile type B for amplicon VII,

profile type B for amplicon VI, and type E for

amplicon XI were all unique to their particular hybrid.

These unique profiles could be the characteristic

markers for the identification of these hybrids.

However, all R, CMS, and inbred lines and some

hybrids that produced a single peak profiles in the first

DHPLC analysis could not be distinguished from each

other, because they could not be determined directly

by the retention times. The additional heteroduplex-

based assay of mixing using the PCR product from

ZS97 was effective at changing the DHPLC profile
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pattern from monomorphism to polymorphism among

these samples, allowing these samples to be discrim-

inated based on specific profile patterns, resulting from

their different sequence deviations from ZS97. In all

elution profile patterns of mixed samples, type C for

amplicon XI was specific to a restore line; type C for

amplicon IV, type B for amplicon VIII, type B for

amplicon IX, and type D for amplicon XII were

detected in only LTH. In addition, of all the rice

varieties analyzed in this study, only LTH showed an

elution profile with multiple peaks for each of the 12

amplicons. We propose that this result was obtained

because LTH was the only variety belonging to the

japonica group in our study, whereas ZS97 and the

other varieties all belong to the indica group.

After analyzing crude and mixed PCR products by

DHPLC, we combined the elution profile types of the

12 amplicons for each rice variety and obtained a

unique fingerprint for all of the hybrids. Therefore,

DHPLC analysis was effective at discriminating

between the 12 amplicons. The fingerprints of the

inbred, restorer, and CMS lines were also distinct, with

the exception of three CMS lines FY-A, TF-A, and

J23A, which had identical profiles with respect to all

the 12 amplicons analyzed in this study. Nevertheless,

distinct characteristic profiles in six amplicons (IV,

VI, VII, VIII, X, XI) together differentiated all the

hybrids, inbred, and restorer lines with at least a single

profile pattern difference (Supplementary Fig S3).

Hybrids display a characteristic pattern of DHPLC

elution profile resulting from parental variation in

allelic nucleotide sequence. Therefore, it is practical to

test genetic purity of F1 hybrid seeds by comparing

their DHPLC elution profiles with that of a mixed

sample of their two parents. Our results showed three

different cases: (1) As shown in Fig. 5a, if parental

lines have identical profiles, their hybrid would show a

profile with a single peak that is the same as that of a

mixed parent sample. When mixed with ZS97, the

hybrid showed a DHPLC profile pattern identical to

those of the two parents. (2) If one of the parents

produced a single peak, while the other one exhibited a

different pattern with multiple peaks, their hybrid

would produce a DHPLC profile pattern identical to

the parent producing multiple peaks (Fig. 5b). (3) If

the two parental lines each exhibited DHPLC profiles

with multiple peaks that are distinct from each other,

the mixed parental sample would produce a novel type

of elution profile, as was also detected in their hybrid

sample (Fig. 5c). Our results demonstrated that

regardless of the type of pattern produced by the

parents, the hybrid always showed a DHPLC profile

pattern consistent with the mixed sample of the two

parents. In case (1), the hybrid produced a DHPLC

profile pattern highly similar to that of its two parents,

by both the first DHPLC analysis on the PCR products

and the second DHPLC analysis on the mixture of test

sample and ZS97. This result makes it impossible to

detect contamination of these hybrid samples with

their parents. It also implies that only the amplicons

that exhibited polymorphic DHPLC patterns between

the hybrids’ respective parents could be selected as

DHPLC markers for the hybrid seed purity

assessment.

Discussion

Numerous types of DNAmarkers that are based on the

indirect detection of sequence-level polymorphism

have been developed (Henry 2001; Phillips and Vasil

2001). Sequence polymorphisms such as single-

nucleotide polymorphisms (SNPs), nucleotide inser-

tions, and deletions exploited as genetic markers can

be detected by DHPLC analysis. In this study, we first

applied DHPLC analysis to identify rice varieties and

test the genetic purity of rice hybrids using DHPLC

profile polymorphisms corresponding to various

sequence variants. The sensitivity of the method is

dependent on the temperature at which the analysis is

performed. Because the temperature has a significant

effect on the separation of hetero- and homoduplexes,

the choice of operating temperature for DHPLC is

critical for detecting different genotypes. Under the

conditions established in this present study, DHPLC

resolved 100 % of the sequence variants detected by

sequencing. Although no nucleotide variation was

bFig. 3 Polymorphism of DHPLC profiles within a amplicon I,

b amplicon II, c amplicon III, d amplicon IV, e amplicon V,

f amplicon VI, g amplicon VII, h amplicon VIII, i amplicon IX,

j amplicon X, k amplicon XI, and l amplicon XII. Elution

profiles of the 12 amplicons were obtained by analyzing crude

PCR products and mixed PCR products of rice varieties under

respective DHPLC conditions. DHPLC profiles with distinct

characteristics are superimposed to illustrate the differences.

The retention times for homoduplex and heteroduplex fractions

are indicated above the elution peaks
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detected by sequencing in any of the samples produc-

ing only a single peak, we suppose that it is possible

that a few mutations could remain undetected by this

method, because DHPLC analysis at a single temper-

ature can fail to identify all alterations due to

differences in the melting point of sequences flanking

the SNP site. Therefore, to overcome this possibility,

the amplicon should be designed to have a single and

fairly uniform melt domain. Furthermore, we con-

firmed that amplicons vary significantly in the level of

polymorphism of the DHPLC elution profile that is

produced due to differences in the level of DNA

Fig. 4 DHPLC elution profiles for three sequence variant types

within amplicon IV. a Elution profile for a hybrid carrying

heterozygous mutations at positions 50 and 104. This profile

pattern was defined as type A. The direct sequencing result

illustrates the corresponding heterozygous G/A (50) and T/C

(104) changes. b Elution profile for a hybrid carrying

heterozygous mutations at positions 50 and 110. This profile

pattern was defined as type B. The direct sequencing result

illustrates the corresponding heterozygous G/A (50) and C/A

(110) changes. cHomoduplex profile for ZS97 and heteroduplex

profile for an inbred sample mixed with ZS97. The profile

pattern of the mixed inbred sample was defined as type C.

Comparison of the sequencing chromatograms from the inbred

line and ZS97 illustrates the sequence differentiation between

these lines with two base pair mismatches at positions 104

(T ? C) and 110 (C ? A), which lead to the formation of

heteroduplex DNA by the denaturation/annealing step
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sequence polymorphism. Thus, amplicon selection is

another critical factor for this DHPLC assay. It is

essential to select amplicons producing highly infor-

mative polymorphic elution profiles as the target

fragments for DHPLC analysis.

This methodology yielded highly accurate and

reproducible results in producing highly polymorphic

chromatographic patterns from homoduplexes and

heteroduplexes in the samples. We were able to

genotype rice varieties solely based upon the combi-

nation of characteristic DHPLC profiles produced by

two DHPLC analyses. In the first DHPLC analysis, the

PCR products from all studied rice varieties were

analyzed, and heterozygous genotypes of the hybrids

could be determined due to their different character-

istic DHPLC pattern corresponding to the type of

nucleotide change. An additional mixing of the tested

sample and ZS97 was conducted for the second

DHPLC analysis when genotyping homozygotes that

showed a single homoduplex peak. Only by the second

DHPLC analysis, the different homozygous genotypes

of R, CMS, inbred lines, and some hybrids, which

showed single peak patterns in the first DHPLC

analysis, can be discerned due to their characteristic

DHPLC profile corresponding to their sequence

variation from ZS97. In this study, we established a

novel assay for identifying 44 rice varieties based on

12 amplicon-based DHPLC patterns. As the number of

available amplicons grows, the required number of

fragments to be analyzed is expected to decrease even

for the identification of a greater number of rice

varieties. It is feasible to automatically assign the

Fig. 5 DHPLC analysis of hybrids and their parents. The male

and female parents of the hybrid were mixed with PCR product

from ZS97 to produce a characteristic DHPLC profile.

Moreover, the two parents were mixed with each other in an

equimolar ratio for further DHPLC analysis. Each PCR product

of the hybrid was subjected to DHPLC for initial analysis. Then,

the hybrids producing a single peak in first analysis were mixed

with PCR product from ZS97 for a second DHPLC analysis.

a Parental lines have identical characteristic profiles. The hybrid
and mixed parent sample produced a single peak, whereas the

hybrid mixed with ZS97 formed a heteroduplex, resulting in

extra peaks identical to those of the parents. b Two parents

produced different patterns of DHPLC profiles, one of which

showed a single peak. Both the hybrid and the mixed parent

sample produced DHPLC profiles with multiple peaks identical

with the parent producing multiple peaks profile. c Two parents
produced different profiles that showed multiple peaks and

differed with respect to DP values. The hybrid and mixed parent

sample produced a novel and identical elution profile pattern

that was completely distinct from both parents
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identity of a rice variety using DHPLC profile patterns,

if we can develop a software program capable of

cataloging the different DHPLC elution profile pat-

terns for each amplicon compiled into a DHPLC

profile-based fingerprint database of rice.

Determining the genetic purity of hybrid seed is an

essential requirement for its commercial use. In this

study, we propose that as long as the amplicons that

exhibited polymorphic DHPLC patterns between the

hybrids’ respective parent were selected as markers,

the DHPLC assay would detect multiple peak profile

patterns highly similar to that of the mixed sample of

the two parental lines in pure hybrids, whereas

impurity could be identified by the presence of a

single peak or other multiple peak patterns. In

addition, genetic heterogeneity within the parental

lines could lead to a lack of uniformity in the

commercial F1 seed resulting in poor acceptance of

the hybrid produced (Nandakumar et al. 2004). Due to

its ability to readily distinguish between homozygos-

ity and heterozygosity, DHPLC could also be used for

testing genetic heterogeneity within the parental lines.

Frequently, highly informative SSR markers are

preferred in cultivar identification and seed purity

testing because of their codominant nature and high

levels of polymorphism. However, the detection of SSR

genotypes is often conducted using agarose or poly-

acrylamide gel electrophoresis or sequencers, which is

time-consuming or costly. In addition, these markers

have constraints in multiplexing, automation and lim-

ited abundance when saturating genomic regions.

Although they have obvious advantages compared with

SSRs in these respects, SNPs are less informative than

SSR markers (Hamblin et al. 2007), because SNPs are

bi-allelicmarkers that generally present only two alleles

per SNP marker, whereas SSRs are multi-allelic mark-

ers capable of presenting a very large number of alleles

per locus (Liu et al. 2003; Lu and Bernardo 2001).

Consequently, it has been suggested that combining

information from several SNPs within the same gene or

locus may provide a partial solution to the disadvantage

of SNP markers (Yan et al. 2010), and 3–4 SNP loci

would be needed to provide the discriminatory power of

one microsatellite locus (José et al. 2011). In this study,

our results demonstrated the ability of DHPLC to

examine and discriminate multiple SNPs within one

amplicon. SNPs can be as informative as multi-allelic

molecular markers when detected by DHPLC.

The strengths of DHPLC methods include ease of

instrument operation, low reagent costs, and high

sample throughput. Commercially available DHPLC

instrumentation is as easy to use as are standard HPLC

instruments. This system is semiautomatic and can

process 2 9 96-well sample plate unattended for test,

which is adequate for high-throughput analysis. And

the cost to identify rice variety using this systemwould

have been approximately $1.7 per test, which are $0.9

for high-fidelity PCR reagent, $0.4 for DHPLC

buffers, and $0.4 for the DHPLC column. Due to

these advantages, this genotyping platform might

overtake SSR and be applicable for the rapid and

automated genetic characterization of the diverse

germplasm of rice. It might also be utilized to monitor

seed genetic purity at both the parental and hybrid seed

production stages.

Acknowledgments This work is financially supported by the

National Key Technology Research and Development Program

of the Ministry of Science and Technology of China

(2012BAC01B07).

Compliance with ethical standards

Conflict of interest Neither I nor any person with whom I

have or had e personal or business relationship is engaged in any

transaction or activity or has any relationship that may represent

a potential competing or confliction interest.

References

Blair MW, Panaud O, McCouch SR (1999) Inter-simple

sequence repeat (ISSR) amplification for analysis of

microsatellite motif frequency and fingerprinting in rice

(Oryza sativa L.). Theor Appl Genet 98(5):780–792

ChenHD, HangH, ZouYJ, ChenW,YuRB, Liu X, YangY, Gao

YM, Xu JL, Fan LM, Li Y, Li ZK, Deng XW (2011)

Development and application of a set of breeder-friendly

SNPmarkers for genetic analyses and molecular breeding of

rice (Oryza sativa L.). Theor Appl Genet 123(6):869–879
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