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in four environments and genotyped using the wheat 90 K 
iSelect assay. Three novel QTL for POD activity, QPod.
caas-3AL, QPod.caas-4BS and QPod.caas-5AS, were 
identified on chromosomes 3AL, 4BS and 5AS, explain-
ing 5.3–21.2  % of phenotypic variance across environ-
ments. The full-length genomic DNA (gDNA) sequence 
of a POD gene, designated TaPod-A1, on chromosome 3A 
was characterized by homolog cloning and PCR verifica-
tion. Two complementary dominant sequence-tagged site 
(STS) markers, POD-3A1 and POD-3A2, were developed 
based on single nucleotide polymorphisms (SNPs) between 
two alleles at the TaPod-A1 locus, amplifying 291- and 
766-bp fragments in cultivars with lower and higher POD 
activities, respectively. The two gene-specific markers were 
mapped on chromosome 3AL using a set of Chinese Spring 
(CS) nulli-tetrasomic lines, and ditelosomic lines 3AL 
and 3AS. QTL analysis indicated that QPod.caas-3AL co-
segregated with the gene-specific markers POD-3A1 and 
POD-3A2. POD-3A1 and POD-3A2 were verified on 281 
wheat cultivars and advanced lines, and showed significant 
(P < 0.05) associations with POD activities. POD-3A1 and 
POD-3A2 may be useful as markers for improving color 
attributes in wheat breeding programs.

Abbreviations
ANOVA	� Analysis of variance
cDNA	� Complementary DNA
CDS	� Coding sequence
CS	� Chinese Spring
gDNA	� Genomic DNA
LOD	� Logarithm of odds
mRNA	� Message RNA
ORF	� Open reading frame
PCR	� Polymerase chain reaction
POD	� Peroxidase

Abstract 
Key message  Three novel QTL for peroxidase activity 
were mapped, and gene-specific markers for TaPod-A1 
were developed and validated using RILs derived from 
the Doumai/Shi 4185 cross and 281 wheat cultivars. 
TaPod-A1 is within one of the three QTL.
Abstract  Peroxidase (POD) activity in grain is an impor-
tant factor determining the color of flour and end-use prod-
ucts of wheat, such as noodles and steamed bread. Map-
ping QTL for POD activity, characterization of POD genes 
and development of gene-specific markers are important 
for molecular marker-assisted selection in wheat breeding. 
Quantitative trait loci (QTL) for POD activity in common 
wheat were mapped using a recombinant inbred line (RIL) 
population derived from a Doumai/Shi 4185 cross grown 
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QTL	� Quantitative trait loci/locus
RIL	� Recombinant inbred line
SNP	� Single nucleotide polymorphism
STS	� Sequence-tagged site
UTR	� Untranslated region
UV	� Ultraviolet

Introduction

Class III plant POD is a plant-specific oxidoreductase 
(Hiraga et al. 2001). The plant POD superfamily is a ubiq-
uitous group of heme-containing cytochrome b proteins, 
classified on the basis of conserved domains as class III 
secretory peroxidases to distinguish them from class I 
plant ascorbate peroxidases, and class II fungal peroxidases 
(Blee et al. 2001). It is particularly abundant in three major 
kernel fractions of durum wheat, viz. semolina, bran and 
embryo (Fraignier et al. 2000). POD contains an active site 
cysteine that is sensitive to oxidation by H2O2 (Rhee et al. 
2012). Class III POD in grain is involved in seed develop-
ment, and is associated with flour quality (Borrelli et  al. 
2003; Takasaki et al. 2005).

Ferulic acid is a substrate for POD. In fact, POD cata-
lyzes the formation of diferulic acid to produce dark-
colored products, which are undesirable for most classes 
of noodles and steam breads (Fry 1986; Taha and Sagi 
1987; Fraignier et  al. 2000). POD activity is highly and 
positively correlated with the brown index of pasta prod-
ucts (r =  0.84–0.97) (Kobrehel et  al. 1974; Hemalatha 
et  al. 2007). POD can lead to an increased brown hue, 
which reduces semolina and pasta yellowness (Kobre-
hel et al. 1974; Matsuo and Dexter 1980; Taha and Sagi 
1987; Borrelli et  al. 1999). Fortunately, POD shows no 
activity during pasta processing, probably due to the lack 
of availability of hydrogen peroxide (Icard-Vernière and 
Feillet 1999; Feillet et  al. 2000). Carotenoid pigment 
degradation is also influenced by POD, which can oxidize 
a large number of compounds at the expense of hydro-
gen peroxide (Fraignier et al. 2000). Therefore, POD can 
influence the degree of yellowness in flour end-products 
(Borrelli et al. 1999; Trono et al. 1999; Feillet et al. 2000; 
Hessler et al. 2002). It can replace benzoyl peroxide as a 
bread dough-bleaching agent, but pure and commercial 
POD is screened based on degradation of β-carotin. POD 
has the best bleaching activity in bread dough. For 100 g 
of flour, combinations of peroxidase (3000 U), lipase 
(815–1630 U), and linoleic acid (0–300  mg) can com-
pletely bleach bread dough (Gélinas et  al. 1998). POD 
activity is higher in bran than that in wheat debranned 
flour, and POD can significantly increase dough hardness 
and decrease adhesiveness (Žilić et al. 2012; Revanappa 

et al. 2014). Thus, the bran fraction of wheat potentially 
provides naturally occurring antioxidants. For health 
benefits, a small amount of bran incorporated in bread 
can also increase dietary fiber and phytonutrients in the 
diet (Žilić et  al. 2012). Therefore, POD can be a more 
important trait for wheat products made from whole meal 
flours.

POD activity in wheat depends on genotype and is 
slightly modified by growing conditions (Feillet et  al. 
2000). Among gramineous crops, POD activity is the high-
est in common wheat grain, threefold that of oat (Avena 
sativa L.), sixfold that of rice (Oryza sativa L.) and sev-
enfold that of corn (Zea mays L.) (Maksimov et al. 2010). 
POD activity in common wheat is higher than durum and 
there are large differences between common wheat culti-
vars (Borrelli et al. 2003; Hemalatha et al. 2007; Žilić et al. 
2012).

Class III POD genes have been cloned and sequenced 
in rice (O. sativa L.) (Passardi et  al. 2004), barley (Hor-
deum vulgare L.) (Johansson et  al. 1992; Theilade and 
Rasmussen 1992) and common wheat (http://www.ncbi.
nlm.nih.gov/nuccore/AF525425). The POD gene prx23 
(GenBank accession BN000552) located on chromosome 
1 was isolated from rice (Passardi et al. 2004). Johansson 
et  al. (1992) cloned POD gene Prx5 (M73234) from bar-
ley, and mapped it on chromosome 3H. Theilade and Ras-
mussen (1992) cloned another POD gene, Prx6 (M83671), 
also on chromosome 3H. A complementary DNA (cDNA) 
sequence, WSP1 (AF525425), was cloned from common 
wheat. POD genes were also reported on chromosomes 
2A, 2B, 2D, 4B, 7A and 7D using CS nulli-tetrasomic lines 
(Kobrehel and Feillet 1975; Li et  al. 1999). Endosperm 
peroxidases were located on chromosomes 7DS, 4AL 
and 7AS, whereas embryo plus scutellum isozymes were 
on chromosomes 3AL, 3BL and 3DS (Bosch et al. 1987). 
Recently, the bread wheat A-genome progenitor Triticum 
urartu and D-genome progenitor Aegilops tauschii draft 
genome sequences were reported (Brenchley et  al. 2012; 
Jia et al. 2013; Ling et al. 2013). These can greatly aid gene 
cloning in the large and complicated genomes of various 
wheat species.

Gene-specific markers can be used for accurate dis-
crimination of contrasting alleles and are widely used in 
marker-assisted selection for quality improvement in wheat 
(Liu et  al. 2012). However, up to now, there is no infor-
mation available on QTL analyses of POD activity, gDNA 
sequences of POD genes, and development of gene-specific 
markers in common wheat and durum. Thus, the objec-
tives of this study were to map QTL for POD activity in 
common wheat, clone the gDNA of a POD gene, identify 
allelic variants, and develop gene-specific markers based 
on reported wheat genomics sequencing.

http://www.ncbi.nlm.nih.gov/nuccore/AF525425
http://www.ncbi.nlm.nih.gov/nuccore/AF525425
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Materials and methods

Plant materials

Two hundred and fourteen recombinant inbred lines 
(RILs) derived from the cross Doumai/Shi 4185 were 
used for QTL mapping of POD activity. Doumai is a com-
mon wheat line with relatively high POD activity (506.5 
Ug−1  min−1), whereas Shi 4185 has lower POD activ-
ity (421.5 Ug−1  min−1). A set of CS nulli-tetrasomic and 
ditelosomic 3AL and 3AS lines was used to verify the 
chromosomal location of STS markers. Two hundred and 
eighty-one leading cultivars and advanced lines from China 
and other countries (42 foreign winter wheat cultivars, 40 
Chinese cultivars from the Northern China Plain Winter 
Wheat Region (Region I, Table S2), 19 foreign facultative 
cultivars, 132 Chinese cultivars from the Yellow and Huai 
River Valley Facultative Wheat Region (Region II, Table 
S2), and 48 Chinese cultivars from the Yangtze River Val-
ley and Southwestern China Autumn-sown Spring Wheat 
Region (Region III, Table S2) were used to determine the 
association between the allelic variation and POD activity. 
The three regions mentioned produce around 95 % of Chi-
nese wheat production.

Field trials

During the 2012–2013 and 2013–2014 cropping seasons, 
214 RILs from Doumai/Shi 4185 were sown at Beijing 
and Shijiazhuang in Hebei province, providing data for 
four environments. During the two seasons, 82 cultivars 
and advanced lines from Region I were sown at Beijing 
and Shijiazhuang, 151 cultivars and advanced lines from 
Region II were sown at Anyang in Henan province and 
Suixi in Anhui province, and 48 cultivars and advanced 
lines from Region III were sown at Chengdu in Sichuan 
province and Suixi. All field trials were managed in rand-
omized complete blocks with three replicates, and grains 
from two replicates were used for POD activity assay. Each 
plot contained three 2-m-length rows spaced 20 cm apart, 
with 50 plants in each row. All tested samples were sound 
and free of sprouting damage.

POD activity assay

POD activity in wheat grains was assayed following 
Fraignier et al. (2000), Borrelli et al. (2003) and Hemalatha 
et al. (2007) with some modifications. Wheat grains (about 
1.2 g) were milled to whole meal with a high-throughput 
tissue grinder (Spex 2010 Geno/Grinder, USA; http://www.
spexsampleprep.com) and used for estimating POD activ-
ity within 1  day. Enzyme was extracted by mixing 0.5  g 

meal with 5  mL of 0.1  M sodium phosphate buffer (pH 
7.5), stirring for 2 h in an ice-water bath and centrifuging 
at 10,000 rpm at 4 °C for 15 min. The supernatant contain-
ing POD was used for assaying POD activity with 25 μL of 
2 % hydrogen peroxide, 5 μL of 2 % guaiacol in 175 μL 
of reaction mixture at its optimum pH of 5.0 in 50 mM cit-
rate phosphate buffer. After blending, 5 μL of POD extract 
was added. Each sample was assayed in duplicate. If the 
difference between two repeats was more than 10 % for the 
spectrophotometric assay of POD activity, a third test was 
conducted (Geng et al. 2012).

POD activity was determined by measuring increased 
absorbance at 470  nm with an Absorbance Microplate 
Reader (SpectraMax Plus 384, Molecular Devices, LLC, 
USA; http://www.moleculardevices.com). The total time 
of test was 150  s and the interval reading time was 10  s. 
An enzyme linked immunosorbent assay (ELISA) plate (96 
Well EIA/RIA Plate, Costar 3590, USA; http://www.corn-
ing.com/lifesciences) was used. One unit of POD activity 
was defined as a one-hundredth increase in absorbance at 
470  nm  min−1 g−1 of whole wheat meal between 50 and 
150 s under assay conditions. For each score, POD activity 
was determined in duplicate extracts of whole wheat meal 
with parallel spectrophotometric measurements, and mean 
values are reported.

SNP genotyping and QTL detection

The 214 RILs and their parents were genotyped by the 
90  K iSelect SNP assay at CapitalBio Corporation (Bei-
jing, China; http://www.capitalbio.com). Genotypic clus-
ters for each SNP were determined using the manual 
option of Genome Studio version 1.9.4 with the polyploid 
clustering version 1.0.0 (Illumina) (http://www.illumina.
com), based on data from all genotypes. Markers not pol-
ymorphic between Doumai and Shi 4185 and those with 
high percentages of heterozygous genotypes were dis-
carded. Markers with over 20 % of missing data were also 
removed. Linkage groups were established with the soft-
ware JoinMap 4.0 (Stam 1993; http://www.kyazma.nl) and 
maps were made by MapChart 2.2 (Voorrips 2002; http://
www.earthatlas.mapchart.com). Map distances (in cen-
tiMorgans, cM) between markers were calculated by the 
Kosambi (Kosambi 1944) mapping function. POD activi-
ties of the Doumai/Shi 4185 RIL population were meas-
ured in four environments during two cropping seasons 
for QTL analysis, which was conducted using the soft-
ware IciMapping 4.0 (Li et  al. 2007; http://www.isbreed-
ing.net), and a logarithm of odds (LOD) value of 2.5 was 
used for declaring definitive QTL. Individual environment 
QTL overlapping within a 20-cM interval were considered 
common.

http://www.spexsampleprep.com
http://www.spexsampleprep.com
http://www.moleculardevices.com
http://www.corning.com/lifesciences
http://www.corning.com/lifesciences
http://www.capitalbio.com
http://www.illumina.com
http://www.illumina.com
http://www.kyazma.nl
http://www.earthatlas.mapchart.com
http://www.earthatlas.mapchart.com
http://www.isbreeding.net
http://www.isbreeding.net
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Cloning and identifying allelic variants of a POD gene 
on chromosome 3AL

The corresponding cDNA sequences of common wheat 
POD gene wsp1 (GenBank accession AF525425), rice 
POD gene prx23 (BN000552) and barley POD gene Prx6 
(M83671) were used for BLAST searching against the 
wheat genome sequences database in the European Nucleo-
tide Archive (ENA) (http://www.ebi.ac.uk/ena). All wheat 
genome scaffold sequences sharing high similarity with 
the reference gene were subjected to overlapping sequence 
assembly (E value <10−50, score >400  bp, and identify 
>70  %, ENA, 2013). Based on sequence alignment, two 
primer sets, POD1 and POD2 (Table S1), were designed 
with the expectation that amplified fragments from gDNA 
could cover the whole coding sequence (CDS) using the 
two primer sets. Primers were designed using Primer Pre-
mier version 5.0 (Premier Biosoft, 2013). All primers 
were synthesized by Sangon Biotech (Shanghai) Co., Ltd. 
(Shanghai, China; http://www.sangon.com).

Genomic DNA was extracted from seeds using a method 
modified from Lagudah et al. (1991). PCR were performed 
in an MJ Research PTC-200 thermal cycler in volumes of 
20 μL including 10 μL 2 × GC buffer I, 100 μM of each 
dNTP, 2 pmol of each primer, 1 U of ExTaq, and 80 ng of 
template DNA. All reagents were obtained from Takara 
Biotechnology (Dalian) Co., Ltd. (Dalian, China; http://
www.takara.com.cn). PCR conditions were 94 °C for 5 min 
followed by 35 cycles of 94  °C for 30  s, 64  °C for 30  s, 
and 72  °C for 1  min, with a final extension of 72  °C for 
8 min. The PCR products were separated by electrophore-
sis in a 1.5 % agarose gel, stained with ethidium bromide 
and visualized using ultraviolet (UV) light. Fragments 
with the expected sizes were recovered and cloned into the 
pEASY-T1 Simple Cloning Vector (Beijing TransGen Bio-
tech Co., Ltd., Beijing, China; http://www.transgen.com.
cn) and sequenced by Beijing Genomics Technology Co., 
Ltd. (Beijing, China; http://www.genomics.cn) with at least 
three repeats for each clone.

Cultivars Linmai 2, Zhongyou 9507, Aikang 58 and 
Xiaoyan 22 with a diverse range of POD activities were 
used to clone the full-length sequence of the TaPod-A1 
gene on chromosome 3A, and to identify allelic variations 
at the locus. Each primer combination was confirmed to 
be chromosome-specific using CS nulli-tetrasomic lines. 
The PCR and DNA sequencing were repeated three to four 
times for each primer set to ensure the accuracy of nucleo-
tide sequences. The genomic DNA sequences and deduced 
amino acids for different allelic variants of the TaPod-A1 
gene were aligned using the software Geneious (Biomatters 
Ltd., New Zealand; http://www.geneious.com). Intron posi-
tions were also determined by alignment of the amplified 

genomic DNA sequence and cDNA sequence using the 
software Geneious (Biomatters Ltd., New Zealand; http://
www.geneious.com).

Sequence‑tagged site marker analysis

Five cultivars with higher POD activities and five cultivars 
with lower POD activity were used for developing STS 
markers. Based on the sequence polymorphisms between 
the two alleles at the TaPod-A1 locus, two primer sets were 
designed to identify variants among these cultivars. The 
divergence of phenotypic values was assumed to be associ-
ated with TaPod-A1, which was then validated using 281 
cultivars and advanced lines and also confirmed with 214 
RILs. The PCR for one primer set was 94 °C for 5 min fol-
lowed by 35 cycles of touchdown PCR at 94 °C for 30 s, 
68–57.5 °C for 30 s with 0.3 °C decreases per cycle, and 
72 °C for 1 min, with a final extension of 72 °C for 8 min, 
and the other was 94 °C for 5 min followed by 35 cycles of 
94 °C for 30 s, 62 °C for 30 s, and 72 °C for 1 min, with a 
final extension of 72 °C for 8 min.

Statistical analyses

For the 214 RILs derived from Doumai/Shi 4185 and 
281 cultivars and advanced lines, the POD activity of 
each line or cultivar was measured in four environments, 
and the arithmetic means of each line were used for sub-
sequent QTL mapping or analysis of variance (ANOVA). 
ANOVA and computation of correlation coefficients 
were conducted by the SAS System for Windows version 
9.0 (SAS Institute, http://www.sas.com). The contribu-
tions of lines (RILs) and environments were evaluated by 
PROC MIXED, where environments were treated as fixed 
effects, and line, line ×  environment interaction and rep-
licate nested in environments were all treated as random. 
Broad-sense heritability (h2) for POD activity was calcu-
lated using the formula; h2 = σg

2/(σg
2 + σ2

ge/r +σε
2/re), where 

σg
2, σ2

ge and σ2
ε were estimates of line, line ×  environment 

interaction and residual error variances, respectively, and 
e and r were the numbers of environments and replicates 
per environment, respectively. A total of 281 cultivars and 
advanced lines were used to verify the association between 
POD activity and allelic variation. Differences in POD 
activity among genotypes (TaPod-A1 alleles) with dif-
ferent PCR band profiles were also conducted by PROC 
MIXED, with genotypes as a categorical variable to derive 
the mean POD activity for each class and to test the differ-
ences for the two alleles. The genotypes indicated by two 
TaPod-A1 alleles, environments, and their interaction were 
treated as fixed effects, while cultivars nested in TaPod-A1 
alleles, cultivar (nested in TaPod-A1 alleles) × environment 

http://www.ebi.ac.uk/ena
http://www.sangon.com
http://www.takara.com.cn
http://www.takara.com.cn
http://www.transgen.com.cn
http://www.transgen.com.cn
http://www.genomics.cn
http://www.geneious.com
http://www.geneious.com
http://www.geneious.com
http://www.sas.com
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interaction and replicates nested in environments were ran-
dom. The random effect was analyzed with a Z test in the 
MIXED model.

Results

Phenotypic evaluation of the Doumai/Shi 4185 RIL 
population

POD activities were significantly (P  <  0.0001) affected 
by line, environment and their interaction (Table 1). They 
were significantly correlated (P < 0.0001) across four envi-
ronments, with correlation coefficients ranging from 0.41 
to 0.64. Heritability of POD activity was 0.77, indicating 
that POD activity is mainly affected by genetic factors and 
that selection for POD activity can be effectively applied 
at the early generation stage of a wheat breeding program. 
The frequency distribution of POD activity in the RIL 

population in different environments showed continuous 
variation (Fig. S1).

QTL for POD activity

Of 81,587 wheat SNP markers in the 90  K chip, 74,196 
were either non-polymorphic between two parents Dou-
mai and Shi 4185 or had a high percentage of heterozygous 
genotypes or missing data. The RIL population was finally 
genotyped with 7391 SNP markers and a new STS marker 
developed in this study. These were assigned into 21 linkage 
groups. Three QTL for POD activity detected in the RIL pop-
ulation across the four environments and the averaged data, 
were designated QPod.caas-3AL, QPod.caas-4BS and QPod.
caas-5AS, on chromosomes 3AL, 4BS and 5AS, respectively 
(Table  2; Fig.  1; Fig. S2). The alleles for increasing POD 
activities at the QPod.caas-3AL and QPod.caas-4BS loci 
came from Doumai, and that at the QPod.caas-5AS locus 
came from Shi 4185. These QTL accounted for 7.3–31.4 % 
of the total phenotypic variance in a simultaneous fit across 
the four environments and averaged data from all environ-
ments (Table  2). QPod.caas-3AL was flanked by Excali-
bur_c6906_1167 and POD-3A1/POD-3A2 with a genetic 
distance of 2.3 cM, and explained 6.0, 7.3, 7.4, 5.3 and 9.2 % 
of the phenotypic variance for POD activity in Beijing 2013, 
Shijiazhuang 2013, Beijing 2014, Shijiazhuang 2014 and the 
averaged data, respectively (Fig. 1; Table 2). QPod.caas-4BS 
was flanked by BS00026143_51 and Excalibur_c17607_542 
with a genetic distance of 9.8 cM, and explained 9.3, 13.3, 
21.2 and 16.0 % of the phenotypic variance for POD activ-
ity in Beijing 2013, Beijing 2014, Shijiazhuang 2014 and 

Table 1   Analysis of variance of POD activity values in the Doumai/
Shi 4185 RIL population

*** Significant at P < 0.0001

Type Source of variance σ̂
2 effect F value Z value

Fixed Environment 280.81***

Random Line 7773 8.33***

Line × environment 2494 5.46***

Replicate (environment) 245 1.20

Residual error 8771 19.97***

Table 2   QTL detected for POD activity in the Doumai/Shi 4185 RIL population across environments

a  QTL were detected with a LOD threshold 2.5 for declaring QTL in at least two environments
b  Logarithm of odds score
c  Additive effect of POD activity
d  Percentage of the phenotypic variance explained by the QTL

Environment QTLa Marker interval LODb Addc PVE (%)d Total PVE (%)

Beijing 2013 QPod.caas-3AL Excalibur_c6906_1167–POD-3A1/POD-3A2 2.9 25.4 6.0 27.0

QPod.caas-4BS BS00026143_51–Excalibur_c17607_542 4.4 33.0 9.3

QPod.caas-5AS wsnp_Ex_c16551_25061517–CAP8_s9855_165 6.8 −35.3 11.7

Shijiazhuang 2013 QPod.caas-3AL Excalibur_c6906_1167–POD-3A1/POD-3A2 2.5 27.9 7.3 7.3

Beijing 2014 QPod.caas-3AL Excalibur_c6906_1167–POD-3A1/POD-3A2 3.6 36.9 7.4 26.5

QPod.caas-4BS BS00026143_51–Excalibur_c17607_542 6.1 52.7 13.3

QPod.caas-5AS wsnp_Ex_c16551_25061517–CAP8_s9855_165 3.3 −32.3 5.8

Shijiazhuang 2014 QPod.caas-3AL Excalibur_c6906_1167–POD-3A1/POD-3A2 2.5 33.8 5.3 26.5

QPod.caas-4BS BS00026143_51–Excalibur_c17607_542 10.9 72.1 21.2

Average QPod.caas-3AL Excalibur_c6906_1167–POD-3A1/POD-3A2 4.5 29.8 9.2 31.4

QPod.caas-4BS BS00026143_51–Excalibur_c17607_542 7.3 41.7 16.0

QPod.caas-5AS wsnp_Ex_c16551_25061517–CAP8_s9855_165 3.6 −24.3 6.2
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the averaged data, respectively (Fig.  1; Table  2). QPod.
caas-5AS was flanked by wsnp_Ex_c16551_25061517 and 
CAP8_s9855_165 with a genetic distance of 10.8  cM, and 
explained 11.7, 5.8 and 6.2 % of the phenotypic variance for 
POD activity in Beijing 2013, Beijing 2014 and the averaged 
data, respectively (Fig. 1; Table 2).

Allelic variants at TaPod‑A1 locus

One genomic scaffold, Triticum_urartu scaffold 33924, 
was detected through a BLAST search using the com-
mon wheat wsp1 (AF525425), rice prx23 (BN000552) 

and barley Prx6 (M83671) sequences as probes. Based 
on the sequence, two chromosome-specific primer sets 
were developed to clone the full-length gDNA sequence 
of a POD gene. Each primer set was tested with a set of 
CS nulli-tetrasomic lines. Primer sets POD1 and POD2 
amplified PCR fragments of 743 and 657  bp, respec-
tively, in CS nulli-tetrasomic lines except N3A-T3B and 
ditelosomic line 3AL; no PCR products were obtained in 
N3A-T3B and DT3AS (Fig. S3; Figs. S4a, b), indicating 
that the TaPod-A1 gene was located on chromosome 3AL. 
The PCR fragment amplified by POD1 had 150 bp overlap 
with that amplified by POD2.

Fig. 1   Chromosomes 3A, 4B and 5A linkage maps for the Dou-
mai/Shi 4185 RIL population with QTL for POD activity indicated 
by green bars. LOD thresholds for declaring significant QTL were 
2.5. The short arms of chromosomes were toward the top. The STS 

markers POD-3A1/POD-3A2 on chromosome 3AL developed in this 
study were linked to Excalibur_c6906_1167 with a genetic distance 
of 2.3 cM
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The complete gDNA sequence of TaPod-A1 comprised 
1250 bp, with two exons and one intron as well as the 5′ 
and 3′ flanking sequences. A comparison of the gDNA and 
cDNA (ENA accession GAKM01059098) sequences indi-
cated two exons of TaPod-A1 of 270 and 834 bp, respec-
tively, whereas the intron size was 76  bp. The intron 
sequences bordering the exon–intron junctions conformed 
to the GT–AG rule. The exon–intron structure of TaPod-
A1 was very similar to those of rice prx23 (AF525425) and 
barley Prx6 (M83671) (Fig. S5), indicating a close phy-
logenetic relationship. The cDNA sequence of the cloned 
TaPod-A1 was 1,174 bp, possessing an intact open reading 
frame (ORF) of 1104  bp, a 34-bp 5′ untranslated region 
(UTR) and a 36-bp 3′ UTR. Two alleles, designated TaPod-
A1a and TaPod-A1b (Fig. S6), were amplified from culti-
vars with lower and higher POD activities, respectively. 
Five single nucleotide polymorphisms were found between 
two alleles in the exons of TaPod-A1, with the first muta-
tion from A to G at the 138th base, the second from G to T 
at the 237th, the third from A to G at the 462th, the fourth 
from A to G at the 769th and the fifth from T to A at the 
866th base. The deduced peptide sequences of TaPod-A1a 
and TaPod-A1b comprised 367 amino acid residues with 
predicted molecular weights of 39.2 and 39.3 kDa, respec-
tively. They shared 99.5 % sequence identity, with two dif-
ferent amino acid residues at positions 129 and 264.

Development and validation of gene‑specific markers 
for TaPod‑A1

Based on the first, second and fifth SNP in TaPod-A1a 
and TaPod-A1b (Fig. S6), two complementary dominant 
markers, designated POD-3A1 and POD-3A2 (Table S1), 
were developed. POD-3A1 designed from the TaPod-A1a 
sequence, amplified a 291-bp PCR fragment in cultivars 
with lower POD activities, but produced no PCR products 
in those with higher POD activities (Fig. S7). In contrast, 
POD-3A2, developed from TaPod-A1b, yielded a 766-
bp fragment in cultivars with higher POD activities, but 
no PCR products in those with lower POD activities (Fig. 
S7). Thus, POD-3A1 and POD-3A2 were complementary 
markers. The locations of gene-specific markers POD-3A1 
and POD-3A2 were verified with the CS nulli-tetrasomic 
and ditelosomic 3AL and 3AS lines. The results confirmed 
that POD-3A1, POD-3A2 and the corresponding TaPod-A1 
were located on chromosome 3AL (Fig. S4c; Fig. S8), in 
agreement with the linkage analysis based on SNP markers 
(Fig. 1).

Among the 281 cultivars and lines screened by POD-
3A1 and POD-3A2, TaPod-A1a and TaPod-A1b were 
observed in 156 and 125 cultivars, respectively (Table S2). 
The analysis of variance (ANOVA) indicated a significant 
influence of genotypes (TaPod-A1a and TaPod-A1b) on 

POD activities. The mean POD activities of cultivars with 
TaPod-A1a (707.7, 633.6, 636.1 U min−1 g−1 for Region 
I, II and III, respectively) were significantly lower than 
those with TaPod-A1b (763.4, 711.0, 719.0 U min−1 g−1 for 
Region I, II and III, respectively) (P < 0.0001 for Region II; 
P < 0.05 for Regions I and III) during two cropping seasons 
(Table 3).

Discussion

QTL analysis based on 90 K iSelect SNP assay

SNPs are the most abundant form of DNA sequence varia-
tion. Once SNPs are discovered, it is possible to genotype 
them using high-throughput automated methods (Ravel 
et al. 2006). A multiplex genotyping method could be used 
in polyploid wheat species. One way is to use existing 
high-throughput multiplex technologies, such as SNPlex™, 
for the analysis of polyploid genomes, such as wheat 
(Bérard et al. 2009). In common wheat, SNP studies have 
been limited to single gene or DNA fragments allowing 
association studies or genetic mapping (Giroux and Mor-
ris 1997; Peng et al. 1999; Morris 2002; Yanagisawa et al. 
2003; Guillaumie et al. 2004; Boisson et al. 2005). The size 
of the common wheat genome and its allohexaploidy make 
verification of SNPs difficult, because variations in allelic 
sequences may be confounded by homoeologous (differ-
ence between the copies of the A, B and D genomes) and 
paralogous (difference in duplicate copies that may exist 
within a given genome) variation (Ravel et al. 2006). The 
90 K iSelect SNP genotyping assay resulted in a dramatic 
improvement in genotyping populations and generation of 
genetic maps. In this study, we were able to map 7393 pol-
ymorphic and homozygous SNPs between the parent culti-
vars Doumai and Shi 4185 out of the total 81,587 markers 
in our mapping population. Unfortunately, this led to some 
gaps in the linkage map, resulting in difficulties for the 
linkage and QTL analysis.

QTL for wheat grain POD activity have not been 
reported previously, so the three QTL QPod.caas-3AL, 
QPod.caas-4BS and QPod.caas-5AS are new. Veldboom 
and Lee (1996) indicated that QTL identified across more 
than one environment or those identified using data pooled 
over environments are useful for marker-assisted selection. 
QTL effects across environments were influenced by the 
environment, leading to genotype by environment interac-
tion (Malosetti et al. 2008). In the present study, all three 
QTL for POD activity, QPod.caas-3AL, QPod.caas-4BS 
and QPod.caas-5AS, were consistently detected across 
two or more environments, indicating that they were sta-
ble across environments and had a significant effect on 
POD activity. The QTL QPod.caas-3AL co-segregated with 
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POD-3A1/POD-3A2, and the peak of LOD contours for 
the maximum LOD value corresponded with the gene-spe-
cific markers (Fig. S2). This indicated that TaPod-A1 may 
be the causal gene corresponding to QPod.caas-3AL for 
the POD activity. The association analysis also exhibited 
that cultivars with the allele TaPod-A1b had significantly 
higher (P < 0.05) POD activity than those with TaPod-A1a, 
validating the association of TaPod-A1 with POD activ-
ity (Table  3). TaPod-A1 was at the distal end of the link-
age map (Fig. S2), but it was not in the telomere region on 
chromosome 3A according to the wheat consensus SNP 
map (Wang et  al. 2014). On the consensus map, over ten 
SNP markers were present on the distal side of TaPod-A1; 
unfortunately, these were not polymorphic between the two 
parents of the Doumai/Shi 4185 population.

Sequence divergence of allelic variants with POD 
activity at the TaPod‑A1 locus

Compared with the allele TaPod-A1a associated with 
lower POD activity, TaPod-A1b associated with higher 
POD activity has five point mutations, indicating that 
the POD gene on chromosome 3A is highly conserved 
in DNA sequence. The first, second and fourth SNPs are 

same-sense mutations, whereas the third and fifth SNPs 
are missense mutations, resulting in changes from aspara-
gine to glycine at the 129th amino acid and from serine to 
threonine at the 264th amino acid in the second exon. The 
reduction potential of peroxidase molecules is regulated 
by the ligand state of axial ligands and heme (Goodin and 
McRee 1993; Poulos et al. 1995). A strong hydrogen bond-
ing force between Ser and Asp makes the histidine residue 
deviate from the hemoglobin plane and greatly weakens the 
binding force with Fe (Piontek et al. 1993). The increased 
reduction potential of peroxidase molecules made oxida-
tion by hydrogen peroxide difficult and this may result in a 
lower peroxidase activity. These putative shifts in function 
are consistent with an association to our POD QTL.

Based on the first, second and fifth SNPs between two 
allelic variants at TaPod-A1 locus, we designed the gene-
specific markers POD-3A1/POD-3A2 and tested 281 cul-
tivars from three wheat regions, and the results indicated 
that the cultivars with TaPod-A1b had significantly higher 
POD activity (P < 0.05) than those with TaPod-A1a allele 
during two seasons (Table 3). These results indicated that 
the gene-specific markers were able to differentiate two 
QTL haplotypes-associated low and high enzyme activ-
ity for wheat cultivars. Further investigation, such as gene 

Table 3   Analysis of variance 
of 281 wheat cultivars and 
advanced lines from three 
Chinese ecological wheat zones 
on wheat grain POD activities 
(U min−1 g−1)

I Northern China Plain Winter Wheat Region, II Yellow and Huai River Valley Facultative Wheat Region, 
III the Yangtze River Valley and Southwestern China Autumn-sown Spring Wheat Region

* Significant at P < 0.05, ** Significant at P < 0.01, *** Significant at P < 0.0001
a  TaPod-A1 alleles determined by POD-3A1 and POD-3A2 markers

Region Type Source of variance σ̂
2 effect F value Z value

I Fixed Genotypea 4.64*

Environment 94.18***

Genotype × environment 4.98**

Random Cultivar (Genotype) 9963 5.23***

Cultivar (Genotype) × environment 2605 3.17**

Replicate 443 1.09

Residual error 9255 11.74***

II Fixed Genotypea 23.43***

Environment 58.07**

Genotype × environment 1.49

Random Cultivar (Genotype) 7704 6.98***

Cultivar (Genotype) × environment 2545 4.77***

Replicate 1231 1.35

Residual error 8308 16.47***

III Fixed Genotypea 4.52*

Environment 51.73**

Genotype × environment 3.08*

Random Cultivar (Genotype) 10491 4.23***

Cultivar (Genotype) × environment 1692 2.2*

Replicate 1156 1.24

Residual error 7520 9.60***
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complementation or in vitro assays of purified enzymes, is 
required to definitively determine the role of TaPod-A1 in 
the 3AL QTL. Because several genes are responsible for 
POD activities in common wheat (Kobrehel and Feillet 
1975; Bosch et al. 1987; Li et al. 1999), TaPod-A1 is only 
one of them, and it can simply explain part of the pheno-
typic variances, thus the two alleles TaPod-A1a and TaPod-
A1b do not precisely correspond to low and high enzyme 
activity in the cultivars. Sequence polymorphisms between 
two alleles may affect mRNA expression, which will be 
studied in the future. Further investigation is required to 
discover and validate additional POD modifying genes. 
In the meantime, POD-3A1 and POD-3A2 exhibited high 
associations with lower and higher POD activities, respec-
tively, and can be used in wheat breeding programs aimed 
at improvement of flour color for various wheat-based 
products.
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