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Abstract The yellow pigment (YP) of durum wheat
(Triticum turgidum L. var durum) semolina is due in part to
the presence of carotenoid pigments found in the endo-
sperm and is an important end-use quality trait. Phytoene
synthase (Psy) is considered a rate-limiting enzyme in the
carotenoid biosynthetic pathway and in this study, three
alleles of Psyl-Al were sequenced from four durum wheat
cultivars and a co-dominant marker was developed for
genetic mapping. Psyl/-Al mapped to chromosome 7AL
near Xwmc809 in three durum mapping populations and
was significantly associated with a pigment quantitative
trait loci (QTL) identified on that chromosome. A second
QTL localized 25 cM proximal to Psyl-Al in two popu-
lations, and the interaction between the two QTL was not
significant. Consistent with QTL mapping data, the Psy!-
Alo allele was associated with elevated pigment in a
validation population comprising 93 diverse cultivars and
breeding lines. These results confirm an earlier hypothesis
that Psyl, and at least one additional gene in the distal
region of 7AL, are associated with grain YP differences
in durum wheat. The functional co-dominant marker
developed in this study differentiates the Psyl-Al alleles
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reported here and could be used as a target to enhance YP
selection in durum wheat breeding programs.

Introduction

Elevated yellow pigment (YP) concentration is a desirable
end-use quality trait in durum wheat (Triticum turgidum L.
var durum) and is the target of durum breeding programs
worldwide (Troccoli et al. 2000). In contrast, low YP is a
breeding target in hexaploid wheat (Triticum aestivum L.)
where bright white flour is preferred. In durum, the degree
of yellowness is influenced by several factors, including the
presence of carotenoid pigments (Hentschel et al. 2002;
Panfili et al. 2004), semolina extraction rate (Matsuo and
Dexter 1980), processing conditions (Borrelli et al. 1999),
and oxidative degradation by lipoxygenases (Borrelli et al.
1999).

The inheritance of YP is complex and is controlled largely
by additive gene action (Johnston et al. 1983; Elouafi et al.
2001; Mares and Campbell 2001) and is highly heritable
(Parker et al. 1998; Elouafi et al. 2001; Clarke et al. 20006;
Patil et al. 2008). Several QTL for YP have been identified in
both durum and hexaploid wheat on chromosomes 1A (Patil
et al. 2008), 1B (Cervigni et al. 2005; He et al. 2008), 3A
(Parker et al. 1998), 3B (Mares and Campbell 2001; Patil
et al. 2008), 4A and 5A (Hessler et al. 2002), 2A, 4B and 6B
(Pozniak et al. 2007), 5B (Patil et al. 2008), and 6A (Cervigni
etal. 2005). However, the majority of mapping studies are in
agreement that the group 7 chromosomes largely influence
the expression of grain pigment in wheat and durum (Parker
et al. 1998; Elouafi et al. 2001; Cervigni et al. 2005; Atienza
et al. 2007; Pozniak et al. 2007; He et al. 2008; Patil et al.
2008; Zhang and Dubcovsky 2008). Elouafi et al. (2001)
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identified two minor QTL located on chromosome 7A and a
third major QTL on chromosome 7BL, believed to be
homoeologous to one of the QTL on chromosome 7AL. The
7BL QTL has, since, been validated in two other durum
wheat populations (Pozniak et al. 2007; Zhang and Dub-
covsky 2008) and is the same QTL identified in hexaploid
wheat (Kuchel et al. 2006). A QTL for yellow pigment in
durum was identified by Patil et al. (2008) on chromosome
7A that accounted for up to 55% of the variation for the trait.
Mares and Campbell (2001) identified QTL on 7A in two
hexaploid wheat populations that have a large effect on flour
yellowness, and correspond to regions associated with xan-
thophyll concentration.

Identification of genes controlling expression of YP in
durum grain would facilitate breeding efforts to select geno-
types with elevated pigment by direct selection for desirable
alleles at critical loci. In durum, yellow colour of semolina is
largely due to the presence of carotenoids, mainly the xan-
thophyll lutein, with small traces of zeaxanthin (Hentschel
et al. 2002; Panfili et al. 2004). In other plants, biosynthesis of
carotenoids has been characterized extensively and phytoene
synthase (Psy) is considered a rate-limiting step in the
carotenoid biosynthetic pathway (Burkhardt et al. 1997,
Hirschberg, 2001; Lindgren et al. 2003). Three functional Psy
genes (Psyl, Psy2, Psy3) have been identified in the Poacea
(Gallagher et al. 2004; Li et al. 2008), but only Psyl/
expression is correlated with carotenoid accumulation during
grain fill (Gallagher et al. 2004; Li et al. 2008). To date, four
Psy genes have been identified in durum, forming two para-
logous series on the group 5 (Psy2) and group 7 (Psyl)
chromosomes (Pozniak et al. 2007). One of these, Psyl-Bl,
co-segregates with a QTL for YP on 7BL (Pozniak et al. 2007,
Zhang and Dubcovsky 2008). In hexaploid wheat, Psyl-Al
has been localized to the distal end of 7AL and was associated
with variation for flour yellowness in one mapping population
(He et al. 2008). In contrast, Zhang and Dubcovsky (2008)
reported a QTL for YP on the distal end of 7AL, but the QTL
was proximal to the physical position of Psyl-Al. Given the
presence of two QTL on chromosome 7AL (Elouafi et al.
2001), we hypothesize that the variation at Psy/-Al is asso-
ciated with the most distal of the QTL on that chromosome.
Here, we report the characterization of three Psyl/-Al alleles
and examine the association of molecular variation at Psy!-
Al with phenotypic variation for YP content in three durum
wheat mapping populations.

Materials and methods
Mapping populations and validation set

Three mapping populations were used in this study. The
first, designated as D03.77, was derived from the cross
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Commander/DT733 and consisted of 110 F,.; recombinant
inbred lines (RILs) developed using single seed descent.
DT733 was developed at the Semiarid Prairie Agricultural
Research Centre, Agriculture and Agri-Food Canada from
the cross DT663/W9262-260D1. W9262-260D1 is a sister
line of W9262-260D3, which is a parent of a mapping
population previously used for localizing YP QTL
(Pozniak et al. 2007). A second population designated as
A0022& is a doubled haploid (DH) population produced
from the F; hybrid of Strongfield/Blackbird using the
maize pollen method (Knox et al. 2000) and consisted of
89 DH lines. Blackbird is a selection out of 7. carthlicum
accession REB68421 obtained from Dr. Maxime Trottet of
INRA, Centre de Recherches de Rennes, in France. A
genetic map for the Strongfield/Blackbird population has
been reported previously (Somers et al. 2006) and was used
in this study. A third population designated as D05.58 was
developed from the cross Strongfield/Commander, devel-
oped at the Crop Development Centre, University of
Saskatchewan, Saskatoon, Canada. The population con-
sisted of 106 F,,; RILs developed using single seed
descent. Strongfield (Clarke et al. 2005a) has lower grain
YP than Commander (Clarke et al. 2005b). A validation
population consisting of a global collection of 93 geneti-
cally diverse inbred breeding lines and cultivars was used
to determine the frequency of Psyl-Al alleles identified in
this study. This population has been described previously
(Reimer et al. 2008) and is presented as supplemental
information (Table S1).

Cloning of Psyl-Al alleles

Three primer sets (Table 1) were developed based on the
Psyl-Al sequence from hexaploid wheat (GenBank
accession no.: EF600063) to obtain the durum Psyl-Al
sequences reported here, including portions of the 5’ and 3’
untranslated regions (UTR). For each primer set, poly-
merase chain reactions (PCR) were performed in 25-uL
reactions consisting of 200 ng of genomic DNA, 1x PCR
buffer, 400 uM of each dNTP, 0.5 uM of each primer, 5%
(v/v) dimethyl sulfoxide (DMSO) and 2.5 Units (U) of Tag
DNA polymerase. The PCR cycling conditions were 95°C
for 5 min, 35 cycles of 94°C for 1 min, 56°C for 1 min,
72°C for 1 min 20 s, and a final extension at 72°C for
10 min. Following electrophoresis, amplicons of the
approximate size were cloned using the TOPO TA Cloning
Kit (Invitrogen, Burlington, Ontario, Canada) following the
manufacturer’s instructions. The plasmid DNA from clones
carrying the inserted PCR product were sequenced at the
Plant Biotechnology Institute, Saskatoon, Saskatchewan,
Canada. Allele sequences reported here have been desig-
nated based on the recommended rules for gene
symbolization in wheat and sequence designations have
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Table 1 Primer sets used for cloning of Psy/-Al from durum wheat and a Psy/-Al co-dominant marker (Psyl-A1_STS) for differentiating the

three identified alleles of Psy/-Al in durum wheat

Name Forward sequence (5'-3') Reverse sequence (5'-3") Approx. sizes (bp)
Psyl-5UTR CCCACTCCGGCCCATACAAA CTGCCATGCACGACCAGACA 700

Psyl_FR AGGAGTACGCCAAGACCT AAGGCCGACAAACGAAACAAT 1,135

Psyl1-3'UTR TCCCAACGCGTCGCACATCA GGCCAACTAACTGGATGCAGAG 1,860/1,700
Psyl-A1_STS GTGGATATTCCCTGTCAGCATC GCCTCCTCGAAGAACATCCTC Psyl-All = 1,089

Psyl-Alo = 897
Psyl-Ala = 1,776

UTR untranslated region

been confirmed with the curator of the Psyl wheat
sequences (Xia Xianchun, personal communication).

All primers were assayed on the durum wheat cultivar
Langdon and the Langdon-Chinese Spring disomic substi-
tution lines LDN(7D)7A (missing chromosome 7A, contains
Chinese Spring chromosome 7D) and LDN(7D)7B (missing
chromosome 7B, contains Chinese Spring chromosome 7D)
to localize amplicons to wheat chromosomes. Fragments
from the Psy1-3'UTR primer set were digested with Pvull
(New England Biolabs, Ipswich, MA, USA) following the
instructions of the manufacturer to detect A and B genome
polymorphisms. Genomic sequences obtained from the
three primer pairs were contiged using Vector NTI Contig
Express and intron/exon boundaries predicted using Gene-
Scan (http://genes.mit.edu/GENSCAN.html). The genomic
and deduced amino acid sequences were aligned using
Vector NTI (Invitrogen, Burlington, Canada). Genomic
sequence alignments were used to construct a sequence
similarity dendrogram using the neighbour-joining method
(Saitou and Nei 1987) function within the program ClustalX
(Version 1.81). Those portions of the multiple sequence
alignment with gaps were not used in the neighbour-joining
method when constructing the dendrogram. Robustness of
the dendrogram was determined by performing bootstrap
analysis on 1,000 random samples taken from the sequence
alignments. A consensus tree indicating the proportion of
bootstrapped trees showing that same clade is presented. All
nucleotide sequences presented have been submitted to
GenBank (http://www.ncbi.nlm.nih.gov) with accession
numbers presented.

Field trials and yellow pigment analysis

The DO03.77 population was assessed in replicated trials
in 2006 and 2007, near Saskatoon, Saskatchewan,
Canada. In 2006, the RILs were grown in a randomized
complete block, two-replicate test and plots consisted of a
single 2 m row spaced 20 cm apart. In 2007, the exper-
iment was planted in a two-replicate, alpha-lattice design.

Plots consisted of five 2.5 m row plots spaced 20 cm
apart. The A0022& population was grown in 2005 and
2006 at Regina and Swift Current, Saskatchewan, Canada
in an alpha-lattice design with two replicates. The D05.58
population was grown as a two-replicate test using an
alpha-lattice design at Saskatoon in 2008. Plots consisted
of a single 3.7 m row spaced 20 cm apart. The validation
set was grown in two-replicate trials in 2005 and 2006 at
Saskatoon and Swift Current, Saskatchewan as described
previously (Reimer et al. 2008). Briefly, the 93 acces-
sions were grown at Swift Current and Saskatoon, in
2005 and 2006 in a two-replicate test using an alpha-
lattice design.

For the D03.77, D05.58 and validation populations, total
yellow pigment was assessed on whole grain meal from
individual plots using AACC Method 14-50 (AACC 2000).
Briefly, grain was ground in a UDY Cyclone Sample Mill
(UDY Corporation, Fort Collins, Colorado) fitted with a
1 mm screen and water-saturated butyl alcohol (40 mL)
was added to 8 g of whole meal (13.5% moisture basis),
shaken and extracted for 16 h. Extract was then filtered
through Whatman No. 1 filter paper, and absorbance
measured at 435 nm using a Microplate Reader (BioRad,
CA, USA). Three individual absorbance measurements per
extracted sample were recorded and values were averaged
and converted to yellow pigment concentration (mg kg™ ")
using the extinction coefficient for f-carotene (AACC
2000). For the A0022& population, YP was assessed using
near infrared reflectance (NIR) spectrophotometry with a
NIR System 6500A instrument (McCaig et al. 1992). The
NIR was calibrated each year against standard samples
characterized by total solvent-extractable pigments
(mg kg™') based on AACC approved method 14-50
(AACC 2000), with an #* of 0.94. For each population, YP
data was analyzed separately for each environment using
the PROC MIXED procedure of SAS® (Littell et al. 1996)
with lines considered as fixed effects and replications
considered as random. Broad-sense heritability was esti-
mated as the proportion of genetic variance (oé) to
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phenotypic variance, such that h* = a3/(0; + Opegiqua/
no. replications). Parental data was removed for heritabil-
ity estimation.

Marker development and genetic mapping

Genetic maps for the distal region of chromosome 7AL
were constructed by screening wheat microsatellite mark-
ers known to map in this region (Somers et al. 2004; He
et al. 2008; Zhang and Dubcovsky 2008) on the parents of
the D03.77, A0022& and D05.58 populations to identify
polymorphic markers. Polymorphic markers were assayed
on lines of each population using an ABI 3130 capillary
electrophoresis instrument (Applied Biosystems, Foster
City, CA). The forward primer of each microsatellite
marker was M13-tailed (Schuelke 2000) and PCR reactions
were performed as described previously (Pozniak et al.
2007). In addition, a co-dominant marker designated as
Psyl-A1_STS was developed to distinguish the Psyl-Al
alleles identified in this study and was evaluated on the
mapping populations. PCR of genomic DNA using primers
for Psy1-A1_STS (Table 1) was performed using 100 ng of
DNA, 1x PCR buffer (Invitrogen, Burlington, Canada),
1 U Tag DNA polymerase, 1.5 mM MgCl,, 0.2 mM
dNTPs, and 0.4 uM of each primer. PCR cycling condi-
tions were an initial denaturation at 94°C for 5 min
followed by 35 cycles of 94°C (30 s), 56°C (30 s) and
72°C (1 min). A final extension at 72°C for 10 min was
used to complete the PCR. The sizes of amplicons expected
for each allele are presented in Table 1. A second primer
set known to differentiate Psyl-Al alleles (Zhang and
Dubcovsky 2008) was also evaluated in the mapping and
validation populations to confirm correct scoring of the
Psyl-Ala allele. The D03.77 and D05.58 populations were
segregating at Psyl-BI, and a co-dominant marker differ-
entiating the alleles at this locus has been described (Zhang
and Dubcovsky 2008) and scored on lines from these two
populations.

Genetic linkage maps were constructed using the
Haldane mapping function with the software JoinMap 3.0
(van Ooijen and Voorips 2004) at a minimum LOD score
of 3.0. To test the association of polymorphic markers with

variation in YP, single marker analysis (Lynch and Walsh
1998; Knapp 2001) was conducted on least square (LS)
means using the PROC MIXED procedure of SAS (Littell
et al. 1996). Markers were considered fixed and the marker
effect was estimated as one-half the difference between
parental marker class means. The interaction between
Psyl-Al and Psyl-Bl was assessed on LS means using a
two locus model with the two loci and their interaction
considered as fixed effects.

Results
Characterization of Psyl-Al from durum wheat

Three primer sets were used to amplify overlapping, con-
tiguous fragments to generate full-length genomic
sequences of Psyl-Al from durum wheat. Because two
homeologous genes of Psyl exist in tetraploid durum, it
was necessary to ensure that only the Psy/-Al sequence
was contiged to complete the full-length sequence of Psyl-
Al. Using the Langdon-Chinese Spring D-genome substi-
tution lines, it was possible to differentiate A and B
genome derived Psyl sequences (Fig. 1). The Psyl1-5'UTR
primers amplified a 580 bp fragment from Langdon and
LDN(7D)7B, but the amplicon was absent in LDN(7D)7A,
indicating that this primer set only amplified Psyl sequence
from 7A. The two remaining primers cross-amplified
fragments from both of the group 7 chromosomes (Fig. 1),
but it was possible to determine which fragments localized
to 7A (fragments missing in LDN(7D)7A; Fig. 1). Only
sequences from fragments assigned to chromosome 7A
were contiged to obtain the Psy/-Al full-length sequence.

The genomic sequences of Psyl-Al from Commander
were 3,093 bp in length and smaller than the 3,266 bp
sequences obtained from Strongfield and DT733. The
Psyl-Al sequence from Blackbird was 3,949 bp in length
and is identical to the Psyl-Ala allele reported previously
(EF600063; He et al. 2008). Alignment of Strongfield and
DT733 sequences (3,269 bp) indicated that these two lines
possessed the Psyl-All allele reported previously (Gen-
Bank accession no. EU096090; Pozniak et al. 2007; Zhang

Primer Set

Psy1-5'UTR

Fig. 1 Chromosomal localization of PCR amplicons derived from
the three primer sets (see Table 1) used to clone Psy/-Al. Fragments
were amplified from Strongfield (Lane I), Landgon (Lane 2) and
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Psy1_FR
2

Psy1-3'UTR

LDN(7D)7A (Lane 3) and LDN(7D)7B (Lane 4) substitution lines.
Amplicons form Psy1-3'UTR (C) were digested with Pvull to detect
the homeologous polymorphisms
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Fig. 2 Intron—exon structure of Psyl/-Ala (EF600063), Psyl-Al I
(EU096090) and Psyl-Alo (FJ234424). Solid black boxes represent
the six identified exons, and lines represent the spanning introns.
Numerical values below the boxes and above the lines are sizes (bp)

173

— Psy1-B1n (EU096092)

100

100 ——— Psy1-B1o (EU96093)

Psy1-Ato (FJ234424)

100

Psy1-Ala (EF600063)

100

2 psy1-A1l (EU096090)

Fig. 3 Similarity dendrogram of Psyl/ sequences. Bootstrap values
are shown at selected nodes as percentages of 1,000 replicates

and Dubcovsky 2008), The Psyl-Al sequence derived from
Commander (FJ234424) is novel, and could be easily dif-
ferentiated by a 198 bp insertion/deletion (INDEL) in the
third intron (Fig. 2). Based on the recommended rules for
gene symbolization in wheat, this allele was designated as
Psyl-Alo. Based on nucleotide sequence, Psyl-Alo was
more similar to the two reported Psyl-BI alleles (Zhang
and Dubcovsky 2008; Pozniak et al. 2007) than the other
Psyl-Al sequences presented here (Fig. 3).

Based on predicted intron/exon boundaries, all three
alleles contained six exons, but intron length was variable
(Fig. 2). The length of the predicted cDNAs were identical
for all three alleles, containing an open reading frame of
1,284 bp and a deduced protein of 428 amino acid residues
(Fig. 4). Alignment of Psy/-Al amino acid (aa) sequences
revealed six residue differences among the three durum
alleles (Fig. 4). Compared to the other two Psyl-Al aa
sequences, Psyl-Alo was unique at positions 112 and from

of the exons and introns. Corresponding exons are numbered above
the box. The vertical bars are the approximate binding sites for the
two Psyl-A1-STS primers

116-118 (Fig. 4). These differences are in a non-conserved
region coding for the chloroplast transit peptide of Psyl.
The Psyl-Ala and Psyl-All alleles contained a E-D[276]
substitution and a T[283] was observed in the deduced aa
sequence of Psyl-All, whereas all other compared
sequences possessed an S[283].

Marker development and genetic mapping

A co-dominant marker designated as Psyl-Al1_STS
(Table 1) was developed to differentiate the alleles of
Psyl-Ala, Psyl-All, and Psyl-Alo by designing primers
flanking the INDELs in introns 3 and 4 (Fig.2). In
agreement with the sequence data, Strongfield and DT733
carried the 1,089 bp fragment amplified by Psyl-Al1_STS
indicative of Psyl-All (Fig. 5). Langdon also carried the
Psyl-All allele, but the 1,089 bp fragment was absent in
LDN(7D)7A (Fig. 5). Commander produced the expected
897 bp fragment indicative of Psyl-Alo, but a second band
similar in size to Psyl-All was also present (Fig. 5). To
rule out possible heterogeneity at Psyl-Al, the 1,089 bp
fragment was sequenced from Commander and was iden-
tical to the Psyl-Bln allele located on 7BL (EU096092)
identified in previous studies (Pozniak et al. 2007; Zhang
and Dubcovsky 2008). Reimer et al. (2008) confirmed that
Commander carried the Psyl-Bln allele. AC Pathfinder is a
parent of Commander (Clarke et al. 2005b) and lacks the
Psyl-BlIn allele (Reimer et al. 2008) and when evaluated
with the Psyl-Al co-dominant marker, only the 897 bp
fragment indicative of Psyl-Alo was present (Fig.5).
Consistent with sequence data, PCR of Blackbird produced
the expected 1,776 bp fragment indicative of Psyl-Ala. A
second primer set known to differentiate Psy/-Ala and
Psyl-All was evaluated and confirmed the presence of the
Psyl-Ala in Blackbird (data not shown).

A genetic map of 7AL was constructed in the three
mapping populations and marker order was generally
conserved among populations (Fig. 6). In the D03.77
population, Psyl-Al was flanked by Xcfa2257 and
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Fig. 4 Alignment of deduced amino acid sequences from three Psyl-Al alleles. Reported Psyl sequences from rice (AY445521), maize
(UC32636) and wheat (Psyl-Bln EU096092) are presented for comparison
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Fig. 5 Amplicon sizes of the Psyl-Al_STS co-dominant marker
differentiating three alleles of Psyl-Al are 1,089 bp (Psyl-All), 897
(Psyl-Alo), and 1,776 bp (Psyl-Ala). Genotypes are AC Pathfinder
(Lane 1), Commander (Lane 2), Strongfield (Lane 3); DT733 (Lane
4), Blackbird (Lane 5); Langdon (Lane 6), LDN(7D)7A (Lane 7),
LDN(7D)7B (Lane 8). Commander possessed both the 1,089 and
897 bp fragments, but sequencing results confirmed that the 1,089 bp
amplicon is the Psy/-BIn allele located on 7BL (Pozniak et al. 2007).
The 1,095 bp fragment was absent in AC Pathfinder, a parent of
Commander, which does not carry Psy/-Bln

Xwmc809. Psyl-Al also mapped proximal to Xwmc809
in the A0022& population. In the DO05.58 population,
Psyl-Al mapped 3 cM distal to Xwmc809 (Fig. 6).

Phenotypic Data and QTL Analysis

Yellow pigment concentration was variable in all popula-
tions and in all environments (Table 2). In the D03.77
population, average YP was higher in 2006 than 2007, but
the range in pigment was similar for the two environments
(Table 2). In the A0022& population, the range in YP was
higher in 2006 compared to 2005. In a single year of
testing, the range in YP in the D05.58 population was
similar to that observed in the D03.77 population. In the
DO03.77 population, heritability estimates for YP were 0.78
in 2006 and 0.91 in 2007. Heritability estimates in D05.58
(0.91 in 2008) and A0022& were high (Table 2) and are
consistent with previous reports that YP is moderately to
highly heritable (Clarke et al. 2006; Reimer et al. 2008).
Single marker analysis revealed a QTL centered at Psy!-
Al which was significant in the D03.77 and A0022&
populations in all of the environments evaluated (Table 3).
In the A0022& population, the Psyl-All allele contributed
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Fig. 6 Genetic maps of the distal region of chromosome 7AL in the
three durum wheat mapping populations. Genetic distance between
loci is presented in cM to the left of each linkage group

by Strongfield elevated pigment, and the effect was similar
among environments (Table 3). In the D03.77 population,
lines carrying Psyl-Alo had higher pigment than lines
carrying Psyl-All (Table 3). In a single year of testing,
Psyl-Al was not significantly (P > 0.05) associated with
variation in YP in the D05.58 population. A second YP
QTL on 7A located approximately 23 cM proximal to
Psyl-Al at Xwmc790-Xwmcl16-Xcfa2293 was identified in
both the D03.77 and D05.58 populations. In the D03.77
population, Xcfa2040 separated the two QTL and was not
significantly (P > 0.05) associated with variation in YP in
either year (Table 3). The average effects of the second
QTL were similar in both populations (Table 3). Com-
mander contributed the allele for elevated YP at the second
QTL and the interaction between the QTL was not statis-
tically significant (P = 0.92).

Commander, one of the parents of the D03.77 and
DO05.58 populations, carries the Psyl-BIn allele (Reimer
et al. 2008; Fig. 5), and this allele has been associated with
elevated pigment in other populations (Pozniak et al. 2007,
Zhang et al. 2008). In this study, Psyl-BI was also sig-
nificantly associated with YP variation in D05.58 (2008)
and D03.77 (2007) (Table 3). The effect of Psyl-Bl was
greater in the D05.58 population than in D03.77 (Table 3).
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Table 2 Summary of yellow pigment concentration (mg kg™'), genetic variance ((aé), (mg kg™")?) and heritability (k%) estimates for three

durum mapping populations segregating at Psyl-Al

Population parameters D03.77 D05.58 A0022&
Saskatoon 2006 Saskatoon 2007 Saskatoon 2008 Regina Swift Current Regina Swift Current

2005 2005 2006 2006

Minimum 7.90 6.30 5.59 4.60 4.64 422 427

Maximum 11.21 9.51 9.14 8.38 8.54 8.72 8.93

SED 0.39 0.21 0.28 0.29 0.33 0.21 0.28

Range 3.31 3.21 3.55 3.78 3.90 4.50 4.66

Pop. average 9.15 8.13 7.37 6.52 6.40 6.54 6.69

aé 0.27 0.26 0.52 0.51 0.56 0.87 0.89

" 0.78 0.91 0.91 0.92 0.90 0.96 0.94

SED standard error of a difference between the minimum and maximum

The interaction between the two markers was not signifi-
cant in any population, including the D03.77 population
grown at Saskatoon (2007), the only environment where
both genes were significantly associated with YP (Table 3).
In this population, the independent effects of Psy/-BI and
Psyl-Al were similar.

Allelic diversity at Psyl-Al in durum wheat

Analysis of the Psyl-A1_STS marker in a diverse set of 93
durum wheat cultivars and breeding lines revealed that
the majority (83%) carried Psyl-All, with near equal
frequencies of Psyl-Alo and Psyl-Ala (Table 4;
Table S1). Field evaluation of this validation population
over four environments identified large phenotypic varia-
tion in YP concentration, with YP values ranging from <4
to >11 mg kg~' within environments (Table 4). Single
marker analysis of Psyl-A1_STS data in this population
revealed that Psyl-Al was significantly associated with
variation in YP (F = 27.9; P = 0.007). Over all environ-
ments, the YP of lines carrying Psy/-Alo was on average
2.2 mg kg~ " higher than lines carrying Psyl-All, consis-
tent with the genetic mapping data in the DO03.77
population that this allele is associated with elevated pig-
ment. Over all four environments, the average YP of lines
carrying Psyl-Ala was at least 2.4 mgkg™' (2.04—
2.85 mg kg~") lower than lines carrying Psyl-All and
4.6 mg kg™ (3.82-5.37 mg kg~ ') lower than lines with
the Psyl-Alo allele (Table 4).

Discussion

The association of Psyl/-Bl with variation in yellow pig-
ment has been demonstrated in durum wheat (Pozniak et al.
2007; Zhang and Dubcovsky 2008) but the role of Psyl-Al
has not been clarified, given the lack of polymorphisms in

studied populations. In this study, we identified molecular
variation at Psy/-Al in three durum wheat mapping pop-
ulations and localized the gene to a 4-8 cM interval on the
distal end of 7AL. Like other Psy/ genes, the three Psyl-
Al alleles identified had six exons, with the majority of
molecular variation occurring in intronic regions. The
Psyl-Alo allele has yet to be reported in the literature and
was easily differentiated from the other alleles by a 198 bp
INDEL in the third intron. This allele was identified from
Commander, and three of the four amino acids which
differentiated Psyl/-Alo from the remaining durum alleles
are all found in the chloroplast targeting sequence. It is
possible that these amino acid differences could confer the
increased grain YP phenotype associated with this allele,
perhaps due to enhanced transport of the enzyme to the
chloroplasts. Although sequence information encoded by
transit peptides is not fully understood, amino acid sub-
stitutions in transit peptides can alter targeting of functional
proteins to chloroplasts (Lee et al. 2006), and thus enzyme
activity.

In two of the three mapping populations used here,
Psyl-Al was significantly associated with phenotypic
variation in grain YP in all environments evaluated, and
supports the role of this gene in expression of YP in wheat
and durum grain (He et al. 2008; Zhang and Dubcovsky
2008). Although Psyl-Al was not significant in the D05.58
population, only a single environment was evaluated
(Table 3). The effects of Psyl-Bl are environmentally
dependent (Pozniak et al. 2007), so perhaps the effects of
Psyl-Al could have been detected if additional environ-
ments had been sampled.

In the mapping and validation populations, the average
effects of the three Psy/-Al alleles were Psyl-Alo > Psyl-
All > Psyl-Ala. Similar to hexaploid wheat, the Psy/-Ala
allele identified from Blackbird was associated with a large
reduction in pigment in the A0022& population. This allele
was less frequent in durum germplasm (Table 4), likely the
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Table 3 Single marker analysis for variation in yellow pigment concentration (mg kg™

1Y in three durum wheat mapping populations

Marker D03.77 D05.58 A0022&

Saskatoon 2006  Saskatoon 2007  Saskatoon 2008  Regina 2005 SC 2005 Regina 2006 SC 2006

F Effect F Effect F Effect F Effect F Effect F Effect F Effect
Xwmc790  14.5%*%  0.15 12.6%*%  0.16 3.9% 0.13 =4 - - - - - - -
Xwmcll6 14.4%*%  0.13 10.1%%  0.17 9.1%% 0.30 - - - - - - - -
Xcfa2293  9.8%* 0.12 16.5%%  0.21 4.9% 0.24 - - - - - - - -
Xcfa2040 2.1 ns 1.7 ns - - 13.6%*% 0.29 5.6%%  0.19 6.2%% 025 12.6%* 0.35
Xwmce273 - - - - - 15.6%% 0.30 6.2%% 021 8.2%*%  0.29 11.6%* 0.35
Xwme525 - - - - - - 12.9%% 0.28 5.0%%  0.19 6.1%%  0.25 11.5%%  0.34
Xgwm344 - - - - - - 28.2%*% (.38 7.7 0.23 21.1%%  0.44 23.2%% 045
Xcfd20 - - - - - - 29.6%* 0.37 8.5%*% (.23 22.0%* 0.43 22.3*%* 0.43
Xcfa2257  8.5%* 0.11 11.2%%  0.17 0.3 ns 31.5%*  0.39 9.5%*  0.24 23.5%* 0.44 26.6%*  0.47
Psyl-Al 10.6**  0.15 16.2%*%  0.21 0.5 ns 34.8%  0.41 11.5%%  0.27 24.5%%  0.46 32.7%% (.52
Xwmc809  5.1%* 0.12 8.3%* 0.15 0.1 ns 31.4%% 04 8.5%*  (0.24 20.5%*%  0.42 22.5%% 0.45
Psyl-BI® 0.3 ns 8.2%* 0.19 17.9%*%  0.38 - - - - - - - -
AI*BI¢ 0.1 ns 0.6 ns 0.8 ns - - - - - - - -

The distance between markers is presented in Fig. 6. Data for Psy/-Al are highlighted in bold. The F values for each marker are presented along
with the marker effect (one-half the difference between parental marker class means). Commander contributed the allele for elevated YP at Psy!-
Al and Psyl-BI in the D03.77 and D05.58 populations, whereas Strongfield contributed the allele for higher pigment in A0022&

** F value significant at P < 0.001
* F value significant at P < 0.05

ns F value not significant (P > 0.05)
* Markers were not polymorphic

® Psyl-BI is homeologous to Psyl-Al and is located on the distal region of 7BL (Pozniak et al. 2007)

€ F test for interaction between Psyl-Al and Psyl-Bl

result of breeders eliminating this allele through pigment
selection given its negative effect on YP. However, the
amino acid sequences of Psy/-Ala and the two remaining
Psyl-Al alleles were similar, despite the presence of the
676-bp INDEL in the fourth intron. The strong negative
effect of Psyl-Ala on expression of YP, despite similar
amino acid sequences, could suggest that this insertion is
linked to mutations in a regulatory region(s) of the gene
that alter its expression. Alternatively, we cannot rule out
the hypothesis that this insertion is linked to other gene(s)
influencing grain YP.

The DO03.77 and D05.58 populations segregated at the
Psyl-BI locus, and allowed the opportunity to assess the
combined effects of Psyl-Al/Psyl-Bl. Psyl-Bl was sig-
nificant in both populations, but the statistical interaction
between Psyl-BI and Psyl-AI was not significant
(Table 3). This implies no additive effects in combining
the two Psyl alleles and in populations segregating for both
loci, selection for one of the alleles should be sufficient to
elevate YP. The effect of these genes is likely to improve
substrate conversion to phytoene, the precursor to lutein
(Hentschel et al. 2002; Panfili et al. 2004). The lack of
additivity suggests that enzymes downstream from Psy
may be limiting the full expression of YP. However, both
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Psyl genes were only significant in one population at one
environment and testing in additional populations and
environments is still required to clarify the combined
effects of these genes.

Zhang et al. (2008) hypothesized that allelic differences
at Psyl, and at least one additional gene in the distal region
of homeologous group 7L, are associated with differences
in YP content. Our results support this hypothesis because
two linked QTL for YP were identified on 7AL, one cen-
tered at Psyl-Al, and a second more than 25 cM proximal
to Psyl-Al, near Xwmcl16. The QTL at Xwmcl16 was also
identified by Zhang et al. (2008). In the D03.77 population,
the two QTL were separated by Xcfa2040, which was not
significantly associated with YP in this population. It is
possible that the additional gene(s) associated with
Xwmcl16 could either be enzymes involved in synthesis of
xanthophylls or other yellow pigments or gene(s) coding
for transcription factors affecting the regulation of one or
more carotenoid biosynthetic genes (Corona et al. 1996).
Zeta-carotene desaturase and phytoene desaturase have
been previously mapped to the group 2 and group 4
chromosomes, respectively (Cenci et al. 2004) and can be
ruled out as candidates. Lycopene-f-cyclase is involved in
converting lycopene to lutein (Cunningham et al. 1996) and
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Table 4 Frequency of Psyl-Al alleles in a global collection of 93 durum wheat cultivars and breeding lines
Allele Freq. 2005 2006

(%) SC SK SC SK
Psyl-All 83 791 £+ 0.18 7.17 £ 0.14 8.56 £ 0.20 7.60 £+ 0.16
Psyl-Alo 10 9.96 £+ 0.52 8.95 £ 0.40 11.08 & 0.58 10.03 4 0.48
Psyl-Ala 7 5.46 £+ 0.59 5.13 £ 0.45 5.71 £ 0.65 5.28 £ 0.54
Pop. average 7.94 7.18 8.59 7.67
Minimum 4.15 4.30 4.01 3.84
Maximum 12.54 11.03 13.56 11.96
LSD(0.05) 0.71 0.74 0.50 0.53

The average yellow pigment concentration = SD (mg kgfl) of lines carrying each allele is presented. A summary of the variation in yellow

pigment concentration for the validation population is presented

can also be eliminated because we have localized that gene
to the group 6 chromosomes (unpublished results).
Recently a third paralogue of the Psy gene family has been
identified in maize (Li et al. 2008), suggesting widespread
duplication of this gene in the Poaceae. Based on wheat—
rice synteny (La Rota and Sorrells 2004), it is doubtful that
Psy3 resides on chromosome 7AL, but given the apparent
widespread duplication of this gene perhaps another, yet
unidentified Psy paralog is located at or near Xwmcl 16.

In this and in a previous study (Pozniak et al. 2007), we
revealed an association of homeologous loci of Psyl with
elevated YP in durum grain. However, we are still not
certain that these genes directly influence pigment
expression in durum grain because they could be tightly
linked to casual factors. Additional fine mapping and
function characterization is required to confirm their causal
effects. We have developed near-isogenic lines carrying all
possible combinations of Psy/-Al (I and o alleles)/Psyl-BI
(n and o alleles). These lines will be used to study the
expression of these genes in relation to YP, and are being
used to develop the necessary populations for high-reso-
lution mapping of this region in durum. In the meantime,
the co-dominant marker developed to differentiate Psy/-Al
alleles is useful to select for Psyl-Alo to increase grain
pigment in durum through allele-specific marker-assisted
selection. In addition, the marker developed here cross-
amplifies Psyl-BIn and could be used to identify geno-
types in populations also segregating for that allele.

References

American Association for Cereal Chemistry (2000) Approved meth-
ods of the AACC-method, 10th edn. St. Paul, Minnesota, pp 14—
50

Atienza SG, Ballesteros J, Martin A, Hornero-Méndez D (2007)
Genetic variability of carotenoid concentration and degree of
esterification among Tritordeum (xTritordeum Ascherson et

Graebner) and durum wheat accessions. Agric Food Chem
55:4244-4251

Borrelli GM, Troccolo A, Di Fonzo N, Fares C (1999) Durum wheat
lipoxygenase activity and other quality parameters that affect
pasta colour. Cereal Chem 76:335-340

Burkhardt PK, Beyer P, Wunn J, Kloti A, Armstrong GA, Schledz M,
von Lintig J, Potrykus I (1997) Transgenic rice (Oryza sativa)
endosperm expressing daffodil (Narcissus pseudonarcissus)
phytoene synthase accumulates phytoene, a key intermediate
of provitamin A biosynthesis. Plant J 11:1071-1078

Cenci A, Somma S, Chantret N, Dubcovsky J, Blanco A (2004) PCR
identification of durum wheat BAC clones containing genes
coding for carotenoid biosynthesis enzymes and their chromo-
some localization. Genome 47:911-917

Cervigni G, Zhang W, Picca A, Carrera A, Helguera M, Manthey F,
Miranda R, Dubcovsky J, Echenique V (2005) QTL mapping for
LOX Activity and quality traits in durum wheat. In: Proceedings
of the 7th international wheat conference. SAGPyA/INTA. Mar
del Plata, Argentina, 27 November—2 December

Clarke JM, McCaig TN, DePauw RM, Knox RE, Clarke FR,
Fernandez MR, Ames NP (2005a) Strongfield durum wheat.
Can J Plant Sci 85:651-654

Clarke JM, McCaig TN, DePauw RM, Knox RE, Ames NP, Clarke
FR, Fernandez MR, Marchylo BA, Dexter JE (2005b) Com-
mander durum wheat. Can J Plant Sci 85:901-904

Clarke FR, Clarke JM, McCaig TN, Knox RE, DePauw RM (2006)
Inheritance of yellow pigment in concentration in four durum
wheat crosses. Can J Plant Sci 86:133-141

Corona V, Aracri B, Kosturkova G, Bartley GE, Pitto L, Giorgette L,
Scolnik PA, Giuliano G (1996) Regulation of a carotenoid
biosynthesis gene promoter during plant development. Plant J
9:505-512

Cunningham FX Jr, Pogson B, Sun ZR, McDonald KA, Della Penna
D, Gantt E (1996) Functional analysis of the f and lycopene
cyclase enzymes of Arabidopsis reveals a mechanism for control
of cyclic carotenoid formation. Plant Cell 8:1613-1626

Elouafi I, Nachit MM, Martin LM (2001) Identification of a
microsatellite on chromosome 7B showing a strong linkage
with yellow pigment in durum wheat (Triticum turgidum L. var.
durum). Hereditas 135:255-261

Gallagher CE, Matthews PD, Li F, Wurtzel ET (2004) Gene
duplication in the carotenoid biosynthetic pathway preceded
evolution of the grasses. Plant Physiol 135:1776-1783

He XY, Zhang YL, He ZH, Wu YP, Xiao YG, Ma CX, Xia XC (2008)
Characterization of Phytoene synthase 1 gene (Psy!) located on
common wheat chromosome 7A and development of a func-
tional marker. Theor Appl Genet 116:213-221

@ Springer



1548

Theor Appl Genet (2009) 118:1539-1548

Hentschel V, Kranl K, Hollmann J, Lindhauer MG, Bohm V, Bitsch R
(2002) Spectrophotometric determination of yellow pigment
content and evaluation of carotenoids by high-performance
liquid chromatography in durum wheat grain. J Agric Food
Chem 50:6663-6668

Hessler TG, Thomson MJ, Benscher D, Nachit MM, Sorrells ME
(2002) Association of a lipoxygenase locus, Lpx-Bl, with
variation in lipoxygenase activity in durum wheat seeds. Crop
Sci 42:1695-1700

Hirschberg J (2001) Carotenoid biosynthesis in flowering plants. Curr
Opin Plant Biol 4:210-218

Johnston RA, Quick JS, Hammond JJ (1983) Inheritance of semolina
color in six durum wheat crosses. Crop Sci 23:607-610

Knapp SJ (2001) Mapping quantitative trait loci. In: Phillips RI, Vasil
IK (eds) DNA-based markers in plants. Kluwer, Netherlands,
pp 59-99

Knox RE, Clarke JM, DePauw RM (2000) Dicamba and growth
condition effects on doubled haploid production in durum wheat
crossed with maize. Plant Breed 119:289-298

Kuchel H, Langridge P, Mosionek L, Williams K, Jefferies SP (2006)
The genetic control of milling yield, dough rheology and baking
quality of wheat. Theor Appl Genet 112:1487-1495

La Rota M, Sorrells ME (2004) Comparative DNA sequence analysis
of mapped wheat ESTs reveals the complexity of genome
relationships between rice and wheat. Funct Integr Genomics
4:34-46

Lee DW, Lee S, Lee GJ, Lee KH, Kim S, Cheong GW, Hwang 1
(2006) Functional characterization of sequence motifs in the
transit peptide of Arabidopsis small subunit of Rubisco. Plant
Physiol 140:466-483

Li F, Vallabhaneni R, Yu J, Rocheford T, Wurtzel ET (2008) The
maize phytoene synthase gene family: overlapping roles for
carotenogenesis in endosperm, photomorphogenesis, and ther-
mal stress tolerance. Plant Physiol 147:1334-1346

Lindgren LO, Stalberg KG, Hoglund AS (2003) Seed-specific
overexpression of an endogenous Arabidopsis phytoene synthase
gene results in delayed germination and increased levels of
carotenoids, chlorophyll, and abscisic acid. Plant Physiol
132:779-785

Littell RC, Milliken GA, Stroup WW, Wolfinger RD (1996) SAS
system for mixed models. SAS Institute Inc., Cary

Lynch M, Walsh JB (1998) Genetics and analysis of quantitative
traits. Sinauer Assocs., Inc., Sunderland

Mares DJ, Campbell AW (2001) Mapping components of flour and
noodle colour in Australian wheat. Aust J Agric Res 52:1297—
1309

@ Springer

Matsuo RR, Dexter JE (1980) Relationship between some durum
wheat physical characteristics and semolina milling properties.
Can J Plant Sci 60:49-53

McCaig TN, McLeod JG, Clarke JM, DePauw RM (1992) Measure-
ment of durum pigment with an NIR instrument operating in the
visible range. Cereal Chem 69:671-672

Panfili G, Fratianni A, Irano M (2004) Improved normal-phase high-
performance liquid chromatography procedure for the determi-
nation of carotenoids in cereals. J Agric Food Chem 52:6373—
6377

Parker GD, Chalmers KJ, Rathjen AJ, Langridge P (1998) Mapping
loci associated with flour color in wheat. Theor Appl Genet
97:238-245

Patil RM, Oak MD, Tamhankar SA, Sourdille P, Rao VS (2008)
Mapping and validation of a major QTL for yellow pigment
content on 7AL in durum wheat (Triticum turgidum L. ssp
durum). Mol Breed 21:485-496

Pozniak CJ, Knox RE, Clarke FR, Clarke JM (2007) Identification of
QTL and association of a phytoene synthase gene with endo-
sperm colour in durum wheat. Theor Appl Genet 114:525-537

Reimer SO, Pozniak CJ, Clarke FR, Clarke JM, Somers DJ, Knox RE,
Singh AK (2008) Association mapping of yellow pigment in an
elite collection of durum wheat cultivars and breeding lines.
Genome 51:1016-1025

Saitou N, Nei M (1987) The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 4:406-425

Schuelke M (2000) An economic method for the fluorescent labeling
of PCR fragments. Nat Biotech 18:233-234

Somers DJ, Isaac P, Edwards K (2004) A high-density microsatellite
consensus map for bread wheat (Triticum aestivum L.). Theor
Appl Genet 109:1105-1114

Somers DJ, Fedak G, Clarke J, Wenguang C (2006) Mapping of FHB
resistance QTLs in tetraploid wheat. Genome 49:1586-1593

Troccoli A, Borrelli GM, De Vita P, Fares C, Di Fonzo N (2000)
Durum wheat quality: a multidisciplinary concept. J. Cereal Sci
32:99-113

van Ooijen JW, Voorips RE (2004) JoinMap Version 3.0, Software
for the calculation of genetic linkage maps. Kyazma BV,
Wageningen

Zhang W, Dubcovsky J (2008) Association between allelic variation
at the Phytoene synthase 1 gene and yellow pigment content in
the wheat grain. Theor Appl Genet 116:635-645

Zhang W, Chao S, Manthey F, Chicaiza O, Brevis JC, Echenique V,
Dubcovsky J (2008) QTL analysis of pasta quality using a
composite microsatellite and SNP map of durum wheat. Theor
Appl Genet 117:1361-1377



	Allelic variation at Psy1-A1 and association with yellow pigment �in durum wheat grain
	Abstract
	Introduction
	Materials and methods
	Mapping populations and validation set
	Cloning of Psy1-A1 alleles
	Field trials and yellow pigment analysis
	Marker development and genetic mapping

	Results
	Characterization of Psy1-A1 from durum wheat
	Marker development and genetic mapping
	Phenotypic Data and QTL Analysis
	Allelic diversity at Psy1-A1 in durum wheat

	Discussion
	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


