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Abstract Ppd-DI on chromosome 2D is the major photo-
period response locus in hexaploid wheat (Triticum aes-
tivum). A semi-dominant mutation widely used in the “green
revolution” converts wheat from a long day (LD) to a photo-
period insensitive (day neutral) plant, providing adaptation to
a broad range of environments. Comparative mapping shows
Ppd-DI to be colinear with the Ppd-HI gene of barley
(Hordeum vulgare) which is a member of the pseudo-
response regulator (PRR) gene family. To investigate the
relationship between wheat and barley photoperiod genes we
isolated homologues of Ppd-HI from a ‘Chinese Spring’
wheat BAC library and compared them to sequences from
other wheat varieties with known Ppd alleles. Varieties with
the photoperiod insensitive Ppd-Dla allele which causes
early flowering in short (SD) or LDs had a 2 kb deletion
upstream of the coding region. This was associated with mis-
expression of the 2D PRR gene and expression of the key
floral regulator FT in SDs, showing that photoperiod insensi-
tivity is due to activation of a known photoperiod pathway
irrespective of day length. Five Ppd-D1I alleles were found
but only the 2 kb deletion was associated with photoperiod
insensitivity. Photoperiod insensitivity can also be conferred
by mutation at a homoeologous locus on chromosome 2B
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(Ppd-BI). No candidate mutation was found in the 2B PRR
gene but polymorphism within the 2B PRR gene cosegre-
gated with the Ppd-BI locus in a doubled haploid population,
suggesting that insensitivity on 2B is due to a mutation out-
side the sequenced region or to a closely linked gene.

Introduction

The high yielding hexaploid wheat (Triticum aestivum L.)
varieties of the “green revolution” were characterized by
rust resistance, semi-dwarf stature and adaptation to a broad
range of agricultural environments conferred by insensitiv-
ity to photoperiod (day length neutrality) (Borlaug 1983).
In wheat terminology, “insensitivity” means that plants
have a short delay in flowering in short day (SD) conditions
(10 h or less light) compared to long day (LD) conditions
(14 h or more light), provided that any requirement for ver-
nalization has been met. For example, in 127 varieties stud-
ied by Worland et al. (1994) the difference in flowering
time between SDs and LDs was 21-35 days for photope-
riod insensitive varieties and 64—200 or more days for pho-
toperiod sensitive varieties. Photoperiod insensitivity is
widespread in the world’s wheat varieties and predominates
in regions where spring wheat is grown as a crop over the
winter (SD) period and where autumn sown winter wheat
needs to mature in the following year before the onset of
high summer temperatures (Law 1987; Law and Worland
1997; Worland and Snape 2001). A study of 158 wheat
landraces by Kato and Yokoyama (1992) also concluded
that early flowering conferred by an alteration of photope-
riod response was important for regional adaptation by
avoiding stresses associated with high temperature.

The major source of photoperiod insensitivity in wheat is
the semi-dominant Photoperiod-D1a (Ppd-Dla) allele on
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chromosome 2D [Welsh et al. 1973; Worland et al. 1998;
Worland 1999; following the nomenclature recommended
by Mclntosh et al. (2003); Ppd-Al, -Bl and -DI are the
former Ppd3, 2 and 1, respectively, and the a suffix indi-
cates the photoperiod insensitive allele]. Photoperiod insen-
sitivity is likely to be the result of mutation because the
wild ancestors of wheat, and many cultivated wheat varie-
ties, are sensitive to photoperiod and are stimulated to
flower by exposure to LDs (Thomas and Vince-Prue 1997).

The importance of the Ppd-Dla allele is illustrated by
the detailed studies of Worland and Law (1986) and Wor-
land etal. (1998). Near-isogenic lines were created by
backcrossing the Ppd-DIa allele from ‘Mara’ into the pho-
toperiod sensitive variety ‘Cappelle-Desprez’. The Ppd-
Dla allele caused earlier flowering which was associated
with an average yield disadvantage in the UK (—1.8%;
range —16 to +9%), a yield advantage in Germany (+7.7%;
range —13.5 to +28.4%) and a considerable yield advantage
in the former Yugoslavia (+33%; range +10.1 to +59.6%).
The ranges show that photoperiod insensitivity was always
beneficial to yield in the Southern European setting but was
variable from year to year in the more northerly locations
depending on conditions and conferred a yield advantage
even in the UK in years with hotter drier summers. The
ability of photoperiod insensitive varieties to flower earlier
in the year is advantageous in warmer environments
because plants can complete development and grain filling
before the onset of high summer temperatures and associ-
ated water deficit. High summer temperatures in wheat
growing regions are likely to become more prevalent with
climate change, making it important to understand the
genetic basis of photoperiod insensitivity and the range of
flowering time variation that is available to wheat breeders.

The region of wheat chromosome 2D containing the
Ppd-D1 locus is colinear with the region of barley (Hord-
eum vulgare L.) 2HS that contains the photoperiod gene
Ppd-HI (Laurie 1997; Borner et al. 1998). The barley Ppd-
H1 gene has recently been cloned and identified as a mem-
ber of the pseudo-response regulator (PRR) family (Turner
et al. 2005). PRR proteins are characterized by a pseudo-
receiver domain near the amino-terminus and a 43 amino-
acid CCT domain near the carboxy-terminus of the protein
(Mizuno and Nakamichi 2005). PRR genes are distantly
related to other CCT domain genes important in flowering
control, namely the CONSTANS-like family of transcription
factors (Robson et al. 2001; Griffiths et al. 2003) and the
wheat vernalization gene VRN2 (Yan et al. 2004). Five PRR
genes are present in Arabidopsis and rice (Matsushika et al.
2000; Murakami et al. 2003, respectively) and they are best
characterized in the former where PRR1 (TOC]) is part of
the central oscillator of the circadian clock (Strayer et al.
2000). The remainder are likely to comprise parts of the
interlocking feedback loops associated with the circadian
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clock, although their full roles have not yet been deter-
mined (Mizuno and Nakamichi 2005; Zeilinger et al. 2006).
Cockram et al. (2007) provide a recent review of flowering
pathways in temperate cereals and Arabidopsis.

A homologue of the barley Ppd-HI gene would be an
excellent candidate for the wheat Ppd-D1 locus, but wheat
and barley show an important phenotypic difference in pho-
toperiod response. The semi-dominant Ppd-DIa mutation
in wheat allows plants to flower rapidly in SD or LD condi-
tions while in barley the recessive ppd-H1 mutation confers
later flowering in LDs (e.g. 16 h light) but has no pheno-
typic effect in SDs (10 h light) (Laurie et al. 1995; Turner
et al. 2005). Late flowering in barley can be explained by
parallels to the well-understood photoperiod pathway in
Arabidopsis where the circadian clock, which is set by
light/dark cycles or temperature fluctuations, controls the
timing of CONSTANS (CO) expression. CO levels peak late
in the day and coincide with light only in LD conditions.
CO protein is stable only in the light and therefore activates
its downstream targets specifically in LDs (Suérez-Lopez
et al. 2001; Valverde et al. 2004). A key target of CO is
FLOWERING LOCUS T (FT) (Samach et al. 2000). Barley
plants homozygous for the recessive ppd-HI allele show a
small change in the circadian expression pattern of CO
homologues, with expression delayed in the day so that the
expression peak occurs in the dark even under LDs. This is
associated with a marked decrease in FT expression consis-
tent with the late flowering phenotype (Turner et al. 2005).
If the wheat and barley Ppd genes are homologous the two
species must have contrasting types of mutation. One possi-
bility is that the Ppd-Dla mutation in wheat causes misex-
pression of a functional protein, leading to activation of the
photoperiod pathway and induction of FT under SD or LD
conditions. To test this hypothesis, the wheat chromosome
2D homologue of the barley Ppd-HI gene was isolated and
analyzed.

Photoperiod insensitivity can also be conferred by a
locus on chromosome 2B (Ppd-Bl) (Welsh etal. 1973;
Scarth and Law 1983; Mohler et al. 2004) and a third locus
(Ppd-Al) may be present on chromosome 2A but has not
been genetically mapped (Law et al. 1978; Scarth and Law
1984). This suggests that Ppd genes form a homoeoallelic
series on the group 2 chromosomes. This was investigated
by cloning and sequencing the PRR genes from chromo-
somes 2B and 2A.

Materials and methods

Plant materials

Seeds of the various wheat varieties and genetic stocks
were provided by the John Innes Centre Germplasm
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Resources Unit or by Elizabeth Sayers and Simon Orford
(John Innes Centre). Seeds of ‘Norstar’ were kindly pro-
vided by Prof. Brian Fowler, Univerity of Saskatchewan,
Canada. DNA was extracted from seedlings using the phe-
nol/chloroform method of Sharp et al. (1988).

Cloning and sequencing wheat PRR genes

Library screening, BAC DNA preparation and Southern
hybridization followed the methods given in Allouis et al.
(2003). Libraries with inserts of approximately 2—4 kb were
made from selected BAC clones using the TOPO Shotgun
Cloning Kit (Invitrogen) and following the manufacturer’s
protocols. Clones were sequenced using BigDye version
3.1 (Appled Biosystems, USA). PCR amplicons were
sequenced directly or after cloning in pGEM-T Easy vector
(Promega Corp., USA) following the manufacturer’s proto-
cols. Nucleotide and protein sequences were analyzed using
the software packages GCG10 (Wisconsin Package V10.1,
Genetics Computer Group, Madison, WI, USA) and by
BLAST using programs at the NCBI web site (http:/
www.NCBl.org), TIGR (http://www.tigr.org) and the Triti-
ceaec Repeat database (TREP; http://wheat.pw.usda.gov/
ITMI/Repeats). Protein domains were analyzed using Pro-
site (http://www.us.expasy.org). The sequences illustrated
in Fig. 1 were aligned using the pileup command in GCG
and adjusted manually to identify homologous regions.

GenBank sequence accessions are; Ppd-Al ‘Chinese
Spring’ DQ885753, ‘Mercia’ DQ885756, ‘Cappelle-Des-
prez’ DQ885754, ‘C591° DQS885755. Ppd-BI ‘Chinese
Spring’ intact copy DQ885757, ‘Chinese Spring’ truncated
copy DQ885758, ‘Récital’ DQS885763, ‘Timstein’
DQ885765, ‘Cappelle-Desprez’ DQ885759, ‘Cheyenne’
DQ885760, ‘Mercia’ DQ885761, ‘Renan’ DQ885764.
Ppd-D1 ‘Chinese Spring” DQ885766, ‘Mercia’ DQ885768,
‘Norstar’ DQ885770, ‘Ciano 67° DQ885767, Aegilops tau-
schii DQ885771.

Expression analysis

RNA of ‘Mercia’ and the ‘Mercia (Ciano 67 2D)’ single
chromosome substitution line was extracted from seedlings
grown for 24 days after vernalization for 45 days at 5°C
with 8 h light/16 h dark. Seedlings were grown in a con-
trolled environment room under SD conditions (9 h light;
136 umol m~2s™! light intensity at bench level). Plants
were compared from three replicates using a single RNA
extraction for four plants per time course sample in each
replicate. The time course was one 24 h period. RNA was
extracted using the Qiagen RNeasy kit (Qiagen Ltd., UK;
http://www.qiagen.com). DNA was removed by digestion
with DNAse I prior to reverse transcription. cDNA was
synthesized using Superscript II (Invitrogen Corp., USA;

http://www.invitrogen.com) using the manufacturer’s pro-
tocols with 5 pg of total RNA as template and a mixture of
OligodT (12-18) (250 ng) and random hexamers (150 ng)
as primers. 1/40 by volume of the final cDNA aliquot was
then subjected to real-time PCR as described below. In the
case of 18 s rRNA analysis, cDNA samples were diluted
1:100 and 1/40 of this dilution was analyzed.

Primers for each gene and the respective reaction condi-
tions are listed in Table S1. Where possible, primers ampli-
fying across intron positions were selected to detect any
genomic contamination. Genome-specificity was tested by
PCR using Chinese Spring nullisomic-tetrasomic lines
(Fig. S2) and verified by direct sequencing of amplicons.
RNA was quantified using an Opticon 2 real-time PCR
instrument (Genetic Research Instrumentation Ltd, UK;
http://www.gri.co.uk) with SybrGreen I (Molecular Probes
Inc., USA) as a fluorogen. Reactions included 10 pl 2x
Sigma Jumpstart SybrGreen Mastermix (Sigma-Aldrich
Co. Ltd., UK; http://www.sigmaaldrich.com), 5 pmol of
each primer, and an aliquot of each cDNA in a total of
20 pl. Reaction conditions were [95°C 10 min; (95°C 15 s,
54°C 15 s, 72°C 40 s) x 40 cycles], followed by a melting
curve with 0.2°C steps between 60 and 95°C, and a final
polymerization of 72°C for 10 min. Optical read tempera-
tures were set such that primer dimers and non-specific
products were melted (as determined by melting curve
analysis) when reads were taken.

Fluorescence data were collected and analyzed using
Opticon Monitor v2 software (http://www.gri.co.uk) with
baseline subtraction and blank (no cDNA template) sub-
traction. The fluorescence threshold was set as close to 0.1
absolute units as possible whilst ensuring it was within the
exponential phase of all reactions. The Ct value (the cycle
value at which each sample reached the fluorescence
threshold) was extracted for each sample and imported into
Microsoft Excel®. Delta Ct values were generated by sub-
tracting the minimum Ct within each assay plate from each
sample in turn. Relative expression levels were calculated
by expressing the efficiency value of the PCR reaction in
question, E, to the power of minus delta Ct. E values were
determined by calculating the average rate of fluorescence
increase during the exponential phase across all samples in
the plate showing exponential amplification (Ramakers
et al. 2003). Target gene expression was normalized against
18 s rRNA levels within samples.

5" Reverse Amplification of cDNA ends (RACE) was
performed using the Smart’ RACE cDNA Amplification
Kit (Takara-Clontech, USA) using the manufacturer’s proto-
cols. First strand cDNA synthesis was performed on 1 pg of
DNAse-treated total RNA from seedlings of either ‘Mercia’
or the ‘Mercia (Ciano 67 2D)’ single chromosome substitu-
tion line, grown as described above. Synthesis was per-
formed on ‘Mercia’ RNA taken 3 h after the start of the light
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Fig. 1 Sequence features of Pseudo-Response Regulator (PRR) genes
from chromosomes 2A, 2B and 2D of hexaploid wheat. The ‘Chinese
Spring’ sequence is shown as rectangles (tall rectangles represent cod-
ing regions, medium rectangles the candidate promoter and 5" UTR
segments and small rectangles the introns and 3’ UTR regions. Seg-
ments well conserved between all three genome are shown in green,
those conserved between A and B in orange, between A and D in blue
and between B and D in purple. White segments are genome specific
sequences. Red lines show the size and insertion positions of various
transposons described in the text (M indicates MITE). Dotted lines are
gaps in the sequence alignment that remain after extraction of the trans-

period, and on ‘Mercia (Ciano 67 2D)’ RNA taken 12 h after
the start of the light period (see Fig. 4). Primary PCRs were
conducted on the synthesized cDNAs using gene-specific
primers cctgcggegacggeggetgetggtggtea for ‘Mercia’ and
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A d Ae. tauschii  (S)

posons. Regions sequenced from other varieties are shown as black
lines below each ‘Chinese Spring’ sequence. Black dots show the lim-
its of the sequence obtained from each variety. Vertical bars show the
extent of deletions. The size of the ‘Cappelle-Desprez’ 2A deletion is
relative to ‘Mercia’. SNP shows the positions of single nucleotide poly-
morphisms. Varieties with photoperiod insensitive (In) or photoperiod
sensitive (S) alleles on the respective chromosomes are marked. Gen-
Bank sequence accessions are given in the section “Materials and
methods”. Varieties named on the left in the 2B gene were sequenced
only for the regions containing SNPs 2, 3, and 4

gaagtcggcggcaccatttgacaggcag for ‘Mercia (Ciano 67 2D)’.
Secondary (nested) PCRs were performed on aliquots of the
appropriate primary PCRs using nested gene-specific prim-
ers cgaacctcggtegeatccgggagtcccag for ‘Mercia’ and cctgeg-
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gcgacggeggctgctggtgetga for ‘Mercia (Ciano 67 2D)’.
RACE fragments were purified from agarose gels using the
Qiagen gel-extraction kit and cloned into pGEM-T (Pro-
mega Corp., USA; http://www.promega.com). DNA from
seven colonies of each RACE synthesis was sequenced
using M13 forward and reverse primers.

PCR assay for the 2,089 bp deletion in the 2D PRR gene

Assays used a common forward primer (Ppd-DI_F
acgcctcccactacactg) combined with two reverse primers
(Ppd-D1_RI1 gttggttcaaacagagagc and Ppd-D1_R2 cac-
tggtggtagetgagatt) in a single 25 pl reaction containing
5 pmol of each primer with a PCR profile of 94°C for 2 min
followed by 30 cycles of 94°C for 40 s, 54°C for 30 s, 72°C
for 1 min. Products were separated on 1.2% agarose gels in
TAE buffer. Ppd-D1_R1 is within the deletion and only
amplified from the intact sequence, giving a 414 bp prod-
uct. Ppd-D1_R2 is within intron 1 and amplified a 288 bp
product from the allele with the deletion. Ppd-D1_R2 can
potentially amplify a 2,377 bp product from the intact gene
but in practice this reaction was out-competed by the ampli-
fication of the smaller products.

PCR assay for a 16 bp deletion in exon 8 distinguishing
cultivated wheat varieties from Ae. tauschii

Amplification with Ppd-Dlexon8_F1 (gatgaacatgaaacggg)
and Ppd-Dlexon8_R1 (gtctaaatagtaggtactagg) using a PCR
profile of 94°C for 2 min followed by 30 cycles of 94°C for
40s, 54°C for 30s, 72°C for 1 min generated a 320 bp
amplicon from genotypes with the deletion and 336 bp
from genotypes with the intact gene. The 16 bp deletion
removes a Hpall restriction site. ‘Chinese Spring’ and other
cultivated types give 326 bp plus 22 bp bands. Ae. fauschii
types give 257, 69 and 22 bp bands. Products were sepa-
rated on 1.2% agarose gels in TAE buffer.

PCR assays for the 2B PRR genes from ‘Chinese Spring’

Amplification with Ppd-Blexon3SNP_F1 (aga-
cgattcattccgetec) and Ppd-Blexon3SNP_R1 (tctgaatgatgat-
acaccatg) using a PCR profile of 94°C for 2 min followed
by 40 cycles of 94°C for 40 s, 55°C for 30 s, 72°C for 1 min
generated a 955 bp amplicon. The SNP in exon 3 (A in
‘Chinese Spring’ and G in the other varieties sequenced)
was distinguished by digestion with T'sp5091 (65°C over-
night) which gave 471, 328 and 155 bp bands from the
‘Chinese Spring’ allele and 483 and 471 bp bands from the
other varieties. The partly deleted second gene in ‘Chinese
Spring’” was detected by amplification with Ppd-
B1_2ndcopy_F1  (taactgctcgtcacaagtge) and  Ppd-
B1_2ndcopy_R1 (ccggaacctgaggatcatc) using a PCR pro-

file of 94°C for 2 min followed by 40 cycles of 94°C for
40 s, 55°C for 40 s, 72°C for 40 s. This gave a 425 bp prod-
uct. In the absence of the ‘Chinese Spring’ allele a faint
band of 475 bp was sometimes produced. Products were
separated on 1.2% agarose gels in TAE buffer.

Results
Isolation of wheat PRR genes

High density filters of wheat BAC clones from a library of
the variety ‘Chinese Spring’ (Allouis etal. 2003) were
screened using a CCT domain probe from the barley Ppd-
HI gene. DNA was prepared from individual BAC clones
and Southern blots of restriction digests were probed with
the barley sequence and compared to Southern blots of
genomic DNA from ‘Chinese Spring’ nullisomic/tetrasomic
(NT) lines. This identified candidate clones from chromo-
somes 2A, 2B and 2D. Representatives of each were subcl-
oned and sublibraries from individual BACs were reprobed
with a full-length barley cDNA. Hybridizing subclones
were sequenced and any remaining gaps filled by PCR
amplification from the individual BAC clones. Three dis-
tinct sequences were found which were confirmed as origi-
nating from chromosomes 2A, 2B or 2D using sequence
specific PCR assays on ‘Chinese Spring’ NT lines. Overlap-
ping segments from other wheat genotypes were amplified
by PCR, sequenced and assembled into full gene sequences
(Fig. 1). PCR was also used to amplify sequences from an
accession of the D genome donor Ae. tauschii.

Polymorphisms in the chromosome 2D PRR gene

Photoperiod insensitivity conferred by the Ppd-Dlia allele
has been widely used in wheat breeding and its effects have
been studied in detail (Worland and Snape 2001). Among
the materials developed by Worland et al. were photoperiod
insensitive single chromosome substitution lines in which
the endogenous 2D of ‘Chinese Spring’ or ‘Mercia’ was
replaced with the 2D chromosome from ‘Ciano 67°. To
determine if the 2D PRR gene was a candidate for the Ppd-
DI locus we compared sequences from these three varie-
ties. The gene from ‘Ciano 67’ (photoperiod insensitive)
differed from ‘Chinese Spring’ and ‘Mercia’ (photoperiod
sensitive) by a deletion of 2,089 bp upstream of the coding
region (Fig. 1). Butterworth (2000) analyzed 114 DH lines
from a ‘Mercia’ x ‘Mercia (Ciano 67 2D)’ cross in two
controlled SD experiments (10 h natural light) and under
field conditions. In all experiments the lines could be unam-
biguously characterized as early or late flowering. A PCR
assay for the deletion (Fig. 2a) showed that the ‘Ciano 67’
allele cosegregated completely with early flowering.
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<4 Fig. 2 Detection of the 2,089 bp upstream deletion in the chromo-

some 2D PRR gene. a PCR assay for the photoperiod sensitive (S) or
insensitive (In; Ppd-Dla) 2D allele. Primer sequences and reaction
conditions are given in the materials and methods. b Detection of the
deletion in wheat varieties classified for photoperiod sensitivity by
Worland et al. (1994). Solid circles show varieties with the deletion.
Open circles show varieties with the intact sequence

insensitive Ppd-Dla allele (Welsh et al. 1973; Borner et al.
2002; Hanocq et al. 2004; Snape unpublished data, respec-
tively). The Ppd-Dla allele is believed to have entered
European material from Strampelli’s breeding programme
in Italy in the early part of the twentieth century, using the
Japanese variety ‘Akakomugi’ as a source (Worland 1999).
The Italian wheat ‘Mara’ used by Worland et al. (1998) and
‘Akakomugi’ had the deletion as did another early flower-
ing Japanese wheat ‘Saitama 27°. Varieties with a photope-
riod sensitive allele on 2D (‘Chris’, ‘Era’, ‘Lancer’ and
‘Selkirk’; Welsh et al. 1973) had the intact sequence. We
then analyzed a further 48 European wheat varieties repre-
senting the range of flowering time described by Worland
et al. (1994) who compared vernalized plants grown in SD
or LD conditions. Lines classified as photoperiod insensi-
tive in that paper (less than 35 days difference in days to ear
emergence between SDs and LDs) all carried the deletion
(Fig. 2b).

The 2,089 bp upstream deletion was the only polymor-
phism associated with photoperiod insensitivity but three
additional polymorphisms were found in the 2D gene
(Fig. 1). ‘Chinese Spring’ was distinct in having a SNP in
exon 7 predicted to cause a conservative Ala to Thr change
upstream of the CCT domain. Intron 1 was much larger in
‘Mercia’ that in the other varieties sequenced due to the
presence of a mariner-like transposable element (MLE)
identified by internal homology of predicted open reading
frames, by the presence of 31 bp terminal inverted repeats
(TIRs) whose ends were similar to the TIRs of Stowaway
MITEs and a TA host duplication typical of Stowaways
and MLEs (Feschotte and Wessler 2002; Feschotte et al.
2003). In SD conditions ‘Mercia’ can be clearly distin-
guished from varieties with the ‘Ciano 67’ type 2,089 bp
deletion. However, ‘Mercia’ is earlier flowering in SDs
than the remaining photoperiod sensitive varieties in
Fig. 2b. This is not caused by the intron 1 insertion
because this was also present in ‘Cappelle-Desprez’ which
flowers late in SDs (212 days, Fig. 2b). The third polymor-
phism was a 5 bp deletion in exon 7 found in an EST from
the photoperiod sensitive variety ‘Norstar’. This was con-
firmed by sequencing genomic DNA of this variety and is
likely to give a non-functional protein as the deletion pro-
duces a frame shift predicted to generate a stop codon
upstream of the CCT domain. None of the early flowering
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lines with the 2,089 bp upstream deletion also carried the
exon 7 deletion.

When compared to barley and the hexaploid wheat 2A
and 2B PRR genes, the 2D gene of all the cultivated wheat
varieties that were sequenced had a 16 bp deletion in exon
8 (Fig. 3a). A PCR assay (illustrated in Fig. 3b) showed
that this deletion was present in all the cultivated wheat
varieties we examined. The deletion included the last two
bases of the CCT domain and was predicted to change the
last amino acid of the CCT domain (GIn to Leu) and to
produce a new COOH terminus for the protein. The new
protein is likely to be of similar length as the 3’ region has
an alternative stop codon 17 bp downstream of the
original (Fig. 3a). The deletion was not found in the Ae.
tauschii accession that was sequenced and the intact
sequence was also detected in two synthetic wheats (one
from the JIC germplasm collection and one of the parents
of the ITMI mapping population) that derive from crosses
between tetraploid wheat and Ae. fauschii. It is unclear if
the deletion has any effect on protein function but it can be
excluded as the causal basis of the photoperiod insensitive
phenotype.

a CCT domain

Analysis of gene expression in wheat plants
with contrasting Ppd-D1 alleles

To understand how photoperiod insensitivity might be con-
ferred we used quantitative RT-PCR to study the expression
of wheat homologues of well-characterized Arabidopsis
photoperiod pathway genes. We selected GIGANTEA (GlI),
CONSTANS (CO), FLOWERING LOCUS T (FT) and the 2D
PRR gene itself to compare ‘Mercia’ with the ‘Mercia
(Ciano67 2D)’ (Ppd-Dla) single chromosome substitution
line. GI is closely associated with the circadian clock, CO is
under circadian control and the protein is only active when
the expression peak, which normally occurs late in the day,
coincides with light. CO protein promotes transcription of
FT, a key inducer of flowering (Valverde et al. 2004). GI,
CO and FT have all been shown to have conserved roles in
other species including rice (Hayama et al. 2003; Kojima
et al. 2002; Yano et al. 2000).

Wheat GI and FT homologues were previously
described by Zhao et al. (2005) and Yan et al. (2006) but
wheat homologues of the barley HvCO1 gene [the counter-
part of the rice CO homologue Hd! (Griffiths et al. 2003)]

Stop Alternative stop codon

A GlelelelelielelelelelelelerNeywnelelelele(el®\GCCGCCACCGCCGGC
(efeleleuielelefeleleleley:NeuniNelenielefeleldA GCCGCCACCGCCGGC

B - (olelelepyelelelolelelelor:NeumNeleyNelelelefol, GCCGCCACCGCCGGC

(efeleleyieleleeleleleleyNeynnelenyelefelel®l\ GCCGCCACCGCCGGC

@CGGGTGCGCGGGCAGTTCGTGCGGC
@CGGGTGCGCGGGCAGTTCGTGCGGC
D €CGGGTGCGCGGGCAGTTCGTGCGGCH
@CGGGTGCGCGGGCAGTTCGTGCGGC

Glelelelelfelelelefeleleler:NeynNelelelelefel®A.GCCGCCACCGCCGGC

GCCGTIGAGAGATAACCTCCCGCCAC
GCCGTIWGAGAGATAACCTCCCGCCAC
GCCGTWGAGAGATAACCTCCCGCCAC

GCCGTHWGAGAGATAAcctcccgccac

CCT domain
A CSPRVRGQFVRQP'PPPAAVER*
B CS PR VRGO QTFVRQP©PPPAAVE R *
CS P RVRGOF VRULPLRUDNTIL P P H T *
DCi67PRVRGQFVRLPLRDNLPPHT*
Aetau P R V R G 9 F V R Q P P P P A A V E R *
b S In
I T
B 506
a 298
e e g — e
-
220
% B 0% % k% % B % %
2 2, % % 4 o % K % %
% % e Ty i B B Y 9 T
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2, %
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Fig. 3 Position of the 16 bp deletion in exon 8 of the chromosome 2D
PRR gene. a The position of the deletion in relation to the 2A, 2B and
barley 2H (AY970701) sequences. Uppercase letters show the pre-
dicted coding region of each gene including the stop codon. Predicted

protein sequences are shown below. Wheat varieties included are CS
‘Chinese Spring’, C-D ‘Cappelle-Desprez’, Mer ‘Mercia’, Ci 67 ‘Ciano
67’ and Ae. tauschii. b PCR assay for the 16 bp deletion. Primers and
reaction conditions are given in the section “Materials and methods”
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have not been described. Partial 7aCOl and TaFT
sequences were isolated by PCR using primers based on the
equivalent barley HvCOI or HvFT genes (Griffiths et al.
2003; Turner et al. 2005, respectively). PCR primers and
conditions used for the assays are described in Table S1.

To obtain an overall picture of gene expression for the
group 2 PRR genes we first used a primer pair that was not
genome specific and would amplify from transcript of the
2A, 2B and 2D genes. This showed reduced diurnal fluctua-
tion in the photoperiod insensitive ‘Ciano67’ (Ppd-Dla)
substitution line (Fig. 4a). When gene specific primers were
used the 2D gene was found to be misexpressed with the
peak shifted from the light to the dark period (to 21 h com-
pared to 3 h in the ‘Mercia’ wild type, Fig. 4d). The 2A and
2B transcripts behaved similarly to ‘Mercia’ in terms of the
timing of peak expression (Fig. 4b, c¢) and were similar to
previous experiments in barley (Turner et al. 2005). The
reduction in the amplitude of gene expression was not sta-
tistically significant. This suggested that the 2,089 bp dele-
tion caused the 2D gene to be misexpressed but had little
effect on the 2A or 2B genes.

For the analysis of other photoperiod pathway genes we
used assays that were not genome specific in order to obtain
an overall picture of expression. This showed that TaGI
expression was unaltered (Fig. 4e). There was no effect on
the timing of the TaCOI expression peak (Fig. 4f) but the
amplitude of expression was significantly reduced. There
was a clear effect on TaFT1 expression (Fig. 4g) with high
levels in the photoperiod insensitive (Ppd-DIa) genotype.
Although this supports the original hypothesis that photo-
period insensitivity results from activation of F'T expression
in SD conditions it is not clear whether this is achieved by a
change in TaCO activity. An alternative mechanism could
involve TaCO protein. In Arabidopsis, CO protein is
degraded in the dark (Valverde et al. 2004). TaFT expres-
sion in the ‘Mercia (Ciano67 2D)’ line increased in the light
period and decreased in the dark (Fig. 4g), suggesting that
TaCO protein may accumulate in the SD light period and
degrade in the dark in photoperiod insensitive wheat.

The 2,089 bp deletion in the chromosome 2D PRR gene
ended approximately 50 bp upstream of the predicted ATG
start codon, suggesting that the transcription start site might
be affected. To test this, we first used the GC strand bias for-
mula of Fujimori et al. (2005) to make a computational pre-
diction of the start site (Fig. 5). This suggested three possible
positions in the wild type gene with the highest GC bias
peak within the deleted region. 5" RACE products from wild
type plants were cloned and sequenced, confirming that this
was the normal transcription start. 5" RACE products from
plants with the ‘Ciano 67’ Ppd-D]Ia allele gave a more vari-
able result, but all the start sites were within a second peak
immediately upstream of the deletion (Fig. 5). Photoperiod
insensitivity is therefore associated with misexpression that
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involves the use of an alternative transcription start site as
well as the potential loss of promoter elements.

Polymorphisms in the chromosome 2A PRR gene

Loci conferring insensitivity to photoperiod have been
reported on wheat chromosomes 2A and 2B. These effects
have been ascribed to homoeoloci (Ppd-Al and Ppd-BlI)
but they are not as well characterized as Ppd-DI and their
phenotypic effects are generally regarded as weaker. That
is, they do not advance flowering in SDs as much as the
Ppd-D1a mutation (Worland et al. 1998). To investigate the
2A and 2B genes we sequenced alleles of the PRR gene
from selected genetic stocks in which variation in photope-
riod response has been ascribed to these chromosomes.

Variation on chromosome 2A is the least well docu-
mented but the Indian wheat ‘C591° has been reported to
carry an insensitive allele on 2A (Ppd-Ala) (Islam-Faridi
1988). Sequences were obtained from the candidate photo-
period sensitive alleles of ‘Chinese Spring’, ‘Mercia’ and
‘Cappelle-Desprez’ and from ‘C591°. No mutation was
found in ‘C591°, and Mohler et al. (2004) reported that a
supposed ‘Mercia’ (‘C591° 2A) substitution line in fact car-
ries the photoperiod insensitive Ppd-Bla allele. This sug-
gests that the original identification of a photoperiod
insensitivity locus on 2A may be incorrect.

Two 2A polymorphisms were found in photoperiod sen-
sitive varieties (Fig. 1). ‘Chinese Spring’ had a 1.2kb
insertion in intron 5 that had no homology to other database
sequences but is likely to be a transposable element because
of short inverted repeats at its termini and a 3 bp host
sequence duplication at the insertion point. This provides a
convenient marker for the ‘Chinese Spring’ type 2A gene
but is unlikely to have a phenotypic effect. In contrast,
‘Cappelle-Desprez’ is likely to carry a null allele on 2A as
it had a deletion of part of exon 5, intron 5 and part of exon
6. This produced an in frame stop codon shortly after the
deletion and a predicted protein lacking the CCT domain.

Polymorphisms in the chromosome 2B PRR gene

Photoperiod insensitivity on 2B has been characterized in
greater detail than for 2A and ‘Chinese Spring’, the variety
used to construct the BAC library, carries a photoperiod
insensitive allele on this chromosome (Scarth and Law
1983, 1984; Mohler et al. 2004). Experiments using 2B sin-
gle chromosome substitution lines showed that the Austra-
lian variety ‘Timstein’ has greater photoperiod insensitivity
(flowering earlier than ‘Chinese Spring’ in SDs) while
‘Cheyenne’ carries a photoperiod sensitive allele and is late
flowering in SDs (Scarth and Law 1984). Sequence was
also obtained from ‘Récital’ which has photoperiod insensi-
tive alleles on 2B and 2D (Hanocq et al. 2004) and the
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days (9 h light) at 22°C (day)/18°C (night) after vernalization. The
graphs compare expression between wild type ‘Mercia’ (open circles
and dashed line) and the photoperiod insensitive ‘Mercia (Ciano 67
2D)’ (Ppd-D1a) single chromosome substitution line (solid circles and
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2004).
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‘Chinese Spring’ differed from the other varieties in hav-
ing a SNP in exon 3 giving a predicted conservative Asp-
Asn change in the pseudo-receiver domain and in having a
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Fig. 5 Transcription start sites in the 2D PRR gene. The wild type bar
represents 5,809 bp upstream of the predicted ATG start codon (—6 to
0 kb). The Ppd-D1a bar shows the position of the 2,089 bp deletion.
The graph shows GC strand bias calculated as described in Fujimori
et al. (2005) and averaged over a sliding 50 bp window. Positive peaks
are candidate transcription start sites. Arrows show the starting posi-
tions of transcripts from ‘Mercia’ (wild type) and ‘Ciano 67’ (Ppd-
D1a). The number of clones with each start site is also shown

second copy of the PRR gene that was truncated at the start
of exon 7. The sequence adjacent to the truncation was
highly homologous to wheat retrotransposon sequences
(Fig. 1). 2B BAC clones could be classified using PCR
primer pairs that amplified an exon 7/retrotransposon bor-
der fragment or an exon7/exon8 fragment. BACs were
divided into those producing an exon 7/retrotransposon
amplicon, those giving an exon7/exon8 amplicon and those
giving both. This suggests the two copies are in close prox-
imity and are possibly a partial tandem duplication. The
sequence of the intact gene (Fig. 1) was obtained from a
BAC lacking the exon 7/transposon amplicon. The trun-
cated copy extends upstream at least as far as the first exon
as a fragment of this size could be amplified from BAC
clones using the retrotransposon sequence as a reverse
primer. Sequencing of the PCR product showed that it was
identical to the sequence obtained from the BAC subclones
and therefore that both copies had an A at the SNP position
in exon 3. This suggests that the partial duplication of the
gene in ‘Chinese Spring’ is recent. None of the other varie-
ties tested gave a PCR product with the exon 7/retrotrans-
poson primers.

The intact ‘Chinese Spring’ gene contained a 3.5 kb
insertion with homology to non-LTR retrotransposons
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upstream of the coding region. Although the insertion was
in the same region as the 2 kb deletion in the 2D gene it
cannot be the basis of the photoperiod insensitive pheno-
type on 2B because it was present in all the varieties ana-
lyzed. Four SNPs (1 to 4 in Fig. 1) were found upstream of
the coding region. These provide useful markers for map-
ping and genotyping but none separated the photoperiod
insensitive and sensitive types.

The exon 3 SNP and the presence of the exon 7/retro-
transposon PCR amplicon were used to analyze a popula-
tion of 102 DH lines from a ‘Mercia’ x ‘Mercia (Chinese
Spring 2B)’ cross previously studied under controlled SD
(10 h natural light) and field conditions by Butterworth
(2000). Excluding five lines with ambiguous flowering
times (those not classified consistently in different experi-
ments), both ‘CS’ polymorphisms cosegregated with the
early flowering phenotype. The PRR gene may therefore be
closely linked to the Ppd-BI locus or photoperiod insensi-
tivity may result from a mutation in the PRR gene outside
the region that was sequenced.

Discussion

Temperate cereals such as wheat (Triticum aestivum) and
barley (Hordeum vulgare) are LD plants. That is, flowering
is promoted by increasing photoperiod (Thomas and Vince-
Prue 1997). Photoperiod response has been modified in
both species during domestication and this has an important
role in their adaptation to different environments and farm-
ing practices. In this paper we investigated members of the
PRR gene family to assess the likelihood that they are the
Ppd genes of wheat.

A candidate mutation was found in the 2D PRR gene
where a 2,089 bp deletion upstream of the coding region
was present in all the tested wheat varieties that are known
to have the Ppd-Dla allele or that were known from previ-
ous phenotyping studies to be very early flowering in SDs.
Quantitative RT-PCR assays showed that the 2D PRR gene
was misexpressed and this was associated with altered FT
expression. This was consistent with our original hypothe-
sis for photoperiod variation in wheat and barley in that
photoperiod insensitivity in wheat can be attributed to the
induction of FT irrespective of daylength while late flower-
ing in barley is due to a failure to induce FT correctly in
LDs. Final proof that the deletion in 2D is the causal basis
of photoperiod insensitivity requires transgenic studies. The
mechanism by which the deletion causes misexpression
could be by removal of regulatory elements, as previously
shown for mutations conferring spring growth habit in the
Vrnl gene (Yan etal. 2003; Fu etal. 2005), and/or the
alteration of the transcription start site. In contrast to the
results from barley, we found no convincing evidence for a



Theor Appl Genet (2007) 115:721-733

731

change in the timing of the wheat CO-like expression peak
during the day, although differences in expression ampli-
tude were found. Therefore, while the effect on FT expres-
sion was clear, the mechanism by which this effect is
generated needs further study.

Previous work using single chromosome substitution
lines suggested that more than one photoperiod insensitive
mutation might exist for the 2D chromosome, although this
was not supported by a detailed comparison of the insensi-
tive phenotype derived from ‘Mara’ or ‘Ciano 67° (Wor-
land et al. 1998). Analysis of sequence variation confirms
that these and other varieties have the same 2D mutation
which suggests that a single photoperiod insensitive allele
exists on 2D and that additional flowering time variation in
the chromosome substitutions derives from additional
minor QTL present on the introduced chromosome.

For chromosomes 2A and 2B we did not identify candi-
date mutations for photoperiod insensitivity although
genetic mapping of a 2B cross showed that the PRR gene
was closely linked to the Ppd-BI locus. This may mean that
the PRR gene is Ppd-BI and the causal mutation is outside
the region that was sequenced. Alternatively, the Ppd-Bla
phenotype could be due to mutation of a closely linked
gene. This can be resolved by higher-resolution mapping
and further sequencing. Analysis of Ppd-Al would require
the creation of populations segregating for a flowering time
effect on 2A, which to date has not been identified.

Photoperiod sensitive and insensitive alleles of the 2D
PRR gene were unusual in having a deletion in exon 8 when
compared to the 2A, 2B and 2H genes. The exon 8 deletion
was present in all the cultivated wheat varieties we tested
while an intact form of the gene was found in Ae. tauschii
and two synthetic wheats. Whether this has any phenotypic
significance is unclear, but this deletion provides a valuable
marker to investigate the evolution of cultivated wheat and
it would be interesting to determine if the deletion is found
in any Ae. tauschii accessions or in older wheat landraces.

Additional sequence variation was found in alleles from
photoperiod sensitive varieties but it is unclear what effect
these have on phenotype. Candidate null alleles exist for
the 2A and 2D genes but the effect of these mutations in
hexaploid wheat may be masked by the presence of intact
genes on the other genomes. However, these mutations
might produce a quantitative delay in flowering. Similarly,
the effect of the large transposable element in the first intron
of 2D gene in ‘Mercia’ is unclear. The ‘Mercia’ allele was
expressed and had an expression profile similar to genes on
the 2A and 2B chromosomes (Fig. 4), suggesting that the
element was efficiently removed by splicing.

Selection for reduced photoperiod response similar to
that seen in barley (Turner et al. 2005) would predict that
loss of function mutations in wheat would be prevalent in
ecogeographical regions with longer growing seasons. This

can be tested by a detailed analysis of allele distribution in
wheat germplasm and by development of near-isogenic
lines for each allele to assess their pleiotropic effects in a
common genetic background. This would provide a base-
line data set for associating alleles with environments
which would inform further investigations of gene function
and searches for additional allelic variation.

The results from wheat and barley suggest that contrast-
ing mutations in the group 2 PRR genes can be used to
advance or retard flowering and that these genes therefore
provide great adaptive flexibility. This further suggests that
homologous genes in other species may have been targets
of human selection for variation in flowering time. The
equivalent gene in rice occurs in a region carrying the Hd2
QTL in the ‘Nipponbare’ x ‘Kasalath’ cross (Lin et al.
2000) and the ‘Kasalath’ allele carries a mutation produc-
ing a premature stop codon in the CCT domain (Murakami
et al. 2005). This provides a good candidate but it has not
been proven that this is the basis for the Hd2 effect. A QTL
for flowering time is also present in the colinear region of
Lolium chromosome 2 (Skgt et al. 2005). These observa-
tions suggest that mutations in PRR genes have been influ-
ential in a range of species and agricultural settings and that
a detailed analysis of this gene family in grasses would be
of great interest.

Acknowledgments This work was supported by grant 208/D18107
from the UK Biotechnology and Biological Sciences Research Council
and by grant-in-aid to the John Innes Centre from the same source.

References

Allouis S, Moore G, Bellec A, Sharp R, Faivre Rampant P, Mortimer
K, Pateyron S, Foote TN, Griffiths S, Caboche M, Chalhoub B
(2003) Construction and characterisation of a hexaploid wheat
(Triticum aestivum L.) BAC library from the reference germ-
plasm ‘Chinese Spring’. Cereal Res Commun 31:331-338

Borlaug NE (1983) Contributions of conventional plant breeding to
food production. Science 219:689-693

Borner A, Korzun V, Worland AJ (1998) Comparative genetic map-
ping of loci affecting plant height and development in cereals. Eu-
phytica 100:245-248

Borner A, Schumann E, Fiirste A, Coster H, Leithold B, Roder MS,
Weber WE (2002) Mapping of quantitative trait loci determining
agronomic important characters in hexaploid wheat (Triticum
aestivum L.). Theor Appl Genet 105:921-936

Butterworth KJ (2000) Flowering time genes of wheat and their influ-
ence on environmental adaptability. PhD Thesis, University of
East Anglia

Cockram J, Jones H, Leigh FJ, O’Sullivan D, Powell W, Laurie DA,
Greenland AJ (2007) Control of flowering time in temperate cere-
als: genes, domestication and sustainable productivity. J Exp Bot
58:1231-1244

Feschotte C, Wessler SR (2002) Mariner-like transposases are wide-
spread and diverse in flowering plants. Proc Natl Acad Sci USA
99:280-285

Feschotte C, Swamy L, Wessler SR (2003) Genome-wide analysis of
mariner-like transposable elements in rice reveals complex rela-

@ Springer



732

Theor Appl Genet (2007) 115:721-733

tionships with Stowaway miniature inverted repeat transposable
elements (MITEs). Genetics 163:747-758

Fu D, Szucs P, Yan L, Helguera M, Skinner JS, von Zitzewitz J, Hayes
PM, Dubcovsky J (2005) Large deletions within the first intron in
VRN-1 are associated with spring growth habit in barley and
wheat. Mol Genet Genom 273:54-65

Fujimori S, Washio T, Tomita M (2005) GC-compositional strand bias
around transcription start sites in plants and fungi. BMC Genom-
ics 6: Art. No. 26

Griffiths S, Dunford RP, Coupland G, Laurie DA (2003) The evolution
of CONSTANS-like gene families in barley (Hordeum vulgare),
rice (Oryza sativa) and Arabidopsis thaliana. Plant Physiol
131:1855-1867

Hanocq E, Niarquin M, Heumez E, Rousset M, Le Gouis J (2004)
Detection and mapping of QTL for earliness components in a
bread wheat recombinant inbred lines population. Theor Appl
Genet 110:106-115

Hayama R, Yokoi S, Tamaki S, Yano M, Shimamoto K (2003) Adap-
tation of photoperiodic control pathways produces short-day
flowering in rice. Nature 422:719-722

Islam-Faridi MN (1988) Genetical studies of grain protein and devel-
opmental characters in wheat. PhD Thesis, University of Cam-
bridge

Kato K, Yokoyama H (1992) Geographical variation in heading
characters among wheat landraces, Triticum aestivum L, and its
implication for their adaptability. Theor Appl Genet 84:259—
265

Kojima S, Takahashi Y, Kobayashi Y, Monna L, Sasaki T, Araki T,
Yano M (2002) Hd3a, arice ortholog of the Arabidopsis FT gene,
promotes transition to flowering downstream of HdI under short-
day conditions. Plant Cell Physiol 43:1096—1105

Laurie DA (1997) Comparative genetics of flowering time in cereals.
Plant Mol Biol 35:167-177

Laurie DA, Pratchett N, Bezant JH, Snape JW (1995) RFLP mapping
of five major genes and eight quantitative trait loci controlling
flowering time in a winter x spring barley (Hordeum vulgare L.)
cross. Genome 38:575-585

Law CN (1987) The genetic control of day-length response in wheat.
In: Atherton JE (ed) Manipulation of flowering. Butterworths,
London, pp 225-240

Law CN, Sutka J, Worland AJ (1978) A genetic study of day-length re-
sponse in wheat. Heredity 41:185-191

Law CN, Worland AJ (1997) Genetic analysis of some flowering time
and adaptive traits in wheat. New Phytol 137:19-28

Lin HX, Yamamoto T, Sasaki T, Yano M (2000) Characterization and
detection of epistaic interactions of 3 QTLs, Hdl, Hd2, and Hd3,
controlling heading date in rice using nearly isogenic lines. Theor
Appl Genet 101:1021-1028

Matsushika A, Makino S, Kojima M, Mizuno T (2000) Circadian
waves of expression of the APRRI/TOC] family of pseudo-re-
sponse regulators in Arabidopsis thaliana: Insight into the plant
circadian clock. Plant Cell Physiol 41:1002-1012

Mclntosh RA, Yamazaki Y, Devos KM, Dubcovsky J, Rogers W, Ap-
pels R (2003) Catalogue of gene symbols in wheat. http://
wheat.pw.usda.gov/ggpages/wgc/2003/

Mizuno T, Nakamichi N (2005) Pseudo-response regulators (PRRs) or
true oscillator components (TOCs). Plant Cell Physiol 46:677—
685

Mohler V, Lukman R, Ortiz-Islas S, William M, Worland AJ, van
Beem J, Wenzel G (2004) Genetic and physical mapping of pho-
toperiod insensitive gene Ppd-B1 in common wheat. Euphytica
138:33-40

Murakami M, Ashikari M, Miura K, Yamashino T, Mizuno T (2003)
The evolutionarily conserved OsPRR quintet: rice pseudo-
response regulators implicated in circadian rhythm. Plant Cell
Physiol 44:1229-1236

@ Springer

Murakami M, Matsushika A, Ashikari M, Yamashino T, Mizuno T
(2005) Circadian-associated rice pseudo response regulators (Os-
PRRs): insight into the control of flowering time. Biosci Biotech-
nol Biochem 69:410-414

Ramakers C, Ruijter JM, Deprez RHL, Moorman AFM (2003)
Assumption-free analysis of quantitative real-time polymerase
chain reaction (PCR) data. Neurosci Lett 339:62-66

Robson F, Costa MMR, Hepworth SR, Vizir I, Pineiro M, Reeves PH,
Putterill J, Coupland G (2001) Functional importance of con-
served domains in the flowering-time gene CONSTANS demon-
strated by analysis of mutant alleles and transgenic plants. Plant J
28:619-631

Samach A, Onouchi H, Gold SE, Ditta GS, Schwarz-Sommer Z,
Yanofsky MF, Coupland G (2000) Distinct roles of CONSTANS
target genes in reproductive development of Arabidopsis. Science
288:1613-1616

Scarth R, Law CN (1983) The location of the photoperiodic gene,
Ppd?2, and an additional genetic factor for ear-emergence on chro-
mosome 2B of wheat. Heredity 51:607-619

Scarth R, Law CN (1984) The control of the day-length response in
wheat by the group 2 chromosomes. Z Pflanzenzuchtg 92:140-
150

Sharp PJ, Kreis M, Shewry PR, Gale MD (1988) Location of B-amy-
lase sequences in wheat and its relatives. Theor Appl Genet
75:286-290

Skgt L, Humphreys MO, Armstead I, Heywood S, Skot KP, Sanderson
R, Thomas ID, Chorlton KH, Hamilton NRS (2005) An associa-
tion mapping approach to identify flowering time genes in natural
populations of Lolium perenne (L.) Mol Breed 15:233-245

Strayer C, Oyama T, Schultz TF, Raman R, Somers DE, Mas P, Panda
S, Kreps JA, Kay SA (2000) Cloning of the Arabidopsis clock
gene TOCI, an autoregulatory response regulator homolog. Sci-
ence 289:768-771

Sudrez-Lopez P, Wheatley K, Robson F, Onouchi H, Valverde F,
Coupland G (2001) CONSTANS mediates between the circadian
clock and the control of flowering in Arabidopsis. Nature
410:1116-1119

Thomas B, Vince-Prue D (1997) Photoperiodism in plants. 2nd edn.
Academic, London

Turner A, Beales J, Faure S, Dunford RP, Laurie DA (2005) The pseu-
do-response regulator Ppd-H 1 provides adaptation to photoperiod
in barley. Science 310:1031-1034

Valverde F, Mouradov A, Soppe W, Ravenscroft D, Samach A, Coup-
land G (2004) Photoreceptor regulation of CONSTANS protein in
photoperiodic flowering. Science 303:1003—1006

Welsh JR, Keim DL, Pirasteh B, Richards RD (1973) Genetic control
of photoperiod response in wheat. In: Proceedings of 4th Interna-
tional Wheat Genet Symposium. University of Missouri, Colum-
bia, MO, USA, pp 879-884

Worland AJ (1999) The importance of Italian wheats to worldwide
varietal improvement. J Genet Breed 53:165-173

Worland AJ, Law CN (1986) Genetic-analysis of chromosome 2D of
wheat. 1. The location of genes affecting height, day-length insen-
sitivity, hybrid dwarfism and yellow-rust resistance. Z Pflanzen-
zuchtung 96:331-345

Worland T, Snape JW (2001) Genetic basis of worldwide wheat vari-
etal improvement. In: Bonjean AP, Angus WJ (eds) The world
wheat book: a history of wheat breeding. Lavoisier Publishing,
Paris, pp 59-100

Worland AJ, Appendino ML, Sayers EJ (1994) The distribution in
European winter wheats of genes that influence ecoclimatic
adaptability whilst determining photoperiodic insensitivity and
plant height. Euphytica 80:219-228

Worland AJ, Borner A, Korzun V, Li WM, Petrovic S, Sayers EJ
(1998) The influence of photoperiod genes to the adaptability of
European winter wheats. Euphytica 100:385-394


http://wheat.pw.usda.gov/ggpages/wgc/2003/
http://wheat.pw.usda.gov/ggpages/wgc/2003/

Theor Appl Genet (2007) 115:721-733

733

Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T, Dubcov-
sky J (2003) Positional cloning of the wheat vernalization gene
VRNI. Proc Natl Acad Sci USA 100:6263-6268

Yan LL, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W, San-
Miguel P, Bennetzen JL, Echenique V, Dubcovsky J (2004) The
wheat VRN2 gene is a flowering repressor down-regulated by ver-
nalization. Science 303:1640-1644

Yan L, Fu D, Li C, Blechl A, Tranquilli G, Bonafede M, Sanchez A,
Valarik M, Yasuda S, Dubcovsky J (2006) The wheat and barley
vernalization gene VRN3 is an orthologue of FT. Proc Natl Acad
Sci USA 103:19581-19586

Yano M, Katayose Y, Ashikara M, Yamanouchi U, Monna L, Fuse T,
Baba T, Yamamoto K, Umehara Y, Nagamura Y, Sasaki T (2000)
Hdl, a major photoperiod sensitivity quantitative trait locus in
rice, is closely related to the Arabidopsis flowering time gene
CONSTANS. Plant Cell 12:2473-2483

Zeilinger MN, Farre EM, Taylor SR, Kay SA, Doyle FJ (2006) A novel
computational model of the circadian clock in Arabidopsis that incor-
porates PRR7 and PRR9. Molecular Systems Biology 2: Art. No. 58

Zhao XY, Liu MS, Li JR, Guan CM, Zhang XS (2005) The wheat
TaGll, involved in photoperiodic flowering, encodesan Arabid-
opsis GI ortholog. Plant Mol Biol 58:53-64

@ Springer



	A Pseudo-Response Regulator is misexpressed in the photoperiod insensitive Ppd-D1a mutant of wheat (Triticum aestivum L.)
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Cloning and sequencing wheat PRR genes
	Expression analysis
	PCR assay for the 2,089 bp deletion in the 2D PRR gene
	PCR assay for a 16 bp deletion in exon 8 distinguishing cultivated wheat varieties from Ae. tauschii
	PCR assays for the 2B PRR genes from ‘Chinese Spring’

	Results
	Isolation of wheat PRR genes
	Polymorphisms in the chromosome 2D PRR gene
	Analysis of gene expression in wheat plants with contrasting Ppd-D1 alleles
	Polymorphisms in the chromosome 2A PRR gene
	Polymorphisms in the chromosome 2B PRR gene

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /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 <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


