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haplogroups. The causes of anomalous migration of Ppd-
A1 heteroduplexes in gels were found to be the localiza-
tion of mismatches relative to the center of fragment, the 
cumulative effect of neighbouring polymorphic sites, and 
the location of mismatches within A/T-tracts. Analysis of 
the Ppd-A1 5′ UTR in hexaploid wheat revealed a novel 
mutation within the “photoperiod critical” region in a sub-
set of T. compactum accessions. This putative photoperiod 
insensitive allele (designated Ppd-A1a.4) includes a 684 bp 
deletion which spans region in common with deletions pre-
viously identified in other photoperiod insensitive Ppd1 
alleles.
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Introduction

In polyploid wheat (Triticum spp.), genetic control of sen-
sitivity to long day (LD) photoperiods (~16 h daylengths) 
is mainly determined by homoeologous Photoperiod 1 
(Ppd1) genes (reviewed by Bentley et  al. 2013). Reces-
sive wild-type ppd1 alleles confer sensitivity to day length, 
with flowering delayed under short days (SDs, <10 h light), 
while flowering is promoted under LDs. Dominant Ppd1 
mutants confer photoperiod insensitivity, and result in rapid 
flowering under both SD and LD photoperiods. Wild type 
ppd1 alleles are circadianly expressed, with very low tran-
script levels at dawn, followed by a peak 3–6 h after dawn 
and a subsequent drop to very low levels in the dark. In 
contrast, dominant Ppd1 alleles are characterized by high 
expression levels throughout the 24  h period, particularly 
at dawn and during the dark period (Beales et  al. 2007; 
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Wilhelm et  al. 2009; Shaw et  al. 2012). Ppd1 genes are 
important regulators of flowering in cereals, and the use 
of photoperiod insensitive (PI) alleles has become wide-
spread in wheat varieties following the “green revolution” 
(Beales et al. 2007; Turner et al. 2005; Wilhelm et al. 2009; 
Shaw et al. 2012; Nishida et al. 2013). Such early flower-
ing PI varieties represent an important regional adaptation 
to avoid the effects of high summer temperatures in wheat 
(Law and Worland 1997; Kato and Yokoyama 1992; Wor-
land et  al. 1998) and other cereal species such as barley 
(Jones et al. 2008, 2011).

The wheat homoeologous Ppd1 genes are located on the 
short arms of the group 2 chromosomes (Scarth and Law 
1984; Beales et al. 2007; Wilhelm et al. 2009) and belong to 
the pseudo-response regulator (PRR) family (Beales et  al. 
2007; Turner et al. 2005; Cockram et al. 2012). PRR pro-
teins are characterized by a pseudo-receiver (REC) domain 
near the N-terminus and a CCT [CONSTANS (CO), CO-
like, TIMING OF CAB EXPRESSION  1 (TOC1)] domain 
towards the C-terminus (Mizuno and Nakamichi 2005). 
Wheat Ppd1 genes are homologous to a family of genes 
that operate in the Arabidopsis circadian clock (PRR1, 
PRR3, PRR5, PRR7, PRR9; Beales et al. 2007; Turner et al. 
2005). While Ppd1 shows highest homology to Arabidopsis 
PRR7, the effects on flowering appear to be modulated via 
an alternative route, most likely by up-regulating FT1 with 
a feedback effect that represses CO expression (Shaw et al. 
2012). In Arabidopsis, PRR7 is involved in the circadian 
clock and plays an important role in flowering under LDs. 
Within the circadian clock, PRR7 down-regulates CDF1, 
a repressor of CO (Imaizumi et al. 2005; Nakamichi et al. 
2007). However in wheat, overexpression of Ppd1 does 
not affect expression of the circadian clock genes CCA1, 
TOC1, GI, PRR73, or for CDF1 which acts downstream 
of the circadian clock, indicating Ppd1 is not important for 
wheat circadian clock feedback loops (Shaw et al. 2012). A 
direct correlation between the expression of dominant Ppd1 
alleles, FT1 and flowering has been shown (Beales et  al. 
2007; Nishida et al. 2013; Wilhelm et al. 2009; Shaw et al. 
2012), including a strong positive correlation between the 
number of PI alleles present from different genomes and 
FT expression (Shaw et al. 2012). In Arabidopsis, CO pro-
tein is stabilized by light, and activation of its downstream 
targets (in particular, FT) occurs under LD photoperiods 
(Valverde et al. 2004; Suárez-López et al. 2001). However 
in wheat, FT1 can be regulated by Ppd1 independently of 
CO through an alternative pathway, which is not affected 
by the circadian clock or genes upstream of CO (Campoli 
et al. 2012; Shaw et al. 2012).

In all cases, mutations of wheat Ppd1 alleles increases 
basal transcription levels and determine changes in their 
diurnal expression (Beales et al. 2007; Wilhelm et al. 2009; 
Diaz et  al. 2012; Shaw et  al. 2012). These mutations are 

commonly caused by large deletions or transposon insertion 
within the promoter region (Beales et  al. 2007; Wilhelm 
et al. 2009; Nishida et al. 2013), or by copy number vari-
ants (CNVs; Diaz et  al. 2012). Large deletions in mutant 
Ppd-A1a.2, Ppd-A1a.3 and Ppd-D1a alleles upstream 
of the coding region are correlated with increased basal 
transcription level of PRR-2A and PRR-2D, respectively 
(Beales et al. 2007; Wilhelm et al. 2009; Shaw et al. 2012). 
This results in the expression peak shifting from the light 
to the dark period, and the activation of FT1 expression in 
the morning. CNVs present at the Ppd-B1a, Ppd-B1c and 
Ppd-B1d alleles (which possess 4, 3 and 2 PRR-2B cop-
ies, respectively) cause increased basal PRR-2B transcrip-
tion levels, and up-regulation during the evening with peak 
expression at dawn (Diaz et al. 2012; Shaw et al. 2012). For 
Ppd-D1, coding region missense mutations or decreased 
expression have not been found to influence photoperiod 
response or result in later flowering under LDs (Beales 
et al. 2007; Guo et al. 2010). Dominant Ppd1 alleles on the 
A, B and D genomes are characterized by different degrees 
of PI and flowering time. The dominant Ppd-D1a allele 
confers the strongest insensitivity to photoperiod, resulting 
in the earliest flowering. This is followed by Ppd-A1a and 
Ppd-B1a (Bentley et al. 2011). Furthermore, the large Ppd1 
promoter region deletions have a greater effect on decreas-
ing photoperiod sensitivity than CNVs.

Defining Ppd1 allelic variation in hexaploid and tetra-
ploid wheat species is of importance, as they are used by 
plant breeders as a source of agronomicly valuable traits. 
Recent studies have identified a range of PI Ppd-A1 alleles 
with promoter deletions, including Ppd-A1a.1 (1085  bp 
deletion) identified in hexaploid T. aestivum (Nishida et al. 
2013), as well as Ppd-A1a.2 (1027 bp deletion) and Ppd-
A1a.3 (1117 bp deletion) in tetraploid T. durum (Wilhelm 
et  al. 2009). These all carry promoter deletions that are 
associated with overexpression of FT1 in SDs and early 
flowering. However the influence of these deletions on 
flowering time is different. Accordingly, investigation and 
characterisation of new sources of Ppd-A1 promoter region 
polymorphism among natural mutants in different wheat 
species has the potential to provide new alleles for deploy-
ment in breeding programs. Previously, molecular studies 
have investigated Ppd-A1 sequence data from 5′/3′ UTR, 
intronic, and coding regions in some diploid and tetra-
ploid wheat species (Takenaka and Kawahara 2012; Tak-
enaka and Kawahara 2013). However, there are no reports 
investigating Ppd-A1 in hexaploid wheat species other than 
T. aestivum. In this study, we investigate Ppd-A1 genetic 
variation in a large collection of tetraploid and hexaploid 
wheat species and accessions. We identify haplotypes of 
Ppd-A1b and investigated the use of the simple and inex-
pensive PCR-based heteroduplex mobility assay (HMA) 
for detection of haplotypes and haplogroups. We analyse 
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the likely causes of anomalous migration of DNA heter-
oduplexes in PCR–HMA, and formulate hypothesis which 
explain the observed results. We develop a novel algorithm 
to determine phylogenetic relationships between haplo-
types. As will be shown, this method has very good perfor-
mance in practice and was integrated as a part of efficient 
approach for investigations of Triticum evolution. Lastly, 
a novel putative PI allele, Ppd-A1a.4, was identified in the 
hexaploid wheat species T. compactum, as well as putative 
novel mutant alleles in T. spelta.

Materials and methods

Plant material

A total of 206 accessions representing six hexaploid and 
six tetraploid wheat species from 57 countries and differ-
ent eco-geographic areas were investigated (Supplemen-
tary Table  1). Hexaploid species (genome BBAuAuDD) 
include domesticated hulled wheat (spelt wheat: T. spelta 
L., T. macha Dekap, T. vavilovii Jakubz) and free-threshing 
wheat [T. aestivum L., bread wheat, T. compactum Host 
(club wheat) and T. sphaerococcum Percival (Indian dwarf 
wheat)]. Tetraploid species (genome BBAuAu) include 
domesticated free-threshing wheat [T. durum Desf., T. tur-
gidum L., T. polonicum L. (Polish wheat) and T. carthlicum 
Nevski (Persian wheat)], domesticated hulled wheat (T. 
dicoccum Schrank, emmer) and wild hulled emmer wheat 
(T. dicoccoides Körn). Germplasm was obtained from the 
National Plant Germplasm System (NPGS, USA) and 
National Center of Plant Genetic Resources (Ukraine).

DNA extraction, PCR amplification and heteroduplex 
mobility assay

Total DNA from 4-day-old wheat seedlings was extracted 
following a modified CTAB-method (Doyle and Doyle 
1987). PCR reactions consisted of: DNA (~40 ng), 20 mM 
Tris–HCl (pH 8.8), 10  mM (NH2)2SO4, 2.4  mM MgCl2, 
1  mM KCl, 0.1  % Triton X-100, 250  µM dNTPs, 1.5  % 
DMSO, 0.5  µM each primer and 1.2 U Taq-polymerase. 
The promoter region (5′ UTR) of Ppd-A1b was amplified 
using previously published primers: durum_Ag5del_F2/
durum_Ag5del_R2 (Wilhelm et  al. 2009). Additionally, 
primers Ppd-A1proF, Ppd-A1proF1 (this study) and TaPpd-
B1int1R1 (Nishida et al. 2013) were used to further study 
dominant Ppd-A1a alleles (Table 1).

PCR was performed using the following program: dena-
turation at 94 °C (2 min); 30 cycles of amplification: 94 °C 
(10 s), annealing (15 s), 74 °C (50 s) per cycle, 3 cycles: 
annealing (15  s), 74  °C (50  s) and a final elongation step 
of 72 °C for 3 min. Further details of all primers, including 
annealing temperatures, are listed in Table  1. Amplifica-
tion products were separated on 6.5 % nondenaturing poly-
acrylamide (PAA) gels (mono/bis acrylamide ratio 29:1) 
in TBE buffer, at temperatures <32 °C, and run at 5 V/cm 
until the bands had migrated ~80  % of the length of the 
gel. Visualization of amplification products was conducted 
using a modified silver staining protocol (Budowle et  al. 
1991). Agarose gel electrophoresis was performed using 
1.5 % agarose.

HMA protocols are previously described (Delwart et al. 
1993). Here, heteroduplexes were formed by mixing 1 µl of 
each PCR product and 0.2 µl of 10× annealing buffer (1 M 

Table 1   Ppd-A1 PCR primer details

a  for T. monococcum (This study)
b  in 8-site “A” can be replaced on “T”

Primers Primer sequence (5′-3′) Annealing temp (°C) Expected PCR product size (bp) Allele References

durum_Ag5del_F2 tgtcacccatgcactctgtt 58 452 Ppd-A1b (Wilhelm et al. 2009)

durum_Ag5del_R2 ctggctccaagaggaaacac 456a Ppd-A1b

Ppd-A1proF gtgtcgcacggattttgctc 61 405 Ppd-A1a.1 This study

durum_Ag5del_R2 ctggctccaagaggaaacac 463 Ppd-A1a.2 (Wilhelm et al. 2009)

372 Ppd-A1a.3

806 Ppd-A1a.4

Ppd-A1proF1 ttaccaacaaactaaggaaac 58 507 Ppd-A1a.1 This study

durum_Ag5del_R2 ctggctccaagaggaaacac 565 Ppd-A1a.2 (Wilhelm et al. 2009)

474 Ppd-A1a.3

908 Ppd-A1a.4

Ppd-A1proF gtgtcgcacggattttgctc 61 669 Ppd-A1a.1 This study

TaPpd-B1int1R1 ccgagccagtgcaaattaacb 727 Ppd-A1a.2 (Nishida et al. 2013)

636 Ppd-A1a.3

1070 Ppd-A1a.4
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NaCl, 20 mM EDTA). Mineral oil was overlaid on top of 
the reaction mixture to prevent evaporation. Samples were 
centrifuged at 14,000  rpm for 1  min, denatured at 97  °C 
for 3 min and rapidly cooled to 10 °C for 5 min. Heterodu-
plexes were resolved on a 6.5 % polyacrylamide gel using a 
TBE buffer, and run at 5 V/cm.

Cloning and sequencing of PCR fragments

PCR amplicons were separated on 1.5 % agarose gels, gel-
extracted using a GeneJET Gel Extraction Kit (Thermo 
Scientific), and DNA fragments ligated into pGEM-T (Pro-
mega), following the manufacturer’s instructions. Plasmid 
DNA was transformed into JM109 Escherichia coli com-
petent cells (L2001, Promega). Transformed cells con-
taining the plasmid carrying an insertion of foreign DNA 
fragment were detected using white-blue selection on 
growth medium containing ampicillin, X-Gal, and IPTG. 
Positive colonies were tested for the presence of cloned 
PCR products by PCR with universal pUC primers (for-
ward and reverse M13 primers), followed by separation 
and visualization of PCR products on ethidium bromide 
stained agarose gels. Plasmid DNA was extracted using a 
GeneJET Plasmid Miniprep Kit (Thermo Scientific), and 
sequencing PCRs performed using BigDye Terminator Kit 
v3 (Applied Biosystems), following the manufacturer’s 
instructions. Fluorescently labeled extension products were 
precipitated and resuspended in HiDi (Applied Biosystems) 
and detected using an ABI3700 PRISM DNA Analyser 
(Applied Biosystems).

Sequence data from this article can be found in the Gen-
Bank data libraries under the following accession num-
bers: Hap-4 (KF758437), Hap-1 (KF834261, KF834265, 
KF834266), Hap-3 (KF834262), Hap-12 (KF834264), 
Hap13 (KF834263), Ppd-A1a.2 (KJ767781), Ppd-A1a.4 
(KJ767779, KJ767780).

Reconstruction of the DNA path

The calculation of reconstructed DNA trajectory was 
performed based on average values of the local helical 
parameters deduced from the published B-DNA solution 
structures (PDB ID: 1RVI, 1RVH, 1FZX, 1G14, 1AXP, 
2L8Q, 2M2C, 2MCI, 1DK9, 2K0V, 1NEV, 1LAI) by using 
Curves+ (Lavery et al. 2009). Only the central base pairs 
were used that largely eliminates errors due to end effects. 
Parameters of dinucleotide steps were applied in tetranucle-
otide context, where possible. In all other cases, averaged 
dinucleotide parameters deduced from all DNA structures 
were applied. The DNA curvature of ith position was evalu-
ated as a value which is the inverse of the radius of a cir-
cumscribed circle of a triangle with vertices on helix axis 
coordinates at i-window, i and i+ window, where window 

size was 10 bp. Curvature was measured in DNA curvature 
units where one curvature unit is defined as the average cur-
vature of DNA in the nucleosome core particle, 1/42.8 Å. 
Local bend angles at each ith positions were measured 
as the angles between the tangent vectors in the direction 
along the contour DNA from i-window to i and from i to 
i+ window, where window size was 2 bp. Structures were 
visualized using UCSF Chimera (Pettersen et al. 2004).

Phylogenetic analysis

To investigate phylogenetic relationships between Ppd-A1b 
haplotypes and to define haplogroups, a binary adjacency 
matrix (which reflects the dependence between alleles) was 
determined based on the principal according to which a 
given allele is associated with another allele if during hap-
lotype sampling it’s presented only in combination with 
the second allele [this approach is in accordance with the 
principles of character-based evolutionary reconstruction 
(Gusfield 1997)]. The more detailed description of this 
algorithm including the calculation of interallelic associa-
tions and phylogenetic relationships between haplotypes, 
the reconstruction of the hierarchical clustering of interal-
lelic associations, definition of putative root, haplotypes of 
primary divergence and haplogroups can be found in the 
Supplementary Materials. Phylogenetic analysis was also 
conducted using the Median-Joining algorithm (MJ) (Ban-
delt et al. 1999), optimized using the maximum parsimony 
(MP) method (Polzin and Daneschmand 2003). Undirected 
graphs were visualized using Dendroscope 2.5 (Huson 
et  al. 2007). Phylogenetic network reconstruction was 
performed in Network 4.6.1.1. (http://fluxus-engineering.
com). Multiple sequence alignments were generated using 
Clustal W (Thompson et al. 1994).

Results

Ppd‑A1 sequence polymorphism

Primer pair durum_Ag5del_F2/durum_Ag5del_R2 was 
used to amplify a region of the Ppd-A1 promoter (−19 to 
−470 bp) in 102 accessions of six hexaploid wheat species 
and 104 accessions of six tetraploid species. Separation of 
PCR amplicons by PAA gel electrophoresis revealed dif-
ferences in the migration rate for the 452  bp fragments 
(Fig. 1a) that was not observed using standard agarose gel 
separation: slow migrating amplicons (designated 452s) 
were detected in 66 % of accessions, whereas fast migrat-
ing amplicons (452f) were observed in the remaining 
34  %. Four 452f amplicons and one 452s amplicon from 
hexaploid and tetraploid wheat were cloned and sequenced 
(GenBank accessions: KF758437, KF834261, KF834262, 

http://fluxus-engineering.com
http://fluxus-engineering.com
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KF834265, KF834266). DNA sequence alignment did not 
identify insertion/deletion (InDel) mutations between the 
two polymorphic bands which might explain their differen-
tial migration in PAA gels. However, two SNPs were iden-
tified. It is known that DNA molecules containing adenine- 
or thymine-tracts migrate anomalously slowly in PAA gels 
(Marini et al. 1982; Koo et al. 1986; Diekmann 1989), but 
not in agarose gels, most likely because the agarose gel fib-
ers are oriented by the electric field creating transient pores 
in the gel matrix (Stellwagen 2009). To investigate the pos-
sible effect of the SNPs identified in the amplicons on PAA 
electrophoretic mobility, global 3D structures of the DNA 
molecules were calculated (Fig. 1b, d). Evaluation of DNA 
curvature and local bending angle distributions found all 
of the 452f PCR fragments to be characterized by a pre-
dicted reduction in curvature, due to a T → C SNP within a 

thymine-tract [T-tract = (T)7], located close to the center of 
the amplicon (Fig. 1c). This SNP breaks the T-tact, result-
ing in a shortened stretch of five thymines [T-tract = (T)5], 
a straightening of the DNA molecule, and thus increased 
migration in PAA gels.

To further investigate this region of Ppd-A1, in silico 
PCR using accessions identified in GenBank, EMBL 
and DDBJ databases was conducted. Analysis of in sil-
ico amplicons from seven tetraploid wheat species with 
genome BBAuAu, T. timopheevii (Zhuk.) (GGAuAu), 
hexaploid wheat T. aestivum (BBAuAuDD) and two dip-
loid wheats [T. urartu Tumanian ex Gandilyan (AuAu); T. 
monococcum L. (AmAm)] (Supplementary Materials 2) 
identified amplicons of 452 bp (230 accessions, including 
seven accessions sequenced here), 453 bp (nine sequenced 
accessions) and 456  bp (nine sequenced accessions). The 

Fig. 1   Detection and analysis of Ppd-A1b polymorphism a Polymor-
phism of Ppd-A1b promoter region and detection of haplogroup in T. 
aestivum varieties. Selected soft wheat cultivars are shown, highlight-
ing the diversity of Ppd-A1b haplogroups among genetic materials, 
commonly used in wheat breeding. Differential mobility is explained 
by the presence of T-tract polymorphism and indicates the AI (slow-
migrating 452  bp fragments, 452s) and AII (fast-migrating 452  bp 
fragments, 452f) haplogroups. b Supperposition of DNA paths of 

the polymorphic fragments reconstructed according to dinucleo-
tide parameters deduced from published NMR solution structure of 
B-DNA. DNA molecule straightening due to a break in the T-tract 
is accompanied by increasing end-to-end distance. The curvature at 
position 260  bp is indicated for two fragments (measured in curva-
ture units). c Distribution of curvature and bend angles. The curvature 
reduction at position 260 bp, at the center of T7-tract, is indicated. d 
Localization of A/T-tracts in PCR-fragments
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456  bp amplicon was detected only in T. monococcum, 
while 453  bp fragments were present pred ominantly in 
T. timopheevii, as well as in one T. dicoccoides accession. 
Multiple sequence alignment of the 452 bp promoter frag-
ment for 240 accessions (including sequences identified in 
this study; Supplementary Materials 2) identified 13 SNPs, 
forming 13 distinct combinations (Table  2). Here, these 
combinations are considered as individual haplotypes, and 
each SNP as an individual allele.

Phylogeny of haplotypes and haplogroups discovery

To investigate phylogenetic relationships between Ppd-A1b 
haplotypes and to define haplogroups, three approaches 
were taken. (1) A binary adjacent matrix was formed based 
on the association between alleles, and visualized as a con-
nected acyclic graph (tree) with root (Fig. 2a). (2) A haplo-
type-based tree (Fig. 2b), allowing haplogroups to be deter-
mined based on the presence of common mutations. (3) A 
non-rooted quasi-median MJ network, optimized by MP 
(Fig. 2c). The haplotype-based tree inferred from the allele-
based tree, as emergence of a new mutation is accompanied 
by the formation of new combinations of mutations, and 
thus, new haplotypes. Defined in this way, phylogenetic 
relationships between haplotypes are consistent with the 
haplotype network calculated by MJ method (Fig.  2b, c). 
However, as the tree is un-rooted, it reflects only the phylo-
genetic relationships between haplotypes and their genea-
logical structure.

According to phylogenetic analyses based on the binary 
adjacent matrix approach, Hap-7 and Hap-1 represent hap-
lotypes of primary divergence (ancestral haplotypes) from 
which all haplotypes of the AI and AII haplogroups derive, 
respectively (Fig. 2b). Hap-7 and Hap-1 differ by one SNP 

at position 258 bp (258T/258C). It is assumed that Hap-7 
is older than Hap-1 and represents the ancestral haplotype 
(root) as (1) Hap-7 has more derivative haplotypes than 
Hap-1, and (2) the haplotypes of AI haplogroup are found 
in more wheat species. Moreover, all einkorn wheat haplo-
types belong to haplogroup AI, which also predominates in 
tetraploid species. Further indication that Hap-7 represents 
a putative ancestral haplotype was determined using the 
MJ method, where it forms the basal haplotype within the 
haplotype network (Fig. 2c). It is also likely that Hap-7 is 
ancestral for polyploid wheat, as Hap-8, Hap-9 and Hap-10 
(found in T. urartu) carry a specific allele (60C) and form a 
distinct cluster (Fig. 2b, c).

Haplotype detection using the heteroduplex mobility 
assay

In order to provide a rapid and simple method to differen-
tiate between Ppd-A1 haplotypes, an HMA approach was 
employed. HMA is based on the principle that DNA heter-
oduplexes formed between related sequences have reduced 
mobility in polyacrilamide gels proportional to their degree 
of divergence. Although the AI haplogroup contains more 
haplotypes than AII, almost all AI haplotypes were pre-
dominantly characterized by species-specific distribu-
tions. In silico PCR showed Hap-8, Hap-9 and Hap-10 are 
found only in T. urartu, while Hap-11 was found only in 
T. timopheevii. Hap-5 and Hap-7 were present at low fre-
quency (1.12 % each), and were detected only in T. dicoc-
coides. Hap-2 was found in T. turgidum, T. timopheevii and 
T. ispahanicum. Of these, only accessions from T. turgidum 
and T. dicoccoides were investigated experimentally in this 
study (see “Materials and methods” section). Accordingly, 
we assume that is not sense to analyze of AI haplotypes for 

Table 2   Ppd-A1b haplotypes, 
based on partial promoter 
sequences of 452 bp amplicons 
identified in the different wheat 
species

Haplo-types Positions within amplicon (bp)

21 54 60 130 149 172 180 254 258 315 317 329 341

Hap-1 T C T C C C G G C G C C C

Hap-2 T C T T C C G G T G C C C

Hap-3 T C T C C C G C C G T C C

Hap-4 T C T C C G G G T G C C C

Hap-5 T C T C C C G G T C C C C

Hap-6 T C T C C C G G C G T C C

Hap-7 T C T C C C G G T G C C C

Hap-8 T C C C C C G G T G C C C

Hap-9 T C C C T C G G T G C C C

Hap-10 T T C C C C G G T G C C C

Hap-11 C C T T C C G G T G C C C

Hap-12 T C T C C C C G C G C C C

Hap-13 T C T C C C G G C G C A T
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hexaploid and for most species of tetraploid wheat. Hence 
identification of haplotypes was performed for 51 acces-
sions of hexaploid and 15 accessions of tetraploid wheat 
possessing haplogroup AII (most diverse in terms of haplo-
types frequency).

For all HMA analyses, hybridization of amplicons was 
conducted against three reference sequences: Hap-1 (haplo-
group AII, KF834265), Hap-3 (AII, KF834262) and Hap-4 
(AI, KF758437; Fig. 3). These haplotypes were used as ref-
erence based on their high frequencies within the AI (Hap-
4) and AII (Hap-1, Hap-3) haplogroups. Analysis of tetra-
ploid wheat showed heteroduplex mobility polymorphism 
for one T. dicoccoides (PI 466941) and one T. durum (PI 
94721) accession, identified using heteroduplexes formed 
by combination with all three reference sequences. PCR 
fragments amplified from accessions PI 466941 and PI 
94721 were cloned and sequenced (GenBank accession 
KF834263, KF834264), with sequence alignment showing 
they represent Hap-12 and Hap-13, respectively. Amplicon 

hybridization of T. dicoccoides PI 233288 with the Hap-3 
reference resulted in two heteroduplexes, corresponding 
in migration to Hap-1/Hap-3 and Hap-4/Hap-3 hybrids 
(Fig. 3). Additionally, one heteroduplex (corresponding in 
migration to Hap-1/Hap-4) was observed for the follow-
ing combinations: PI 233288/Hap-1 and PI 233288/Hap-4. 
This indicates that PI 233288 carries the two haplotypes 
(from AI and AII haplogroups) simultaneously: Hap-1 
(AII) and Hap-4 (AI). Heterogeneousity of PI 233288 was 
confirmed by autohybridization of PCR products.

Among the heteroduplexes formed by the combina-
tions of accessions from five haplotypes (Hap-1, Hap-3, 
Hap-4, Hap-12, Hap-13), we observed slowest migra-
tion for the Hap-3/Hap-4 heteroduplex (which possessed 
a four nucleotide mismatch), and fastest migration for 
Hap-1/Hap-12 and Hap1/Hap13 (one mismatch). Increased 
migration was observed for heteroduplexes in the order: 
Hap-3/Hap-13 < Hap-3/Hap-12 < Hap-3/Hap-1 (or Hap-4/
Hap-3  <  Hap-4/Hap-12  <  Hap-4/Hap-1) which contain 4, 

Fig. 2   Interallelic associations and phylogenetic relationships 
between Ppd-A1b haplotypes. a Hierarchical clustering of interallelic 
associations. Node levels are shown. The root was formed through 
grouping nodes of lowest level of individual connected components. 

b Phylogenetic tree of haplotypes. Species-specific haplotypes are 
indicated. c Median-joining haplotype network. Node sizes are pro-
portional to the number of accessions. The ratio of hexaploid and 
tetraploid wheat accessions for each haplotypes is shown
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3 and 2 mismatching nucleotides, respectively (Fig.  4). 
Anomalous migration of heteroduplexes formed between 
accessions from different haplogroups was also observed. 
For example, comparison of different hetroduplexes con-
taining equal numbers of nucleotide mismatches found that 
heteroduplexes between haplogroup AII accessions (Hap-1, 
Hap-12, Hap-13) and Hap-4 migrate faster than heterodu-
plexes formed between the same haplotypes with Hap-3 
(Fig. 4), indicating the localization of mismatched nucleo-
tides in A/T-tracts increase migration of heteroduplexes 
due to DNA molecule straightening. However, the differ-
ence in migration between heteroduplexes Hap-3/Hap-12 
and Hap-4/Hap-12 were not significant. Furthermore, while 
Hap-3/Hap-4, Hap-4/Hap-13 and Hap-3/Hap-13 all contain 
the four mismatching nucleotides, Hap-3/Hap-4 migrates 
slower than Hap-3/Hap-13, which in turn is slower than 
Hap-4/Hap-13 (Fig. 4). This suggests direct dependence of 
heteroduplex migration rate upon distance between the pol-
ymorphic positions. Similarly, mismatches located closer to 
the center appear to have a stronger influence on slowing 
heteroduplexes than distal mismatches. These assumptions 

explain the anomalously slow migration of Hap-3/Hap4, 
which contains of more closely located polymorphic posi-
tions (4 bp between them) near the center of the fragment, 
in comparison to other heteroduplexes.

Haplotypes and haplogroups distribution

In the analysed genetic material the AI haplogroup predom-
inates in tetraploid wheat, whereas hexaploid wheat is char-
acterized by the approximately equal distribution of hap-
logroups AI and AII, although for different species these 
haplogroups represented in different ratio. Among haplo-
types belonging to the AII haplogroup, Hap-1 was identi-
fied in 52 % of all accessions whereas Hap-3 was found in 
45 %. All T. sphaerococcum accessions were characterized 
by haplotype Hap-1. Four haplotypes (Hap-1, Hap-3, Hap-
12 and Hap-13) were found in tetraploid wheat, with Hap-3 
predominant (73  %). Only Hap-1 and Hap-3 were pre-
sent in hexaploid wheat, with Hap-1 predominant (63 %). 
However, the exclusion of hexaploid species T. sphaero-
coccum, results in a decrease in Hap-1 frequency within 

Fig. 3   PCR–HMA test to identification of Ppd-A1b haplotypes. 
Absence of heteroduplexes indicates haplotype analogous to refer-
ence. M-DNA molecular size marker. a HMA of certain hexaploid 
wheat accessions with AII haplogroup [PI (168680, 295056, 520066, 
159101, 294567, 294892, 352306, 272554, 352466, 355514, 168680, 
295056, 520066, 159101, 294567, 294892, 352306, 272554), 
UA0300245, PI (352466, 355514, 326319, 428343)], where Hap-4 
and Hap-1 are used as reference haplotypes for hybridization. b 

Analysis of 14 accessions of tetraploid wheat [PI (233288, 352323, 
466941, 190921), UA0300214, CItr (13712, 7688), PI (211705, 
220356, 221422, 278596, 94721, 655432, 286070)] using Hap-4 
and Hap-3 as reference sequences for formation of heteroduplexes. 
In the center located heterogeneous accession of T. dicoccoides (PI 
233288), which provides two heteroduplexes at hybridization with 
Hap-3, corresponding Hap-4/Hap-3 and Hap1/Hap3
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hexaploid wheat to 42 %. Overall, comparison of hexaploid 
and tetraploid wheat shows Hap-1 to largely predominate 
in hexaploid wheat (94 %, or 88 % excluding T. sphaero-
coccum). Hap-12 (T. durum) and Hap-13 (T. dicoccoides) 
developed evolutionarily later than Hap-1 and appear to be 
species-specific.

To further investigate haplotype and haplogroup distri-
butions among wheat species, these results were combined 
with results of in silico PCR, resulting in the analysis of 
426 accessions (Table 3). Within haplogroup AI, phyloge-
netic analyses indicated the most recent haplotypes were 
Hap-4, Hap-5, Hap-9, Hap-10, Hap-11. In AII, the most 
recent were Hap-3, Hap-12 and Hap-13. Hap-4 and Hap-3 
were characterized by the widest distribution within hap-
logroups AI and AII, respectively. Hap-8 is evolutionary 
older then Hap-9 or Hap-10 and is likely the founder of the 
T. urartu haplotypes analysed here. The highest number 
of different haplotypes was detected in wild emmer wheat 
(T. dicoccoides, 7 haplotypes). In tetraploid wheat, Hap-4 
predominates in T. durum, T. polonicum and T. carthlicum. 
Integration of haplotype phylogenies with their distribution 
among different wheat species agreed with the established 
evolution of Triticum species (Fig. 5). 

The AI haplogroup was distributed across a wide geo-
graphic range (Fig.  6), predominantly in the north and 
northwest regions: Europe, Russian, Northern Africa, 
Ethiopia, Near East, Argentina, Canada. In contrast, Hap-
logroup AII was prevalent in the southeast such as India, 
Pakistan, Israel, China and largely in USA and partially in 

Afghanistan, Palestine and Turkey (Supplementary Mate-
rial 3).

Discovery of the new Ppd‑A1 alleles

Using primers durum_Ag5del_F2/durum_Ag5del_R2, PCR 
on two T. compactum (PI 114638 and PI 164160) and two T. 
spelta (UA0300218, PI 348700) accessions failed to amplify 
products. This could indicate the presence of large promoter 
deletions of 1085, 1027 and 1117  bp characteristic of the 
previously identified Ppd-A1a.1, Ppd-A1a.2 or Ppd-A1a.3 
alleles, respectively. However, Ppd-A1a.2 and Ppd-A1a.3 
have previously only been identified in tetraploid wheat, and 
it has been suggested that these alleles have a later origin, 
predominating in modern T. durum wheat varieties (Bentley 
et al. 2011; Wilhelm et al. 2009). A primer pair for detection 
of Ppd-A1a.2 and Ppd-A1a.3 alleles has previously been 
published (durum_Ag5del_F1/durum_Ag5del_R2, Wilhelm 
et al. 2009). However the 1085 bp deletion carried by Ppd-
A1a.1 (identified in hexaploid wheat) includes the annealing 
site of forward primer durum_Ag5del_F1 (Fig. 7b). To iden-
tify the Ppd-A1a.1 allele, primer pair TaPpd-A1prodelF1/
TaPpd-A1prodelR2 has previously been proposed (Nishida 
et al. 2013). However sequence alignment of the 230 acces-
sions investigated here show that the forward primer anneal-
ing site contains several polymorphic positions (SNPs: T6A, 
C11T, C12T, T20C). Accordingly, here we design a new 
forward primer Ppd-A1proF (which anneals 47 bp upstream 
from TaPpd-A1prodelF1) in combination with reverse 

Fig. 4   Heteroduplex mobility. Relative heteroduplex mobilities 
were calculated as the distance of migration of heteroduplex bands 
relative to homoduplex bands. Mobility of Hap3/Hap-4 (the slowest) 
was taken as one. Open circles (green) indicate the haplotypes of AI 

haplogroup, slashed (red) circles—haplotypes of AII haplogroup. The 
distance between nucleotide mismatches and position of mismatches 
for each heteroduplex are indicated
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primer durum_Ag5del_R2 (Wilhelm et  al. 2009) to detect 
all dominant Ppd-A1a alleles (Ppd-A1a.1, Ppd-A1a.2 and 
Ppd-A1a.3). This primer pair results in amplicons of 405, 
463 and 372 bp for Ppd-A1a.1, Ppd-A1a.2 and Ppd-A1a.3, 
respectively. PCR of the two T. compactum and two T. spelta 

accession with this primer pair resulted in amplicons of 
806 bp in the T.compactum accessions only (PI 114638, PI 
164160; Fig. 7a). These were cloned and sequenced (Gen-
Bank: KJ767779, KJ767780). Sequence alignment showed 
this novel allele includes a 684 bp deletion in the promoter 
region (Fig. 7b) of the Ppd-A1 gene [position −302; from 
−302 to −986 bp, counting from the start codon of Chinese 
Spring (GenBank: DQ885753)]. This new putative Ppd-A1 
photoperiod insensitive allele was designated Ppd-A1a.4, 
according to the nomenclature of photoperiod insensitive 
Ppd-A1 alleles proposed by Nishida et al. (2013).

Primer Ppd-A1proF1 was designed to include more of the 
left border of the Ppd-A1 5′ UTR (annealing site −1611 bp). 
As a result, PCR with Ppd-A1proF1/durum_Ag5del_R2 
amplified 908 bp and 565 bp fragments from Ppd-A1a.4 and 
Ppd-A1a.2 (GenBank: KJ767781), respectively (Fig.  7a). 
However, no PCR products were observed from T. spelta 
accessions (UA0300218 and PI 348700). To try to overcome 
this, reverse primer TaPpd-B1int1R1 (Nishida et al. 2013, pre-
viously designed to amplify Ppd-B1) was used, as sequence 
alignment indicated this primer would also anneal to Ppd-
A1 (with a 1  bp mismatch). This reverse primer was used 
to expand the 3′ Ppd-A1 border. It anneals at position 226–
245 bp, and encompasses exon-1 and 55 bp of the first intron. 
Accordingly, pair primer Ppd-A1proF/TaPpd-B1int1R1 was 
optimized for investigation of Ppd-A1 in T. spelta acces-
sions UA0300218 and PI 348700. PCR products of 727, 636 
and 1070  bp were obtained for Ppd-A1a.2, Ppd-A1a.3 and 
Ppd-A1a.4, respectively. However, again, no amplicons were 
detected for the two T. spelta accessions (Fig. 7a).

The T. compactum (PI 114638) and T. spelta (PI 
348700) accessions were grown in a glasshouse without 
vernalization under 16  h (LD) and 9.5  h (SD) photoperi-
ods, and allelic variation at Ppd1 homoeologous deter-
mined using DNA-markers (Beales et al. 2007; Diaz et al. 
2012; Nishida et al. 2013; this study). None of the known 
dominant PI alleles at Ppd-B1 or Ppd-D1 were identified. 
While T. spelta accessions grown under SD did not flower 
by the end of the experiment (110 days), T. compactum (PI 
114638) flowered 18 days later under SDs compared to LD. 
These observations confirm the decrease in sensitivity to 
photoperiod for T. compactum accessions with Ppd-A1a.4, 
and preservation of photoperiod sensitivity for T. spelta 
accessions with mutant variant Ppd-A1. These results indi-
cate Ppd-A1.a.4 is photoperiod insensitive, although for 
future confirmation of this assumption the genetic analysis 
will be required.

Discussion

In previous studies, Takenaka and Kawahara (2012, 2013) 
investigated 5823–7076  bp of genomic Ppd-A1 sequence 

Table 3   Distribution of haplotypes in wheat species (summarised 
data—in this study and in silico PCR accessions)

Species (total accessions) Haplotypes (numbering) percent

T. urartu (37) Hap-8 (28) 75.68 %

Hap-9 (3) 8.11 %

Hap-10 (6) 16.22 %

T. dicoccoides (43) Hap-1 (7) 16.28 %

Hap-5 (2) 4.65 %

Hap-6 (5) 11.63 %

Hap-7 (2) 4.65 %

Hap-3 (7) 16.28 %

Hap-4 (19) 44.19 %

Hap-13 (2) 4.65 %

T. dicoccum (12) Hap-3 (2) 16.67 %

Hap-4 (10) 83.33 %

T. turgidum (86) Hap-2 (8) 9.3 %

Hap-3 (22) 25.58 %

Hap-4 (52) 60.47 %

Hap-1 (4) 4.65 %

T. durum (91) Hap-4 (85) 93.4 %

Hap-12 (4) 4.4 %

Hap-3 (2) 2.2 %

T. carthlicum (18) Hap-3 (1) 5.56 %

Hap-4 (17) 94.44 %

T. polonicum (22) Hap-4 (22) 100 %

T. timopheevii (8) Hap-11 (5) 62.5 %

Hap-6 (2) 25 %

Hap-2 (1) 12.5 %

T. ispahanicum (2) Hap-2 (2) 100 %

T. turanicum (7) Hap-4 (7) 100 %

T. aestivum (27) Hap-1 (9) 33.33 %

Hap-3 (6) 22.22 %

Hap-4 (12) 44.45 %

T. sphaerococcum (18) Hap-1 (18) 100 %

T. compactum (20) Hap-1 (4) 20 %

Hap-3 (6) 30 %

Hap-4 (10) 50 %

T. spelta (22) Hap-1 (3) 13.64 %

Hap-3 (2) 9.09 %

Hap-4 (17) 77.27 %

T. macha (10) Hap-3 (3) 30 %

Hap-4 (7) 70 %

T. vavilovii (3) Hap-3 (2) 66.67 %

Hap-4 (1) 33.33 %
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data in diploid and tetraploid wheat, identifying sixty-seven 
haplotypes. However, no method for haplotype detection 
other than DNA sequencing was proposed. In this study, a 
simple strategy to identify Ppd-A1 haplotypes is presented 
based on PCR-HMA. This approach is able to identify 
13 polymorphic, codominant DNA-markers for Ppd-A1b 
analysis. The procedure requires no special equipment or 
preparation of samples. The heteroduplex mobility assay 
was used to increase the informativeness of PCR-amplified 
Ppd-A1b 5′ UTR. Using this approach, five haplotypes 
were identified, allowing their distribution in hexaploid 
and tetraploid wheat to be investigated. A high diversity of 
haplogroups and AII haplotypes (Hap-1, Hap-3) in bread 
wheat (T. aestivum) varieties was identified here. Previ-
ously, Ppd-A1 has been described as possessing low allelic 
diversity (Bentley et al. 2011; Beales et al. 2007; Wilhelm 
et al. 2009; Nishida et al. 2013). The PCR-HMA approach 
validated here provides polymorphic, codominant DNA-
markers of Ppd-A1b for use in genetic analyses or marker 
assisted selection (MAS). Using PCR-HMA, accessions 
carrying Hap-1 and Hap-3 can be identified using any 
accession from the AI haplogroup as reference. We also 
identified haplotypes for 230 GenBank/EMBL/DDBJ 

accessions, which may also be used as references in PCR-
HMA analyses.

It has previously been shown that electrophoretic mobil-
ity of heteroduplexes is proportional to the number of 
nucleotide mismatches when that level exceeds 5  %, and 
that mismatches near the center of fragments and clustered 
mismatches have an exaggerated influence on heteroduplex 
mobility (Upchurch et  al. 2000). In this study the cumu-
lative effect of neighbouring polymorphic sites on heter-
oduplex conformation and mobility has been identified 
(“cumulative anomaly”). We also observed the importance 
of mismatch position relative to the center of the molecule 
(“location anomaly”), and that mismatches which located 
within A/T- tracts (“A/T-tract anomaly”) largely determine 
anomalous heteroduplex gel migration. It has previously 
been shown that anomalous migration is likely observed 
only for heteroduplexes formed between sequences with 
levels of divergence <5  %, as well as for some smaller 
DNA fragments (Delwart et al. 1993; Ganguly et al. 1993; 
Upchurch et  al. 2000). Still, the maximum divergence 
between sequences which form heteroduplexes are ana-
lyzed in this study was 0.8  % (four mismatches across 
452  bp). Overall, these effects can be characterized as 

Fig. 5   Integration of Ppd-A1b haplotype phylogeny with their distribution among wheat species, for reconstruction of Triticum evolution
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“sequence-dependent” migration of heteroduplexes in PAA 
gels. In some cases, increased gel migration is inversely 
correlated with the number of mismatching nucleotides. 

This feature is widely used to evaluate of similarity and 
phylogenetic relationships between sequences (Del-
wart et  al. 1993; Bowyer et  al. 2000; Huang et  al. 2010; 

Fig. 6   Geographical distribution of the Ppd-A1b haplogroups in diploid, tetraploid and hexaploid wheat. The ratio of each haplogroup is shown 
[AI-green (light circle), AII-blue (dark circle)]. Arrows indicate two basic directions by which expanded wheat cultivation

Fig. 7   a Amplification of T. compactum (PI 114638, PI 164160) with 
Ppd-A1a.4 and T. spelta (UA0300218, PI 348700) accessions using 
primer pairs Ppd-A1proF/durum_Ag5del_R2, Ppd-A1proF1/durum_
Ag5del_R2 and Ppd-A1proF/TaPpd-B1int1R1. The accessions of T. 
durum with Ppd-A1a.2 (UA0200701) and Ppd-A1a.3 (UA0201386) 

were used to testing of designed here PCR-markers. b Comparison 
the 5′ UTR of photoperiod insensitive alleles (Ppd-A1a) with the 
photoperiod sensitive allele Ppd-A1b. Deletion size, localization of 
primer annealing sites and “critical regions” are shown
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Upchurch et  al. 2000). Our analyses find Hap-1/Hap3 
migrates faster than Hap-3/Hap13 that confirms the later 
statement. The revealed features of anomalous migration of 
heteroduplexes can be useful to find optimal combinations 
between available haplotypes for HMA. For example, as it 
can be see from Fig. 3b, using Hap-4 as reference, the dif-
ference in migration between the Hap-1 and Hap-13 is not 
significant. However this difference can be increased when 
Hap-3 used as reference haplotype for hybridization.

Phylogenies can be estimated using distance based (dis-
tance-matrix) or character-based (maximum parsimony, 
maximum likelihood) methods. Distance-based algorithms 
are often used to infer relationships with high divergence 
between sequences, whereas parsimony is best used to 
reconstruct phylogeny for closely related sequences with a 
small number of changes (Mount 2008; Makarenkov et al. 
2006). Here, we propose a character-based approach for 
inferring haplotype phylogenies and haplogroup definition 
(see Supplementary materials). This method is suitable for 
haplotype analysis (closely related sequences, intraspecific 
phylogenies) but requires additional algorithms to account 
for the events of reticulate evolution such as horizontal 
gene transfer, hybridization, homoplasy and recombination. 
A haplotype is a combination of closely linked intra-chro-
mosome genetic markers that tend to be inherited together 
(Andersen and Lübberstedt 2003). In our case, haplotype is 
a combination of alleles (SNPs) located in same recombi-
nation unit. Therefore, horizontal gene transfer and hybridi-
zation do not influence haplotype evolution, due to absence 
of the recombination events between alleles of the differ-
ent haplotypes. Furthermore, it assumes low homoplasy 
for closely related species (where the number of sequence 
changes per sequence position is small).

In previous studies, Takenaka and Kawahara (2012) 
divided Ppd-A1 haplotypes into two groups (AI and AII) 
based on ~200 bp sequences located 1 kb upstream from the 
start codon. However, based on in silico PCR results using 
the primers they describe, we could not divide accessions 
into two haplogroups due to the identification of 11 PCR 
amplicons of different length. According to the criteria pro-
posed by Takenaka and Kawahara (2012) for identification 
of haplogroup, amplicons of 235, 243, 244 bp are predic-
tive for the AI haplogroup, whereas amplicons of 146, 153, 
156, 245, 248, 251, 256, 279  bp predict haplogroup AII. 
In the present study, haplotypes were grouped into AI and 
AII haplogroups on the basis of their phylogenetic relation-
ships determined by associations between alleles, and their 
use in the formation of haplotypes. Moreover, the 258T/C 
SNP which differentiates haplotypes of the AI and AII 
haplogroups was found to affect the intrinsic bending and 
curvature of DNA molecules, resulting in different elec-
trophoretic mobility in PAA gels. Due to this, haplotypes 
could be unambiguously allocated to haplogroups during 

separation of Ppd-A1b products in PAA gels. Takenaka 
and Kawahara (2012, 2013) also suggested that haplogroup 
AII is older than AI, as they found all einkorn accessions 
to belong to the former (AII). However, as they show, AII 
possesses 2.5 times less haplotypes than AI, and with lesser 
geographic and species distribution. Furthermore, einkorn 
wheats are the diploid A genome progenitors [in particular 
T. urartu is thought to be the A genome donor for tetraploid 
(genome BBAuAu, GGAuAu) and hexaploid (BBAuAuDD) 
wheat species (Golovnina et al. 2007)], therefore their hap-
logroup must be predominant in wheat. Our study shows 
that the einkorn wheat T. urartu belongs to the AI haplo-
group, which has a wide spread in wheat and it is therefore 
more likely that its haplotype-founder is evolutionary older 
than the haplotype which founded of AII haplogroup. In 
addition, we found in silico amplicons of T. monococcum 
include a 4 bp insertion but combination nucleotides of pol-
ymorphic positions forms the Hap-8 haplotype (AI). This 
supports previous reports that T. monococcum and T. urartu 
are very closely related (Johnson and Dhaliwal 1976).

Our assertion that the AI haplogroup is evolutionarily 
older than AII is based on the following observations: (1) 
AI contains more haplotypes. (2) AI is most widespread 
in terms of species and geographic distribution. (3) AI 
includes all haplotypes specific to einkorn wheat (T. mono-
coccum, T. urartu) and is predominant in tetraploid wheat 
(which predates hexaploid wheat). (4) AI haplotypes con-
tain an intact T-tract region in the Ppd-A1promoter. (5) 
From the results of the phylogenetic network reconstruc-
tion using “interallelic association” and MJ methods. This 
conclusion is also consistent with the geographical distri-
bution of AI haplotypes, which were found to predominate 
in countries of the Fertile Crescent, and are found exclu-
sively in Jordan (100 % accessions from this country pos-
sess AI), Lebanon (100 %), Iran (95 %) and Iraq (82 %). 
The Fertile Crescent is the wheat centre of origin and site 
of domestication (Matsuoka 2011; Kilian et al. 2009). This 
study shows the AI haplogroup is also widespread in north-
ern regions. In contrast, AII is predominant in the southeast 
regions such as India, Pakistan, Israel and especially USA. 
T. sphaerococcum, which possesses the Hap-1 haplotype 
belonging to the AII haplogroup, is endemic to the Indian 
subcontinent (southern Pakistan and north-western India) 
(Ellerton 1939). The observed distributions of the AI and 
AII haplogroups is in good agreement with existing knowl-
edge on domestication routes, by which wheat cultivation 
expanded in two directions: eastward to India and north-
westward to the Mediterranean coastal region and Europe 
(Matsuoka 2011; Kilian et  al. 2009). The domestication 
of T. turgidum was initiated from wild emmer wheat (T. 
dicoccoides) (Matsuoka 2011). Hap-7 was identified as the 
ancestral haplotype for polyploid wheat species, detected 
only T. dicoccoides accessions. Among tetraploid species, 
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only T. turgidum (4.65  %) and T. dicoccoides (16.28  %) 
include haplotype Hap-1, which is widespread in hexaploid 
wheat. This observation is consistent with the evolutionary 
origin of hexaploid wheat from T. dicoccoides (T. turgidum 
lineage wheats; Golovnina et  al. 2007; Matsuoka 2011), 
parallel to T. durum, T. polonicum, T. carthlicum.

We observed a decrease of haplotype diversity after 
the genetic bottlenecks occurring due to allopolyploidiza-
tion and speciation events. Allopolyploidization is often 
accompanied by a decrease in genetic variation due to 
the genetic bottleneck of the founder effect (Haudry et al. 
2007; Feldman and Levy 2012). In tetraploid wheat, the 
AI haplogroup was found to be predominant. However, 
after formation of allohexaploid wheat species, the AII 
haplogroup became widespread. Genetic bottlenecks and 
founder effects are known to be associated with origin of 
T. shaerococcum and T. polonicum. All analyzed T. sphae-
rococcum accessions were found to possess the Hap-1 hap-
lotype (haplogroup AII) predominant in hexaploid wheat. 
However, all T. polonicum accessions are characterized 
by Hap-4 (AI), predominant in tetraploid wheat. The low 
genetic variation found in this species, as well as for T. 
carthlicum, T. turanicum, can be explained by their later 
evolutionary emergence. Reproductive isolation (including 
isolation within cultivation systmes) may also explain the 
emergence of species-specific haplotypes in T. timopheevii 
(Hap-11), T. urartu (Hap-8, Hap-9, Hap-10), T. dicoccoides 
(Hap-5, Hap-7, Hap-13), T. durum (Hap-12), as well as 
specific 456 bp amplicons in T. monococcum.

In a previous study, Wilhelm et  al. (2009) identified a 
~900 bp region of the Ppd1 promoter as critical for the con-
trol of gene expression. This region is defined by a series of 
deletions that have a most distal startpoint (Ppd-A1a.2) and 
most proximal end (Ppd-A1a.3) relative to the transcription 
initiation site. This region contains overlapping deletions of 
the dominant (photoperiod insensitive) Ppd-A1a.1 (Nishida 
et al. 2013), Ppd-A1a.2, Ppd-A1a.3 (Wilhelm et al. 2009) 
and Ppd-D1a alleles (Beales et  al. 2007). Furthermore, a 
highly conserved ~100 bp region within the 900 bp region 
is thought to contain important motifs mediating down-reg-
ulation of Ppd1 expression under short days (Wilhelm et al. 
2009). The Ppd-A1a.4 allele identified in this study lacks 
this 100 bp region, and most of the 900 bp “critical region”, 
except for 207 bp at the 5′ end. Moreover, the 684 bp Ppd-
A1a.4 deletion is wholly spanned by the 1027  bp Ppd-
A1a.2 deletion, indicating it may have a similar affect on 
photoperiod sensitivity. However, unlike the Ppd-A1a.2 
deletion, the 684  bp Ppd-A1a.4 deletion is flanked by a 
dinucleotide repeat (“GC”). This suggest that this deletion 
occurred via the nonhomologous end-joining of double-
stranded DNA break repair mechanism, mediated by the 
single-strand annealing-like mechanism (Puchta 2005), as 
reported for the Vrn1 genes (Cockram et al. Cockram et al. 

2007a, b) and likely for Ppd-A1a.1 (Nishida et  al. 2013). 
While all four Ppd-A1a deletions share common deletions 
between nucleotides −986 and −336, the Ppd-A1a.4 dele-
tion is the shortest of all the known deletions. As a result, 
the left border of the “critical region” is shifted by 207 bp 
towards the start codon relative to the left border of the 
Ppd-A1a.3 deletion.

As PCR analysis of the Ppd-A1 promotor in T. spelta 
(accessions: UA0300218 and PI 348700) did not result 
in amplification products, it is assumed that these acces-
sions either contain promoter mutations that encompass 
primer annealing sites or a large insertion, which could not 
be amplified at given PCR conditions. This result signifi-
cantly increases probability of dysfunction in the regulation 
of Ppd-A1 expression, and indicates new mutant variant of 
photoperiod sensitive (ppd-A1b, recessive) allele.

It is known that there is no genome specificity in Ppd1 
actions (Shaw et al. 2012). Due to this, the dominant Ppd1 
alleles from different genomes which possess similar muta-
tions of PRR genes are characterized by the similar photo-
period insensitivity and effects on flowering time (Bentley 
et al. 2011; Shaw et al. 2012). The new photoperiod insen-
sitivity allele Ppd-A1a.4 identified here can be utilized as 
genetic source to breed early heading cultivars. Moreover, 
the contraction of the “critical region” it allows will help in 
the identification of the putative Ppd1 promoter regulatory 
sequences, which currently remain undefined (Wilhelm 
et al. 2009; Nishida et al. 2013).
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