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Abstract
Key message PHOTOPERIOD-1 homoeologous gene copies play a pivotal role in regulation of flowering time in wheat. 
Here, we show that their influence also extends to spike and shoot architecture and even impacts root development.
Abstract The sequence diversity of three homoeologous copies of the PHOTOPERIOD-1 gene in European winter wheat 
was analyzed by Oxford Nanopore amplicon-based multiplex sequencing and molecular markers in a panel of 194 culti-
vars representing breeding progress over the past 5 decades. A strong, consistent association with an average 8% increase 
in grain yield was observed for the PpdA1-Hap1 haplotype across multiple environments. This haplotype was found to be 
linked in 51% of cultivars to the 2NS/2AS translocation, originally introduced from Aegilops ventricosa, which leads to an 
overestimation of its effect. However, even in cultivars without the 2NS/2AS translocation, PpdA1-Hap1 was significantly 
associated with increased grain yield, kernel per spike and kernel per  m2 under optimal growth conditions, conferring a 4% 
yield advantage compared to haplotype PpdA1-Hap4. In contrast to Ppd-B1 and Ppd-D1, the Ppd-A1 gene exhibits novel 
structural variations and a high number of SNPs, highlighting the evolutionary changes that have occurred in this region 
over the course of wheat breeding history. Additionally, cultivars carrying the photoperiod-insensitive Ppd-D1a allele not 
only exhibit earlier heading, but also deeper roots compared to those with photoperiod-sensitive alleles under German con-
ditions. PCR and KASP assays have been developed that can be effectively employed in marker-assisted breeding programs 
to introduce these favorable haplotypes.

Introduction

In wheat, the photoperiod genes (Ppd-1) have been found to 
play a critical role in the regulation of flowering time and 
adaptability (Snape et al. 2001; Yang et al. 2009; Kitagawa 
et al. 2012; Kamran et al. 2014; Alvarez et al. 2023). The 
photoperiod response is primarily controlled by three major 
genes: Ppd-A1, Ppd-B1, and Ppd-D1, located on homoeolo-
gous chromosomes on the short arm of chromosomes 2 (Law 

et al. 1978; Scarth and Law 1983, 1984; McIntosh et al. 
2003). Photoperiod-sensitive (PS) plants carry an ancestral 
allele of the Ppd-1 genes and exhibit a significant delay in 
flowering under short-day conditions. Conversely, photoper-
iod-insensitive (PI) plants are characterized by mutations in 
the Ppd-1 genes, resulting in accelerated heading regardless 
of whether they are exposed to short or long-day conditions.

Previous investigations have identified distinct genetic 
variations associated with photoperiod insensitivity. 
The photoperiod-insensitive alleles Ppd-D1a and Ppd-
A1a exhibit large deletions within their promoter regions 
(Beales et al. 2007; Wilhelm et al. 2009; Nishida et al. 
2013), while the photoperiod-insensitive Ppd-B1a allele 
has been linked to an increased copy number, leading to 
elevated gene expression levels and conferring a photo-
period-insensitive phenotype (Díaz et al. 2012; Cane et al. 
2013; Würschum et al. 2015, 2019). Additionally, Sun et al. 
(2014) demonstrated that the transcriptional levels of the 
Ppd-B1 gene are modulated by DNA methylation, reveal-
ing its correlation with photoperiod insensitivity. These 
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photoperiod-insensitive alleles exhibit variable effects on 
flowering acceleration, with Ppd-D1a generally exhibit-
ing the strongest effect, followed by Ppd-B1a and Ppd-A1a 
(Wilhelm et al. 2009; Nishida et al. 2013; Díaz et al. 2012; 
Shaw et al. 2012; Bentley et al. 2011, 2013). Furthermore, 
Beales et al. (2007) identified three loss-of-function alleles 
of the Ppd-1 genes. These alleles were characterized by a 
large insertion of 4819 bp and 5 bp deletion in the first intron 
and exon 7 of Ppd-D1, respectively, as well as a deletion of 
303 bp spanning from the middle of exon 5 to the middle of 
exon 6 of Ppd-A1. Guo et al. (2010) and Shaw et al. (2013) 
demonstrated that loss-of-function Ppd-D1 alleles were dis-
tributed widely across the globe; however, the phenotypic 
effects resulting from loss-of-function alleles remain unclear 
and require further experimental testing.

Numerous studies investigated the impact of Ppd-1 
genes on various aspects of plant development. It has been 
found that Ppd-1 genes strongly influence on yield-related 
traits in wheat, including the number of kernel-producing 
spikelets, spike length, plant height, leaf size, thousand 
grain weight and spike fertility (Tanio and Kato 2007; Seki 
et al. 2011, 2013; Langer et al. 2014; Kiss et al. 2014; Cho 
et al. 2015; Zhang et al. 2015; Boden et al. 2015; Grogan 
et al. 2016; Steinfort et al. 2017b; Jones et al. 2017; Prieto 
et al. 2018; Ramirez et al. 2018; Arjona et al. 2018, 2020; 
Ochagavía et al. 2018; Pérez-Gianmarco et al. 2019, 2020; 
Sun et al. 2020; Amo et al. 2022; Fait and Balashova 2022; 
Errum et al. 2023). However, the majority of these studies 
focused on the impact of insensitive and sensitive alleles 
on agronomic traits, identifying structural variations within 
the Ppd-1 region in bread wheat populations using PCR-
based methods to detect fragment size differences. Due to 
the strong effects of major mutations in key flowering-time 
regulators (day length insensitivity and sensitivity alleles), 
which are also involved in developmental traits, small effects 
of different alleles could be masked in such studies. Hence, 
our study focuses on the analysis of agronomic traits in 
cultivars carrying day-length sensitive alleles of Ppd-1, with 
the objective of identifying novel genomic variation for fine-
tuning of yield-related traits.

The previous investigations did also not include a 
detailed analysis of sequence polymorphisms in homoe-
ologous Ppd-1 gene copies. Sequence analysis of Ppd-1 
genes including the 5` upstream region in bread wheat is 
rare and has been performed with a low number of culti-
vars (Beales et al. 2007; Díaz et al. 2012; Nishida et al. 
2013). Today, accurate long-read sequencing technologies 
provide a powerful new tool to distinguish and compare 
gene coding and regulatory elements for complex gene 
families (Xu et al. 2022; Whitford et al. 2022), even in 
complex polyploid crop plant genomes like that of bread 
wheat (Makhoul et al. 2022). This study aimed to pro-
vide a comprehensive analysis of the sequence variability 

of Ppd-1 homoeologous within a diverse selection of 
European winter bread wheat cultivars. This was done by 
employing multiplex long-read sequencing methods which 
enabled us to survey allelic variants and dissect their influ-
ence on multiple agronomic traits, including yield com-
ponents and root angle, and assess their relationship with 
grain yield across different environments.

Materials and methods

Phenotypic data

A panel of 194 bread wheat cultivars, including 190 elite 
European winter wheat cultivars and four cultivars from 
the United States and Australia, was used in this study. 
Two sets of phenotype data were implemented. The first 
dataset comprised of adjusted means for ten agronomic 
traits assessed across six locations and two growing seasons 
(2014/15, 2015/16) in field trials involving three different 
agrochemical treatments, designated as HiN/HiF, HiN/NoF 
and LoN/NoF, as described by Voss-Fels et al. (2019a). 
The HiN/HiF treatment received mineral fertilizer at a 
total nitrogen supply rate of 220 kg N  ha−1, along with full 
intensity of fungicides, insecticides, and growth regulators. 
The HiN/NoF treatment also received a total nitrogen supply 
of 220 kg N  ha−1 including N min; however, no fungicides 
were applied. The LoN/NoF treatment was supplied with 
only 110 kg N  ha−1, and no fungicides were applied. The 
ten agronomic traits studied included grain yield [dt/ha], 
biomass [t/h], thousand kernel weight (TKW) [g], kernels 
per spike (KS), kernels per  m2 (KSQ), spikes per  m2 (SSQ), 
harvest index (HI), plant height (PH) [cm], protein yield 
(PY) [kg/ha], and crude protein (CP) [%] (Supplementary 
File 1, Table S1).

The second dataset comprised phenotypic data for 
seven agronomic traits related to spike morphology traits, 
described by Voss-Fels et  al. (2019b). In this case, the 
phenotypic data were collected in 2016 from two different 
locations in Germany, Rauischholzhausen (RHH) and Gross-
Gerau (GGE), under two different cropping intensities: HiN/
HiF and LoN/NoF treatments. Seven traits were assessed, 
including days to heading, number of basal seedless 
spikelets per spike (BSpS), rachis length (RL), number of 
rachis nodes (NRN), rachis internode length (RIL = RL/
NRN), spikelet fertility index (SFI = RL/NRN-BSpS) and 
an overall fertility index (FI = KS/RN × 4) (Supplementary 
File 1, Table S2). In addition, we used phenotype data for 
mean values of the nodal root-angle index (NRI) from three 
independent greenhouse experiments, as described by Voss-
Fels et al. (2018) (Supplementary File 1, Table S1).
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PCR amplification, Oxford Nanopore Technologies 
library preparation, and sequencing of Ppd‑1 genes 
in 96 bread wheat cultivars

Genomic DNA was extracted from young leaf tissues 
using the BioSprint 96 DNA Plant kit (Qiagen, Düsseldorf, 
Germany) according to the manufacturer’s recommendations. 
DNA concentrations were estimated using Qubit dsDNA 
BR Assay kit from Invitrogen (Thermo Fisher Scientific, 
Waltham, USA) and a microplate reader with fluorescence 
excitation/emission (TECAN infinite F200, Männedorf, 
Switzerland). Two primer pairs, Ppd1ABD and Ppd1B, 
were designed based on a multiple alignment of previously 
published reference genome sequences of bread wheat 
(Walkowiak et al. 2020; Sato et al. 2021; IPK Crop Analysis 
Tools Suite 2021; Athiyannan et al. 2022). The primer pair 
Ppd1ABD was developed to target the coding region and 
promoter sequence of the three homoeologous Ppd-1 loci on 
chromosomes 2A, 2B, and 2D. In contrast, the primer pair 
PpdB1 was designed to exclusively amplify the Ppd-B1 locus 
on chromosome 2B. The target-specific primers were tailed 
with universal sequences at 5` end to enable the attachment 
of Oxford Nanopore Technologies (ONT) barcodes in a 
subsequent PCR reaction (primer sequences are available 
in Supplementary File 1, Table S3). For the first-round PCR 
amplification, each primer pair was separately amplified in 
a 25 µl reaction volume. The reaction mixture included 7 µl 
of nuclease-free water, 12.5 µl of GoTaq Long PCR Master 
Mix (Promega, Madison, WI, USA), 1.5 µl of each forward 
and reverse primer (10 µM), and 2.5 µl (40 ng/μl) of genomic 
DNA. PCR reactions were performed in a T100 Thermal 
Cycler (Bio-Rad Laboratories, Hercules, CA, USA) using 
the following program: initial denaturing at 94 °C for 2 min, 
followed by 35 cycles of 94 °C for 25 s, 64.5 °C annealing/
extension for 8 min and 10 s, with a final extension step 
at 72 °C for 10 min. Agarose gel electrophoresis was used 
to ensure the success of PCR amplification. Subsequently, 
DNA quantity was measured, and PCR products obtained 
from amplification using two primer pairs for each 
cultivar’s reactions were combined in a single tube. The 
pooled PCR products were then purified using AMPure XP 
beads (Beckman Coulter, Brea, CA, USA) to remove salts, 
primers, small fragments, and proteins. Subsequently, the 
second round of PCR amplification (intended to incorporate 
barcode sequences into the amplicons) was carried out in 
50 µl reaction volumes consisting of 25 µl GoTaq Long PCR 
Master Mix, 24 µl of the combined first-round PCR products, 
and 1 µl of a barcode primer (EXP-PBC096, ONT, Oxford, 
UK). PCR conditions used for barcoding were as follows: 
an initial denaturing step at 95 °C for 2 min, followed by 18 
cycles of denaturation for 15 s at 94 °C, annealing for 15 s 
at 62 °C, and extension for 8 min and 10 s at 65 °C, the final 
extension step was carried out at 72 °C for 10 min. After 

PCR barcoding, the barcoded amplicons were purified using 
AMPure XP beads, and the quantity of PCR products for 
each cultivar was measured to ensure equal representation of 
all 96 cultivars (96 barcodes). To create a single sequencing 
library with all the samples, equal amounts of the barcoded 
amplicons from each cultivar were pooled together into a 
single tube. The MinION library was produced using the 
Ligation Sequencing Kit 1D (SQK-LSK110, ONT Oxford, 
UK) according to the manufacturer’s recommendations. 
About 30 fmol (150 ng) of pooled library was loaded and 
sequenced on a MinION R9.4.1 flow cell for approximately 
24 h, until no further sequencing reads could be collected. 
After completing the run, the flow cell was washed using 
Flow Cell Wash Kit (EXP-WSH004, ONT, Oxford, UK) and 
was used again for resequencing of the same pooled library.

Processing and analysis of Oxford Nanopore 
Technologies data

The raw electrical signals stored in FAST5 file format 
obtained from the MinION instrument were processed using 
the base-caller Guppy version 6.3.7 + 532d626 with model 
dna_r9.4.1_450bps_hac.cfg (Oxford Nanopore Technologies 
2022) in a virtual machine with two NVIDIA Tesla 4 
TU104GL (NVIDIA Corporation) Graphic Processor Units 
(GPU). The guppy_barcoder was used to demultiplex the 
basecalled reads, utilizing the detect_mid_strand_barcodes 
option to eliminate chimeric reads that were generated 
during both library preparation and nanopore sequencing 
stages. Reads with Q-score lower than 8 and length less than 
4000 bp were filtered out by using the NanoFilt v.2.8.0 tool 
(De Coster et al. 2018). Filtered reads were aligned against 
the Ppd-1 gene sequences of different wheat reference 
genomes (Walkowiak et al. 2020; Sato et al. 2021) using 
the NGMLR long-read mapper version 0.2.7 (Sedlazeck 
et al. 2018), with setting min-identity to 0.80. Subsequently, 
the alignment files in SAM format were converted to sorted 
BAM files, and only reads with a map quality score above 
50 (unique mapping to single sequences) were used for 
downstream analyses.

Generation of consensus sequences and variant 
calls from Oxford Nanopore Technologies data

Consensus Ppd-1 sequences were generated by using a 
reference-guided assembly strategy where reads are mapped 
against the reference sequence and then used to construct a 
consensus sequence using Amplicon_sorter tool and Canu 
assembler v2.2 (Vierstraete and Braeckman 2022; Koren 
et al. 2017) (Supplementary File 3, 4). Polymorphisms were 
identified by calling variants from a multiple alignment of 
consensus sequences aligned to a reference sequence, 
considering only the regions present in the reference 
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sequences. The SNP-sites tool was used for this analysis 
(Page et  al. 2016). Single nucleotide polymorphisms 
(SNPs) with a minor allele count of less than 2 and SNPs 
located in homopolymeric regions were filtered out from the 
analysis. The identified SNPs and structural variants (SVs) 
were additionally subjected to visual inspection using the 
Integrative Genomics Viewer (Robinson et al. 2011).

Sequencing coverage of wheat Ppd‑1 genes

Using Oxford Nanopore Technologies (ONT), PCR 
fragments with a total length of 11.3 kbp including both the 
7850 bp 5´upstream region and the entire gene sequence of 
Ppd-B1 were sequenced. The average sequencing coverage 
of Ppd-B1 for all 96 wheat cultivars was high at 2500×. 
For Ppd-A1, approximately 8.4  kbp of PCR fragments 
were sequenced, covering nearly the complete gene 
(except for intron 7 and exon 8), along with a 5394 bp 5´ 
upstream region. Among 96 cultivars, five displayed either 
no coverage or extremely low coverage for Ppd-A1 gene. 
However, the average coverage of Ppd-A1 for 91 out of 96 
cultivars was determined to be 147×.

When analyzing ONT reads from all 96 wheat cultivars, 
it was found that none of the reads aligned with the Ppd-D1 
gene reference which putatively results from the presence of 
a long stretch of AT dinucleotide repeats near the forward 
primer’s binding site.

Detection and filtering chimeric reads in ONT 
sequencing

Despite the removal of chimeric reads resulting from library 
preparation and nanopores sequencing through the detection 
of barcodes located within the middle of reads, a significant 
percentage of chimeric reads, which probably originated 
from the PCR amplification, were still detected. In all the 
investigated cultivars, approximately 27% of long ONT reads 
(> 7 kbp) that mapped to the target Ppd-A1 gene reference 
were found to be composed of distinct fragments originating 
from the Ppd-A1 and from the Ppd-B1 gene. These chimeric 
breakpoints or recombination events leading to the formation 
of the chimeric sequences occurred after a low complexity 
region, specifically involving poly C stretches as illustrated 
in Supplementary File 2, Fig. 1. Artificial chimeric reads 
can cause incorrect polymorphism calls during variant 
calling if not handled carefully. This was dealt with by 
adjusting the percentage identity threshold in mapping tools 
between ONT reads and the reference sequence to a value 
higher than 85% to improve the accuracy of mapped reads. 
Additionally, utilizing the integrative genomics viewer 
(IGV) software for visual inspection of aligned reads and 
sorting the ONT reads based on mismatched bases was used 
to detect chimeric errors and reducing incorrect variant calls. 

All chimeric reads were removed from subsequent analysis 
keeping only those that aligned perfectly with a high degree 
of sequence identity to the full-sequence Ppd-A1 reference 
(Supplementary File 2, Fig. 1).

Multiplex PCR assays for detecting wheat Ppd‑D1 
structural variations

The variations within Ppd-D1 gene were identified based 
on primers published by Beales et al. (2007) and primers 
derived from alignment of reference genomes. (Alignment 
are provided in Supplementary File 5, and primer sequences 
are provided in Supplementary File1, Table S4, 5.) To detect 
a transposable element 4819 bp in the first intron of Ppd-D1 
across 194 wheat cultivars, we developed a multiplex PCR 
assay consisting of three primers: a common reverse primer 
Ppd-D1_TransR and two forward primers Ppd-D1_TransF1 
and Ppd-D1_TransF2. (Primer sequences are available in 
Supplementary File 1, Table S5.) PCR amplification was 
performed in 25 μl containing 8  μl RNase-free water, 
12.5 μl of GoTaq Hot Start Green Master Mix, 1 μl of each 
primer (10 μM) from a total of three primers, and 1.5 μl 
(60 ng/μl) genomic DNA. PCR reactions were performed 
in a T100 thermal cycler using the following program: 
initial denaturing at 95 °C for 2 min, followed by 35 cycles 
of denaturation at 94 °C for 30 s, annealing temperature 
at 61 °C for 35 s, and extension at 72 °C for 1 min, with 
a final extension step at 72 °C for 10 min. Agarose gel 
electrophoresis was used to separate fragments of PCR 
products. Ppd-D1_TransF1 primer binds to the transposable 
element sequence and specifically amplifies the allele that 
carries the transposable element, resulting in a 532 bp 
PCR product. The Ppd-D1_TransF2 primer binds to intron 
1 and amplifies the intact allele, producing a 329 bp PCR 
product (Fig. 3b). Sanger sequencing was carried out using 
the common reverse primer Ppd-D1_TransR to verify the 
specificity and accuracy of the PCR amplification. The 
2089 bp deletion within the promoter region of Ppd-D1 was 
identified using a primer set previously described by Beales 
et al. (2007).

Development of KASP assays for polymorphisms 
in Ppd‑1 genes

A set of nine KASP markers was developed based on the 
identified polymorphisms originating from ONT sequencing 
and the Ppd-1 sequences of different wheat genome 
references. These markers were designed to distinguish 
cultivars that carry different haplotype variants of Ppd-1. 
(Supplementary File 1, Table S4). The KASP procedure 
was conducted according to the methodology outlined in 
the study by Makhoul and Obermeier (2022).
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Detection of the A. ventricosa 2NS segment in bread 
wheat

To identify the wheat cultivars carrying the 2NS segment 
from A. ventricosa on the short arm of chromosome 2AS, we 
followed the procedure described by Helguera et al. (2003), 
using three PCR primers (Ventriup/LN2/Yr17neg-F). 
(Primer sequences are available in Supplementary File 1, 
Table S6.) For additional details on this protocol see https:// 
maswh eat. ucdav is. edu/ proto cols/ Sr38.

Statistical analyses

Statistical analysis was carried out using R software version 
4.1 (R Core Team 2021). The package agricolae (De 
Mendiburu 2021) was used to make pairwise comparison of 
means for a set of groups using the Tukey honest significant 
difference test (Tukey HSD), with the inclusion of the 
argument 'unbalanced' to account for different group sizes. 

To estimate statistical significance for differences between 
two groups, parametric Student’s test and Welch’s test 
were applied (Student 1908; Welch 1947). Differences at 
p-value < 0.05 were considered to be significant.

Results

Ppd‑B1 shows a low level of polymorphisms based 
on Oxford Nanopore Technologies sequencing

The comparison of the ONT sequences of 96 cultivars 
showed that Ppd-B1 sequences were identical from the 
translation start codon to the 3´ UTR across almost all 96 
cultivars, except for the hybrid cultivar Hyland which exhib-
ited the presence of two alleles (A/G) for a SNP in the third 
exon. In contrast, within the 7850 bp 5´upstream region of 
the gene four SNPs were detected (Fig. 1a). Two of these 
SNPs (SNP2 and SNP4) located at positions − 47 bp and 

Fig. 1  Schematic illustration of the Ppd-B1 gene and haplotype phas-
ing using ONT long reads. a Structure of the Ppd-B1 gene, indi-
cating the location of four SNPs in the promoter region. The black 
boxes represent exons. b IGV visualization displays the number and 
frequencies of ONT reads containing the alleles of the two heterozy-
gous SNPs and their combinations in the cultivar Kormoran. c Four 
haplotypes were deduced from group GT4 using ONT long reads, and 
the frequency of each haplotype. d Two SNPs with overlapping peaks 
were detected in Sanger sequencing chromatograms. e Three geno-

typing plots of KASP assays used for identifying the polymorphisms 
of Ppd-B1 in 189 bread wheat cultivars. f Groups, haplotypes, and 
SNPs detected in Ppd-B1 in 189 cultivars. Positions of SNPs count-
ing from the start codon. 1SNP5 was identified in a heterozygous state 
exclusively within the hybrid cultivar Hyland. 2 Five cultivars were 
not included due to missing data (Florian and Isengrain) or because 
they are hybrids (Hyland, Hybery and Hylux). *The GT4 and GT3 
groups were excluded from the correlation analysis due to their small 
sample sizes

https://maswheat.ucdavis.edu/protocols/Sr38
https://maswheat.ucdavis.edu/protocols/Sr38
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− 2510 bp upstream of the start codon, respectively, were 
found to be in a heterozygous state in two wheat cultivars, 
Sperber and Kormoran. Previous work conducted by Langer 
et al. (2014) and Würschum et al. (2015) had reported that 
these two cultivars harbor two copies of the Ppd-B1 gene 
using the TaqMan assay qPCR method. The method applied 
in our study based on the extraction of long read sequences 
unveiled the presence of four distinct haplotypes in these 
two cultivars, each supported by an approximate depth of 
reads over 350× (Fig. 1b, c). This could either be due to 
the presence of four copies or the presence of two copies in 
a heterozygous state of the Ppd-B1 gene in both cultivars, 
Sperber and Kormoran.

Analysis of the cis-regulatory elements in the promoter 
region of Ppd-B1, using the PlantCARE (Lescot et  al. 
2002) and PLACE databases (Higo et al. 1999), revealed 
that SNP1 and SNP3 are located within the G-box sequence 
and SORLIP2AT sequence (Sequences Over-Represented 
in Light-Induced Promoters), respectively. The G-box and 
SORLIP elements play crucial roles in regulating gene 
expression in response to light and other environmental 
signals in plants (Hudson and Quail 2003; Kim et al. 2003; 
Schindler et al. 1992; Yadav et al. 2005). However, these 
two SNPs were detected by previous studies showing no 
significant association with photoperiod insensitivity in 
bread wheat (Beales et al. 2007; Díaz et al. 2012; Kiseleva 
et  al. 2017). Based on the identification of four SNPs, 
the 93 cultivars were classified into four groups and six 
haplotypes. Among the four groups, GT1, which includes 
the PpdB1-Hap1 haplotype, represented the majority of 
cultivars, accounting for 80% of the cultivars. The remaining 
groups, GT2 and GT3, consisted of the PpdB1-Hap2 and 
PpdB1-Hap3 haplotypes, respectively, making up 15% and 
3.2% of the cultivars. Additionally, two cultivars carrying 
heterozygous SNPs in their sequences (four haplotypes of 
Ppd-B1) were assigned to group GT4. To enhance statistical 
comparisons of Ppd-B1 variants, we developed three KASP 
assays capable of detecting alleles at SNP1, SNP3, and 
SNP4. Subsequently, these KASP markers along with Sanger 
sequencing were used to genotype an additional panel of 98 
bread wheat cultivars (Fig. 1d, e), resulting in an expanded 
number of cultivars identified within each genotype group 
as illustrated in Fig. 1f.

Ppd‑A1 shows novel structural variations and a high 
number of SNPs based on Oxford Nanopore 
Technologies sequencing

Analysis of the ONT data revealed two novel structural vari-
ations, a large insertion of 991 bp and a deletion of 30 bp 
starting at positions − 4112 bp and − 1431 bp upstream of 
the start codon, respectively. Both SV alleles were present 
alongside the intact alleles in the hybrid cultivar Hyland 

(Fig. 2a–c). Additionally, a 303 bp deletion spanning from 
the middle of exon 5 to the middle of exon 6 was identified 
in 13 wheat cultivars (Fig. 2d). This deletion is predicted to 
result in a premature stop codon and a truncated protein lack-
ing the CCT domain (Beales et al. 2007; Shaw et al. 2012). 
The analysis of SNPs from the ONT data unveiled a total of 
16 SNPs within the Ppd-A1 sequence. Among these, seven 
SNPs were identified upstream of the start codon. Further-
more, within exon 6 and exon 7, four SNPs were detected, 
of which three led to predicted amino acid substitutions: 
D391G, Q400R and R425G. We developed two PCR assays 
and five KASP markers for detecting these SVs and SNPs in 
an additional panel comprising 98 of bread wheat cultivars. 
(Primer sequences are provided in Supplementary File1, 
Table S4 and S5.) After genotyping the complete panel using 
the PCR and KASP assays, as well as Sanger sequencing, the 
187 cultivars can be classified into five haplotype variants, 
PpdA1-Hap1 and PpdA1-Hap4 were the most prominent 
in the panel at frequencies of 51% and 36%, respectively. 
PpdA1-Hap2 and Hap3, on the other hand, differ from each 
other with only one SNP in the promoter region, represent-
ing 8% and 4% of the cultivars, respectively, while PpdA1-
Hap5, which was not detected in the samples sequenced by 
ONT, was specifically present in two cultivars, Kobold and 
Renesansa (Fig. 2e).

The photoperiod insensitive Ppd‑D1a allele 
(PpdD1‑Hap3) is associated with root growth 
and grain yield components

Ppd-D1 gene is classified into four haplotypes based on 
three well-known polymorphisms: a 2089 bp deletion in 
the promoter, a 4819 bp insertion in the first intron, and 
a five bp deletion in exon 7 (Beales et al. 2007; Guo et al. 
2010), as illustrated in Fig. 3a–d. Our findings showed that 
cultivars carrying the PpdD1-Hap3 haplotype (insensitive 
Ppd-D1a allele) exhibited a significantly earlier heading 
by five to seven days in both treatments at GGE and RHH 
locations compared to cultivars carrying the other haplo-
types (p-value < 0.00001). Furthermore, cultivars carrying 
insensitive Ppd-D1a allele showed a significant reduction in 
biomass, PY, PH, NRN, KS, TKW, and number of BSpS in 
most environments. We did not find a statistically significant 
difference in grain yield when comparing between wheat 
cultivars with the insensitive Ppd-D1a allele and those with 
sensitive allele. (Supplementary File 2, Fig. 2).

Most surprisingly, the cultivars carrying PpdD1-Hap3 
showed a significantly increased nodal root-angle index. 
This increase indicated that these cultivars had narrower 
and deeper roots, with a remarkable 57% increase compared 
to cultivars carrying the other two haplotypes (Fig. 3e). To 
further investigate the effect of Ppd-D1 expression on root 
growth, we accessed publicly available RNA-Seq data from 
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the Wheat Expression Browser database (Ramírez-González 
et al. 2018). This analysis was conducted across various 
tissues, including root, leaf/shoot, spike, and grain, for the 
wheat cultivars Azhurnaya and Chinese Spring. Our analysis 
of the publicly accessible expression data revealed that from 
the three homoeologous genes only the Ppd-D1 gene showed 
transcript expression in root tissue (Fig. 3f). This finding 
provides additional support for the putative involvement of 
Ppd-D1 in root architecture.

In our investigation, we found two widespread mutations 
in Ppd-D1: the 4819 bp mariner-type transposon insertion 
and a 5 bp deletion in exon 7, referred to as PpdD1-Hap1 and 
PpdD1-Hap2, respectively. To gain a deeper understanding 
of how these mutations associate with agronomic traits, 
we conducted a comparative analysis involving two 
distinct groups. Group 1 comprised a total of 68 cultivars 
characterized by the combination of PpdA1-Hap1 plus 
PpdD1-Hap1. Similarly, group two consisted of 21 cultivars 
carrying the combination PpdA1-Hap1 plus PpdD1-Hap2. 
Both groups exhibited a single copy of Ppd-B1. Our analysis 
revealed no significant and environmentally consistent 
differences between the two mutations across 17 tested traits 
(Supplementary File 2, Fig. 3).

Ppd‑B1 haplotypes are associated with spike traits 
under low cropping intensities

The effect of the two highly frequent haplotypes, PpdB1-
Hap1 (GT1) and PpdB1-Hap2 (GT2), which differ by 
a single SNP, on agronomic traits, was investigated by 
comparing two distinct groups. Group 1 comprised a 
total of 38 cultivars characterized by the combination of 
PpdA1-Hap4 plus PpdB1-Hap1 (GT1), while group two 
consisted of 21 cultivars carrying the combination PpdA1-
Hap4 plus PpdB1-Hap2 (GT2). We excluded the cultivars 
carrying the insensitive Ppd-D1a allele (PpdD1-Hap3) 
from this analysis. Significant differences between PpdB1-
Hap1 (GT1) and PpdB1-Hap2 (GT2) were observed for 
four traits correlated with spike architecture, but only 
under low cropping intensities, the LoN/NoF treatment 
(110 kg N  ha−1 and no fungicides) at both the RHH and 
GGE locations. PpdB1-Hap2 (GT2) was significantly 
associated with a decrease in RIL, SFI, FI, and an increase 
in BSpS (for more information, see Supplementary File 
2, Fig. 4).

Fig. 2  Variations in the Ppd-A1 gene and its promoter. a Structure 
of the Ppd-A1 gene illustrating all polymorphisms detected by ONT 
sequencing. The numbers in black boxes represent exons. b, c, Gel 
electrophoresis images displaying PCR products containing the 991 
bp insertion and 30 bp deletion in the hybrid Hyland cultivar, respec-
tively. d Gel electrophoresis image showing PCR product carrying 
the 303 bp deletion. e Haplotype variants identified in 187 wheat 
cultivars. *PpdA1-Hap5 haplotype was identified using KASP assays 
and Sanger sequencing. The question marks within the PpdA1-Hap5 

haplotype indicate missing data. βAllele A for SNP10 was detected 
by Sanger sequencing in two cultivars specifically associated with 
the PpdA1-Hap5 haplotype. The five SNPs highlighted in bold font 
correspond to the KASP assays designed for these specific SNPs. 
Ҍ Seven cultivars were not included due to missing data (Premio, 
Isengrain, Boregar and Soissons) or because they are hybrid culti-
vars (Hyland, Hybery and Hylux). The PpdA1-Hap5 haplotype was 
excluded from the correlation analysis due to its small sample size
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Ppd‑A1 haplotypes are associated with multiple 
agronomic traits

To explore the influence of Ppd-A1 haplotype differences 
on agronomic traits, a statistical comparison was conducted 
between two groups comprising the most frequent haplo-
types, PpdA1-Hap1 and PpdA1-Hap4. These two haplotypes 
can be distinguished by a total of 14 SNPs, with three of 

them being non-synonymous SNPs located in exon 6 and 
exon 7. The first group consisted of 88 cultivars carrying 
the potentially functional PpdA1-Hap1 haplotype, while the 
second group included 61 cultivars harboring the potentially 
functional PpdA1-Hap4 haplotype. The cultivars carrying 
the insensitive Ppd-D1a allele (PpdD1-Hap3) or multi-
ple copy number of Ppd-B1 (PpdB1-GT4) were excluded 
from this analysis. The association study revealed that the 

Fig. 3  Schematic representation of the Ppd-D1 gene structure, poly-
morphisms, and correlation with nodal root angle index trait. a Wheat 
Ppd-D1 gene with black boxes indicating exons and highlighting 
three structural variations. b PCR products obtained using multiplex 
primers to identify the cultivars with the transposable element in the 
first intron. c Genotyping plot of KASP assay used to detect cultivars 
carrying the 5 bp deletion in exon 7. d Four haplotypes of Ppd-D1 
detected in 191 wheat cultivars. e Pairwise comparisons between 
three haplotypes of the Ppd-D1 gene and the NRI trait, with the cor-

responding p-value. f Expression patterns of three homoeologous 
Ppd-1 genes in the root were examined in two wheat cultivars Azhur-
naya and Chinese Spring using RNA-seq data downloaded from the 
Wheat Expression Browser www. wheat- expre ssion. com. +Three cul-
tivars were excluded from analyses because they are hybrids (Hyland, 
Hybery and Hylux). *The haplotype PpdD1-Hap4 was omitted from 
the correlation analysis due to its small sample size

http://www.wheat-expression.com
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haplotype PpdA1-Hap1 was significantly associated with 
increased grain yield, biomass, KS, HI and KSQ and with 
decreased PH and CP compared to the haplotype PpdA1-
Hap4 across all tested environments (Supplementary File 
2, Fig. 5). The average increase was very high with 10% 
and 8% for KS and grain yield, respectively (Fig. 4a, b). 
Moreover, the PpdA1-Hap1 haplotype showed a significant 
and positive correlation with SFI and FI when compared 
to haplotype PpdA1-Hap4 across all studied environments, 
resulting in an average increase of 9.1% and 11.2%, respec-
tively. We observed that cultivars carrying a 303 bp deletion 
spanning from exon 5 to exon 6 (referred to as PpdA1-Hap2 
and PpdA1-Hap3) showed no significant differences in grain 
yield, KS, KSQ, biomass, CP, and HI when compared to 
cultivars harboring the haplotype PpdA1-Hap4 across all 
tested environments.

Change of Ppd‑1 allele frequencies across 5 decades 
of breeding

To investigate the selection process of Ppd-1 haplotypes 
in wheat breeding history, we analyzed the frequency of 
Ppd-A1, Ppd-B1 and Ppd-D1 haplotypes in 192 elite wheat 

cultivars released between 1966 and 2016 (Supplementary 
File 1, Table S7). Over the course of 50 years of wheat 
breeding, the frequency of haplotype PpdA1-Hap1 showed 
an increase, rising from 30 to 70% (Fig. 4c). In contrast, the 
frequencies of haplotype PpdA1-Hap4 and both haplotypes 
PpdA1-Hap2/Hap3 decreased from 47 to 26% and from 21 
to 4.7%, respectively. This change in haplotype frequencies 
was quite different for Ppd-D1 and Ppd-B1. For both of 
these genes, a high frequency of haplotype 1 was maintained 
from 1966 to 2016 (Supplementary File 2, Fig. 6).

Identification of the 2NS segment from A. ventricosa 
and its influence on grain yield and other traits 
in European wheat cultivars

We detected the presence of the 2NS/2AS translocation in 
our panel of wheat cultivars using a gel-based PCR method 
following the protocol outlined by Helguera et al. (2003). 
Our analysis identified 51 cultivars with the 2NS/2AS 
translocation, of which 48 exhibit the PpdA1-Hap1 
haplotype. In contrast, the remaining cultivars without 
the 2NS/2AS translocation exhibit a diverse distribution 
of Ppd-A1 haplotypes, with 46 carrying PpdA1-Hap1, 

Fig. 4  Analysis of Ppd-A1 haplotypes and their associations with 
agronomic traits in winter bread wheat cultivars. a, b Pairwise com-
parisons of different haplotypes of the Ppd-A1 gene with kernels per 
spike and grain yield, with the corresponding p-values. The experi-
ment includes three agrochemical treatments: high nitrogen with 
fungicide (HiN/HiF), high nitrogen without fungicide (HiN/NoF), 
and low nitrogen without fungicide (LoN/NoF). * Cultivars carry-

ing the insensitive Ppd-D1a allele (PpdD1-Hap3) or multiple copy 
number of Ppd-B1 (PpdB1-GT4) were excluded from this analysis. c 
Frequency distribution of Ppd-A1 gene haplotypes among 188 winter 
bread wheat cultivars released over a period of 50 years of breeding. 
The number above each bar indicates the count of cultivars for each 
time group
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65 having PpdA1-Hap4, 15 carrying PpdA1-Hap2, seven 
displaying PpdA1-Hap3, and two possessing PpdA1-Hap5 
(Supplementary File 1, Table S7). We observed that out of 
the 94 cultivars carrying the PpdA1-Hap1 haplotype, 48 
(51%) also possessed the 2NS/2AS translocation. To assess 
the impact of the 2NS/2AS translocation on agronomic traits 
and dissect it from the PpdA1-Hap1 effect, we divided the 
cultivars carrying the PpdA1-Hap1 haplotype into two 
groups based on the presence or absence of the 2NS/2AS 
translocation. The results of the association study revealed 
a significant correlation between the 2NS/2AS translocation 
and many agronomic traits (Table 1, Supplementary File 
1, S8). The presence of the 2NS/2AS translocation was 
associated with significantly higher grain yield, compared to 
those haplotypes without the translocation, with an increase 
5–17% depending on the treatment. However, PpdA1-
Hap1 with 2NS/2AS translocation showed no significant 
difference for SFI, FI, PH and CP compared to PpdA1-Hap1 
without translocation under most environments. Moreover, 
no significant differences were observed between these 
two groups for HI, KS, KSQ traits under high cropping 
intensity (HiN/HiF treatment), as indicated in Table 1. 
This translocation has also been described to be involved 
in multiple disease resistance (Bariana and McIntosh 1993; 
Agarwal et al. 2021). We confirmed that the translocation is 
associated with increased resistance against powdery mildew 
and stripe rust, but in cultivars without translocation no 
association of PpdA1-Hap1 or PpdA1-Hap4 with resistance 
against these two pathogens was detected (Supplementary 
File 1, S9).

Discussion

Photoperiod insensitivity alleles for Ppd‑A1 
and Ppd‑B1 are not common in European wheat

Our analysis of a 7850 bp region 5′ upstream of the Ppd-B1 
gene did not identify any structural variants in this region 
in the analyzed predominantly European winter wheat 
cultivars. This is consistent with other studies which did not 
find Ppd-B1 photoperiod insensitivity alleles in hexaploid 
wheat landraces and varieties. The same has been reported 
for Ppd-A1 photoperiod insensitivity alleles in bread wheat 
(Bentley et al. 2011, 2013; Langer et al. 2014). However, we 
found a novel 991 bp insertion and 30 bp deletion in the 5′ 
upstream region of the Ppd-A1 gene. Since these variations 
occur within a region known to influence gene expression 
(Wilhelm et al. 2009; Shaw et al. 2012; Nishida et al. 2013), 
we hypothesize that these variations may affect photoperiod 
response. The discovery of these new structural variations 
in the promoter region of the Ppd-A1 gene is important, as 
plant breeders can target them in plant breeding programs.

The Ppd‑D1a photoperiod insensitivity allele 
is associated with nodal root‑angle trait

Variations in the Ppd-1 photoperiod genes have long been 
recognized as major-effect genes that control both flowering 
time and above-ground shoot growth (González et al. 2005; 
Beales et al. 2007; Boden et al. 2015; Royo et al. 2016, 2018; 
Steinfort et al. 2017a, b; Ramirez et al. 2018; Arjona et al. 
2018; Pérez-Gianmarco et al. 2019; Zhang et al. 2019; Wu 
et al. 2021). In this study, we observed that the photoperiod 
insensitivity allele Ppd-D1a (PpdD1-Hap3) had the most 
significant impact on the nodal root-angle index, showing 
a remarkable 57% increase compared to considerably 
lower effects on other traits (e.g., − 10% for biomass, − 6% 
for NRN). The connection between flowering genes and 
root development has been investigated in a few previous 
studies. Lorenzo et al. (2023) found that overexpressing 
the TERMINAL FLOWERING 1 (MsTFL1A) gene in 
alfalfa (Medicago sativa) consistently resulted in delayed 
flowering, alterations in inflorescence architecture, and 
reduced root development, suggesting that MsTFL1A serves 
not only as a flowering repressor but also as a regulator 
of root development. Bouché et al. (2016) demonstrated 
that flowering genes in the roots of Arabidopsis thaliana 
exhibit differential expression patterns during flowering, 
concluding that roots may play a role in flowering. They 
also observed significant variations in the root transcriptome 
when plants were exposed to photoperiodic treatments 
inducing flowering. Moreover, previous studies have shown 
that novel molecular variants of VERNALIZATION gene in 
winter wheat germplasm (Voss-Fels et al. 2018) and spring 
barley collection (Abdel-Ghani et al. 2019) are responsible 
for modulating root development. The Ppd-D1a allele, 
found in 14 cultivars, shows a strong correlation with both 
root growth angle and early flowering. This implies that 
utilizing this allele in breeding programs for winter wheat 
could be advantageous. It may lead to the development of 
cultivars that not only flower earlier but also have a deeper 
root system, facilitating improved access to soil moisture and 
helping to alleviate drought stress.

Co‑inheritance of the A. ventricosa 2NS segment 
and PpdA‑Hap1 haplotype in wheat

We conducted Oxford Nanopore long read sequencing to 
analyze the Ppd-A1 gene variability across predominantly 
European winter wheat cultivars, covering 8.4 kbp of the 
Ppd-A1 gene and its promoter region. This approach led to 
the discovery of an unexpectedly high number of polymor-
phisms in both the promoter and exons of the Ppd-A1 gene 
sequence, confirmed by Sanger sequencing and/or KASP 
markers. High variations within the Ppd-A1 gene were previ-
ously documented by Takenaka and Kawahara (2012), who 
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identified 67 haplotypes within the Ppd-A1 gene in a panel 
of 158 accessions of tetraploid emmer wheat landraces. 
Additionally, Muterko et al. (2015) unveiled 13 haplotypes 
based on partial promoter sequences of 452 bp amplicons 

found in various wheat species. The extensive SNP diver-
sity observed within the Ppd-A1 gene in our panel, in com-
parison with the other two homoeologous genes, indicates 
substantial evolutionary changes in the Ppd-A1 gene on 

Table 1  Comparison of the 
means of different agronomic 
traits between three groups 
displaying 2NS/2AS 
translocation and distinct Ppd-
A1 haplotypes

*The cultivars carrying the insensitive Ppd-D1a allele (PpdD1-Hap3) or multiple copy number of Ppd-B1 
(PpdB1-GT4) were excluded from this analysis
1 A6-2 indicates an adjusted means across six locations and two growing seasons. The RHH and GGE 
represent Rauischholzhausen and Gross-Gerau locations, respectively
2 The experiment includes three agrochemical treatments: high nitrogen with fungicide (HiN/HiF), high 
nitrogen without fungicide (HiN/NoF), and low nitrogen without fungicide (LoN/NoF)
3 Means followed by different letters are significant differences among haplotypes according to post hoc 
Tukey HSD test (p < 0.05)

Traits Location1 Treatment2 With 2NS/2AS 
translocation

No 2NS/2AS translocation

PpdA1-Hap1 PpdA1-Hap1 PpdA1-Hap4

Mean (n = 46)3 Mean (n = 41)3 Mean (n = 58)3

Grain yield [dt/ha] A6-2 HiN/HiF 85.31a 81.8b 78.45c

HiN/NoF 72.33a 61.7b 61.32b

LoN/NoF 64.51a 57.71b 56.26b

Harvest index A6-2 HiN/HiF 0.49a 0.48ab 0.46b

HiN/NoF 0.46a 0.44b 0.43b

LoN/NoF 0.44a 0.43b 0.42b

Kernels per spike A6-2 HiN/HiF 41.62a 40.3a 37.14b

HiN/NoF 39.57a 36.8b 34.5c

LoN/NoF 37.23a 35.3b 32.8c

Kernels per  m2 A6-2 HiN/HiF 21,329.9a 20,570.3a 18,740.1b

HiN/NoF 19,658.1a 17680b 16,685.3b

LoN/NoF 17,089.3a 15861b 14,798.3c

Thousand Kernel Weight [g] A6-2 HiN/HiF 43.06a 42.67a 44a

HiN/NoF 39.74a 38.10b 40.13a

LoN/NoF 42.06a 40.84a 42.18a

Protein yield [kg/ha] A6-2 HiN/HiF 1102.9a 1071.36b 1047.87b

HiN/NoF 919.24a 790.42b 796.17b

LoN/NoF 679.32a 618.7b 615.13b

Biomass [t/h] A6-2 HiN/HiF 1780.7a 1737.8b 1703.8b

HiN/NoF 1604.9a 1458.1b 1477.7b

LoN/NoF 1496.3a 1396.9b 1399.5b

Plant height [cm] A6-2 HiN/HiF 84.38b 85.5b 91.4a

HiN/NoF 85.31b 86.1b 92.1a

LoN/NoF 88.46b 90.34b 97.12a

Crude protein [%] A6-2 HiN/HiF 13.01b 13.2b 13.5a

HiN/NoF 12.81b 12.9ab 13.2a

LoN/NoF 10.58c 10.84b 11.13a

Spikelet fertility index RHH HiN/HiF 2.52a 2.5a 2.33b

LoN/NoF 2.28a 2.24a 2.05b

GGE HiN/HiF 2.56a 2.42a 2.25b

LoN/NoF 2.35a 2.24a 2.08b

Overall fertility index RHH HiN/HiF 0.55a 0.54a 0.50b

LoN/NoF 0.49a 0.47a 0.43b

GGE HiN/HiF 0.59a 0.54ab 0.50b

LoN/NoF 0.52a 0.50ab 0.46b
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chromosome 2A among European cultivars over the past 
5 decades. Previous studies have reported the introduction of 
the A. ventricosa 2NS segment into the telomere of the short 
arm of wheat chromosome 2A as part of breeding programs 
aimed at transferring genes related to pathogen resistance 
(McIntosh et al. 1995; Jahier et al. 2001; Fang et al. 2011; 
Williamson et al. 2013; Cruz et al. 2016; Xue et al. 2018; 
Kishii 2019). Recently, Walkowiak et al. (2020) identified 
the boundaries of this translocation, spanning approximately 
position 0–33 Mb in the telomeric region of the short arm 
of the 2A chromosome using the reference wheat cultivar 
Jagger. Our investigation revealed that the Ppd-A1 gene 
resides approximately 13 Mb outside the boundaries of this 
translocated region. In this study, 28% of our cultivars were 
found to carry the A. ventricosa 2NS segment. The French 
cultivar Apache and the German cultivar Cardos, released 
in 1998, were the first ones in our wheat panel to harbor 
this translocation. This finding is consistent with previous 
research by Dadshani et al. (2021) and Gao et al. (2021) who 
demonstrated that the incorporation of 2NS/2AS transloca-
tion from A. ventricosa into wheat breeding programs began 
in the early 1990s.

Furthermore, we observed that 94% of cultivars carrying 
the 2NS/2AS translocation also exhibited the PpdA1-Hap1 
haplotype on chromosome 2A. This haplotype was identified 
in 20 wheat cultivars released between 1966 and 1996, 
indicating the PpdA1-Hap1 was already present in wheat 
cultivars prior to the introgression of the A. ventricosa 2NS 
segment into wheat. Taking these findings into account, 
we propose that the original parent wheat cultivar VPM-1, 
which was the first cultivar used to introduce 2N segment 
from A. ventricosa (Doussinault et  al. 1983), probably 
possessed the PpdA1-Hap1 haplotype. This suggests that a 
large DNA segment, encompassing both PpdA1-Hap1 and 
the 2NS translocation, was inherited and passed on through 
crossing in subsequent plant breeding programs, with limited 
recombination occurring between the translocation and the 
Ppd-A1 gene. This finding agrees with Gao et al. (2021), 
who observed that the region following the A. ventricosa 
segment has low polymorphism levels among the four 
wheat cultivars carrying the 2NS introgression (Mace, CDC 
Stanley, Jagger and Mattis).

We found that the cultivars carrying both the PpdA1-
Hap1 haplotype and the A. ventricosa 2NS segment 
are significantly associated with increased grain yield, 
conferring an average 8% yield advantage across all 
environments. This result leads us to propose that the 
significant enhancement in performance observed in 
cultivars carrying the PpdA1-Hap1 haplotype may be partly 
attributed to the presence of the 2NS/2AS translocation 
and not only to polymorphism of Ppd-A1 gene. Our study 
revealed that under high cropping intensity, PpdA1-Hap1, 
even without the 2NS/2AS translocation was significantly 

linked to increased grain yield, KS and KSQ compared to 
PpdA1-Hap4 haplotype, conferring a 4% yield advantage. 
Furthermore, the presence of PpdA1-Hap1, even in the 
absence of 2NS/2AS, was associated with increased SFI and 
KS compared to PpdA1-Hap4 across different environments. 
The strong correlation between kernel number and spike 
fertility index among wheat cultivars was previously 
demonstrated by González et al. (2011). The short arm of 
chromosome 2A, where Ppd-A1 is located, is a hot spot 
for genes which have minor effects on multiple yield-
related traits. Several previous genome-wide association 
studies have identified specific regions on chromosome 2A 
associated with quantitative trait loci (QTL) that influence 
both physiological and agronomic traits in wheat (Guo et al. 
2017; Shi et al. 2017; Wolde et al. 2019; Gahlaut et al. 2019; 
Hu et al. 2020; Kaur et al. 2020; Pshenichnikova et al. 2021; 
Ding et al. 2022). Our analysis is based on the correlation of 
variants of Ppd-1 with agronomic traits without controlling 
for population structure in a set of cultivars with diverse 
genomic backgrounds. Further investigations are required 
to confirm the causal relationship between Ppd-1 or other 
tightly linked gene variations and these agronomic traits.

Ppd‑1 haplotypes underwent positive selection 
across a timeline spanning 5 decades of release 
of European wheat cultivars

Under our growing environments in central Germany, 14 
cultivars carrying haplotype PpdD1-Hap3 (Ppd-D1a) 
from which eight originated from Central Europe (Serbia, 
Slovenia, Moldova and Czech Republic) showed a significant 
reduction in some yield components like KS, NRN, biomass, 
PY and TKW in most environments. The insensitive Ppd-
D1a allele has not been favored by plant breeders in North 
European breeding programs due to lower performance 
compared to sensitive alleles (Worland 1996; Cockram et al. 
2007; Guo et al. 2010; Bentley et al. 2011; Langer et al. 
2014). Consequently, the notably low frequency of Ppd-D1a 
observed in the analyzed panel containing predominantly 
cultivars released in Northern Europe can be attributed to 
this selective pressure.

The two haplotypes PpdD1-Hap1 and PpdD1-Hap2 have 
been associated with the photoperiod sensitivity phenotype 
by Beales et al. (2007) and Shaw et al. (2012, 2013). In 
contrast, Guo et al. (2010) reported that the PpdD1-Hap2 
haplotype (characterized by a 5  bp deletion in exon 7) 
was associated with an intermediate heading date at two 
Chinese locations with differing day length. However, we 
did not find any significant differences in heading time or 
other agronomic traits between these two haplotypes under 
central German long day growing conditions. This neutral 
phenotypic effect of these two haplotypes observed in 
German conditions could possibly be due to the predicted 
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loss or weakening of protein functionality (Beales et al. 
2007; Shaw et al. 2013, 2020; Bentley et al. 2013).

The allele frequency ratio of PpdD1-Hap1 to PpdD1-
Hap2 during 50 years of breeding stayed similar, suggesting 
that neither haplotype has been subjected to significant 
selective pressures. This lack of selection for or against 
either haplotype further supports the hypothesis of a neutral 
phenotypic effect for both PpdD1-Hap1 and PpdD1-Hap2 
under German growing conditions. The same scenario was 
noted for Ppd-B1 gene. Also, the ratio of PpdB1-Hap1 and 
PpdB1-Hap2 alleles remained relatively constant across the 
5 decades. PpdB1-Hap1 was associated with improvements 
in certain yield trait components, such as RIL, SFI, FI and 
BSpS, but only under low cropping intensities. However, 
there was no significant difference in grain yield compared 
to PpdB1-Hap2 across all environments.

In contrast, we found a significant shift in the frequency 
of Ppd-A1 haplotypes over a 50-year breeding period, 
leading to a remarkable prevalence of the PpdA1-Hap1 
haplotype in modern cultivars compared to older ones. This 
strongly suggests that breeding selection has favored and 
enriched this specific haplotype, which is associated with 
improved grain yield and other agronomic traits in modern 
European wheat cultivars.

The strong frequency increase of the PpdA1-Hap1 allele 
in our panel occurred after 2004. This coincides with the 
introduction of the strongly linked 2NS/2AS translocation 
into wheat breeding programs in the beginning of the 
1990s and subsequent extensive uses by CIMMYT and 
US breeding programs (Gao et al. 2021). Another possible 
reason for the strong shift in the ratio of the most common 
Ppd-A1 alleles, but not for the most common Ppd-B1 and 
Ppd-D1 alleles, might be that in early stages of bread 
wheat breeding, plant breeders focused on selecting either 
insensitive or sensitive photoperiod alleles with major 
effects on yield under specific climatic conditions in Europe. 
They gave a particular attention to the Ppd-D1 and Ppd-
B1 genes, which are known for their polymorphisms that 
significantly influence flowering time (Worland et al. 1998; 
Langer et al. 2014; Kiss et al. 2014; Bloomfield et al. 2018, 
2023). Contrary to this, the Ppd-A1 gene has no impact 
on flowering time and has a minor effect on yield, thus, 
not attracting attention from plant breeders to select for 
flowering time modulation early on between 1966 and 2003.

Conclusion

Our findings reveal that targeted long-read sequencing can 
help detect novel polymorphisms in well-known genes. The 
discovery of novel structural variations and high number of 
SNPs in the Ppd-1 region is providing valuable resources for 
utilization in marker-assisted breeding programs. Moreover, 

we observed that photoperiod Ppd-1 alleles are associated 
with diverse traits beyond flowering behavior and phenology. 
Wheat cultivars harboring the insensitive Ppd-D1a allele 
(PpdD1-Hap3) exhibit not only earlier heading, but also 
deeper roots compared to those having sensitive alleles. 
Finally, a significant number of modern wheat cultivars 
were found to carry an approximately 33 Mb A. ventricosa 
segment on the 2A chromosome, linked with the specific 
PpdA1-Hap1 haplotype which underwent positive selection 
during 5 decades of wheat breeding in Europe.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00122- 024- 04634-9.

Acknowledgements The authors gratefully acknowledge Lukas Förter 
and Erick Mikwa, Department of Plant Breeding, Justus Liebig Univer-
sity Giessen, for providing valuable feedback. We also thank Regina 
Illgner and Stavros Tzigos for technical help.

Author contribution statement C.O., R.J.S. and M.M. conceived 
the study; M.M. and C.O. analyzed the data, interpreted the results, 
and wrote the manuscript; M.M. and R-H.S. performed the Oxford 
Nanopore experiment; S.U., and S.W. assisted in data analysis; K.V.F., 
A.S., H.Z and B.W. produced and provided the collection of phenotypic 
data and germplasm resources. All authors revised the manuscript and 
approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by the de.NBI Cloud within the Ger-
man Network for Bioinformatics Infrastructure (de.NBI) and ELIXIR-
DE (Forschungszentrum Jülich and W-de.NBI-001, W-de.NBI-004, 
W-de.NBI-008, W-de.NBI-010, W-de.NBI-013, W-de.NBI-014, W-de.
NBI-016, W-de.NBI-022).

Data availability The authors declare that all data are contained within 
the paper and supplementary information. Ppd-1 gene sequences 
generated in this study are also available from the NCBI GenBank 
under accession numbers PP721004–PP721185.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose. R.J.S. is Editor in Chief of Theoretical 
and Applied Genetics.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

https://doi.org/10.1007/s00122-024-04634-9
http://creativecommons.org/licenses/by/4.0/


 Theoretical and Applied Genetics         (2024) 137:125   125  Page 14 of 17

References

Abdel-Ghani AH, Sharma R, Wabila C, Dhanagond S, Owais SJ, 
Duwayri MA, Al-Dalain SA, Klukas C, Chen D, Lübberstedt T, 
Von Wirén N, Graner A, Kilian B, Neumann K (2019) Genome-
wide association mapping in a diverse spring barley collection 
reveals the presence of QTL hotspots and candidate genes for 
root and shoot architecture traits at seedling stage. BMC Plant 
Biol. https:// doi. org/ 10. 1186/ s12870- 019- 1828-5

Agarwal P, Jha SK, Sharma NK, Raghunanadan K, Mallick N, Niran-
jana M, Saharan MS, Singh JB (2021) Identification of the 
improved genotypes with 2NS/2AS translocation through molec-
ular markers for imparting resistance to multiple biotic stresses 
in wheat. Indian J Genet Plant Breed 81:522–528. https:// doi. org/ 
10. 31742/ IJGPB. 81.4.4

Alvarez MA, Li C, Lin H, Joe A, Padilla M, Woods DP, Dubcov-
sky J (2023) EARLY FLOWERING 3 interactions with PHY-
TOCHROME B and PHOTOPERIOD1 are critical for the 
photoperiodic regulation of wheat heading time. Plos Genet 
19:e1010655. https:// doi. org/ 10. 1371/ journ al. pgen. 10106 55

Amo A, Serikbay D, Song L, Chen L, Hu Y-G (2022) Vernalization 
and photoperiod alleles greatly affected phenological and agro-
nomic traits in bread wheat under autumn and spring sowing 
conditions. Crop Environ 1:241–250. https:// doi. org/ 10. 1016/j. 
crope. 2022. 11. 002

Arjona JM, Royo C, Dreisigacker S, Ammar K, Villegas D (2018) 
Effect of Ppd-A1 and Ppd-B1 allelic variants on grain number 
and thousand kernel weight of durum wheat and their impact 
on final grain yield. Front Plant Sci. https:// doi. org/ 10. 3389/ 
fpls. 2018. 00888

Arjona JM, Villegas D, Ammar K, Dreisigacker S, Alfaro C, Royo C 
(2020) The effect of photoperiod genes and flowering time on 
yield and yield stability in durum wheat. Plants 9:1–19. https:// 
doi. org/ 10. 3390/ plant s9121 723

Athiyannan N, Abrouk M, Boshoff WHP, Cauet S, Rodde N, Kudrna 
D, Mohammed N, Bettgenhaeuser J, Botha KS, Derman SS, 
Wing RA, Prins R, Krattinger SG (2022) Long-read genome 
sequencing of bread wheat facilitates disease resistance gene 
cloning. Nat Genet 54:227–231. https:// doi. org/ 10. 1038/ 
s41588- 022- 01022-1

Bariana HS, McIntosh RA (1993) Cytogenetic studies in wheat. XV. 
Location of rust resistance genes in VPM1 and their genetic 
linkage with other disease resistance genes in chromosome 2A. 
Genome 36:476–482. https:// doi. org/ 10. 1139/ g93- 065

Beales J, Turner A, Griffiths S, Snape JW, Laurie DA (2007) A 
pseudo-response regulator is misexpressed in the photoper-
iod insensitive Ppd-D1a mutant of wheat (Triticum aestivum 
L.). Theor Appl Genet 115:721–733. https:// doi. org/ 10. 1007/ 
s00122- 007- 0603-4

Bentley AR, Turner AS, Gosman N, Leigh FJ, Maccaferri M, Dreisi-
gacker S, Greenland A, Laurie DA (2011) Frequency of photo-
period-insensitive Ppd-A1a alleles in tetraploid, hexaploid and 
synthetic hexaploid wheat germplasm. Plant Breed 130:10–15. 
https:// doi. org/ 10. 1111/j. 1439- 0523. 2010. 01802.x

Bentley AR, Horsnell R, Werner CP et al (2013) Short, natural, and 
extended photoperiod response in BC2F4 lines of bread wheat 
with different Photoperiod-1 (Ppd-1) alleles. J Exp Bot 64:1783–
1793. https:// doi. org/ 10. 1093/ jxb/ ert038

Bloomfield MT, Hunt JR, Trevaskis B, Ramm K, Hyles J (2018) Ability 
of alleles of PPD1 and VRN1 genes to predict flowering time in 
diverse Australian wheat (Triticum aestivum) cultivars in con-
trolled environments. Crop Pasture Sci 69:1061–1075. https:// 
doi. org/ 10. 1071/ CP181 02

Bloomfield MT, Celestina C, Hunt JR, Huth N, Zheng B, Brown H, 
Zhao Z, Wang E, Stefanova K, Hyles J, Rathjen T, Trevaskis B 

(2023) Vernalisation and photoperiod responses of diverse wheat 
genotypes. Crop Pasture Sci 74:405–422. https:// doi. org/ 10. 1071/ 
CP222 13

Boden SA, Cavanagh C, Cullis BR, Ramm K, Greenwood J, Jean 
Finnegan E, Trevaskis B, Swain SM (2015) Ppd-1 is a key regu-
lator of inflorescence architecture and paired spikelet develop-
ment in wheat. Nat Plants 1:14016. https:// doi. org/ 10. 1038/ nplan 
ts. 2014. 16

Bouché F, D’Aloia M, Tocquin P, Lobet G, Detry N, Périlleux C (2016) 
Integrating roots into a whole plant network of flowering time 
genes in Arabidopsis thaliana. Sci Rep 6:1–12. https:// doi. org/ 
10. 1038/ srep2 9042

Cane K, Eagles HA, Laurie DA, Trevaskis B, Vallance N, Eastwood 
RF, Gororo NN, Kuchel MPJ (2013) Ppd-B1 and Ppd-D1 and 
their effects in southern Australian wheat. Crop Pasture Sci 
64:100–114. https:// doi. org/ 10. 1071/ CP130 86

Cho EJ, Kang CS, Yoon YM, Park CS (2015) The relationship between 
allelic variations of Vrn-1 and Ppd-1 and agronomic traits in 
Korean wheat cultivars. Indian J Genet Plant Breed 75:294–300. 
https:// doi. org/ 10. 5958/ 0975- 6906. 2015. 00046.2

Cockram J, Jones H, Leigh FJ, O’Sullivan D, Powell W, Laurie DA, 
Greenland AJ (2007) Control of flowering time in temperate 
cereals: genes, domestication, and sustainable productivity. J Exp 
Bot 58:1231–1244. https:// doi. org/ 10. 1093/ jxb/ erm042

Cruz CD, Peterson GL, Bockus WW, Kankanala P, Dubcovsky J, 
Jordan KW, Akhunov E, Chumley F, Baldelomar FD, Valent B 
(2016) The 2NS translocation from Aegilops ventricosa confers 
resistance to the Triticum pathotype of Magnaporthe oryzae. 
Crop Sci 56:990–1000. https:// doi. org/ 10. 2135/ crops ci2015. 07. 
0410

Dadshani S, Mathew B, Ballvora A, Mason AS, Léon J (2021) Detec-
tion of breeding signatures in wheat using a linkage disequilib-
rium-corrected mapping approach. Sci Rep 11:1–12. https:// doi. 
org/ 10. 1038/ s41598- 021- 85226-1

De Coster W, D’Hert S, Schultz DT, Cruts M, Van Broeckhoven C 
(2018) NanoPack: visualizing and processing long-read sequenc-
ing data. Bioinformatics 34:2666–2669. https:// doi. org/ 10. 1093/ 
bioin forma tics/ bty149

Díaz A, Zikhali M, Turner AS, Isaac P, Laurie DA (2012) Copy num-
ber variation affecting the photoperiod-B1 and vernalization-A1 
genes is associated with altered flowering time in wheat (Triti-
cum aestivum). PLoS ONE. https:// doi. org/ 10. 1371/ JOURN AL. 
PONE. 00332 34

Ding P, Mo Z, Tang H, Mu Y, Deng M, Jiang Q, Liu Y, Chen G, Chen 
G, Wang J, Li W, Qi P, Jiang Y, Kang H, Yan G, Wei Y, Zheng 
Y, Lan X, Ma J (2022) A major and stable QTL for wheat spike-
let number per spike validated in different genetic backgrounds. 
J Integr Agric 21:1551–1562. https:// doi. org/ 10. 1016/ S2095- 
3119(20) 63602-4

Doussinault G, Delibes A, Sanchez-Monge R, Garcia-Olmedo F (1983) 
Transfer of a dominant gene for resistance to eyespot disease 
from a wild grass to hexaploid wheat. Nature 303:698. https:// 
doi. org/ 10. 1038/ 30369 8a0

Errum A, Rehman N, Uzair M, Inam S, Ali GM, Khan MR (2023) 
CRISPR/Cas9 editing of wheat Ppd-1 gene homoeologs alters 
spike architecture and grain morphometric traits. Funct Integr 
Genom 23:1–17. https:// doi. org/ 10. 1007/ s10142- 023- 00989-2

Fait VI, Balashova IA (2022) Distribution of photoperiod-insensitive 
alleles Ppd-D1a, Ppd-B1a, and Ppd-B1c in winter common 
wheat cultivars (Triticum aestivum L.) of various origin. Cytol 
Genet 56:109–117. https:// doi. org/ 10. 3103/ S0095 45272 20200 49

Fang T, Campbell KG, Liu Z et al (2011) Stripe rust resistance in the 
wheat cultivar Jagger is due to Yr17 and a novel resistance gene. 
Crop Sci 51:2455–2465. https:// doi. org/ 10. 2135/ crops ci2011. 
03. 0161

https://doi.org/10.1186/s12870-019-1828-5
https://doi.org/10.31742/IJGPB.81.4.4
https://doi.org/10.31742/IJGPB.81.4.4
https://doi.org/10.1371/journal.pgen.1010655
https://doi.org/10.1016/j.crope.2022.11.002
https://doi.org/10.1016/j.crope.2022.11.002
https://doi.org/10.3389/fpls.2018.00888
https://doi.org/10.3389/fpls.2018.00888
https://doi.org/10.3390/plants9121723
https://doi.org/10.3390/plants9121723
https://doi.org/10.1038/s41588-022-01022-1
https://doi.org/10.1038/s41588-022-01022-1
https://doi.org/10.1139/g93-065
https://doi.org/10.1007/s00122-007-0603-4
https://doi.org/10.1007/s00122-007-0603-4
https://doi.org/10.1111/j.1439-0523.2010.01802.x
https://doi.org/10.1093/jxb/ert038
https://doi.org/10.1071/CP18102
https://doi.org/10.1071/CP18102
https://doi.org/10.1071/CP22213
https://doi.org/10.1071/CP22213
https://doi.org/10.1038/nplants.2014.16
https://doi.org/10.1038/nplants.2014.16
https://doi.org/10.1038/srep29042
https://doi.org/10.1038/srep29042
https://doi.org/10.1071/CP13086
https://doi.org/10.5958/0975-6906.2015.00046.2
https://doi.org/10.1093/jxb/erm042
https://doi.org/10.2135/cropsci2015.07.0410
https://doi.org/10.2135/cropsci2015.07.0410
https://doi.org/10.1038/s41598-021-85226-1
https://doi.org/10.1038/s41598-021-85226-1
https://doi.org/10.1093/bioinformatics/bty149
https://doi.org/10.1093/bioinformatics/bty149
https://doi.org/10.1371/JOURNAL.PONE.0033234
https://doi.org/10.1371/JOURNAL.PONE.0033234
https://doi.org/10.1016/S2095-3119(20)63602-4
https://doi.org/10.1016/S2095-3119(20)63602-4
https://doi.org/10.1038/303698a0
https://doi.org/10.1038/303698a0
https://doi.org/10.1007/s10142-023-00989-2
https://doi.org/10.3103/S0095452722020049
https://doi.org/10.2135/cropsci2011.03.0161
https://doi.org/10.2135/cropsci2011.03.0161


Theoretical and Applied Genetics         (2024) 137:125  Page 15 of 17   125 

Gahlaut V, Jaiswal V, Singh S, Balyan HS, Gupta PK (2019) Multi-
locus genome wide association mapping for yield and its contrib-
uting traits in hexaploid wheat under different water regimes. Sci 
Rep. https:// doi. org/ 10. 1038/ S41598- 019- 55520-0

Gao L, Koo DH, Juliana P, Rife T, Singh D, Lemes Da Silva C, Lux T, 
Dorn KM, Clinesmith M, Silva P, Wang X, Spannagl M, Monat 
C, Friebe B, Steuernagel B, Muehlbauer GJ, Walkowiak S, 
Pozniak C, Singh R, Stein N, Mascher M, Fritz A, Jesse Poland 
J (2021) The Aegilops ventricosa 2NvS segment in bread wheat: 
cytology, genomics and breeding. Theor Appl Genet 134:529–
542. https:// doi. org/ 10. 1007/ s00122- 020- 03712-y

González FG, Slafer GA, Miralles DJ (2005) Pre-anthesis development 
and number of fertile florets in wheat as affected by photoperiod 
sensitivity genes Ppd-D1 and Ppd-B1. Euphytica 146:253–269. 
https:// doi. org/ 10. 1007/ s10681- 005- 9021-3

González FG, Terrile II, Falcón MO (2011) Spike fertility and duration 
of stem elongation as promising traits to improve potential grain 
number (and yield): variation in modern Argentinean wheats. 
Crop Sci 51:1693–1702. https:// doi. org/ 10. 2135/ crops ci2010. 
08. 0447

Grogan SM, Brown-Guedira G, Haley SD, McMaster GS, Reid SD, 
Smith J, Byrne PF (2016) Allelic variation in developmental 
genes and effects on winter wheat heading date in the U.S. Great 
Plains. PLoS ONE 11(4):e0152852. https:// doi. org/ 10. 1371/ 
journ al. pone. 01528 52

Guo Z, Song Y, Zhou R, Ren Z, Jia J (2010) Discovery, evaluation and 
distribution of haplotypes of the wheat Ppd-D1 gene. New Phytol 
185:841–851. https:// doi. org/ 10. 1111/j. 1469- 8137. 2009. 03099.x

Guo Z, Chen D, Alqudah AM, Röder MS, Ganal MW, Schnurbusch T 
(2017) Genome-wide association analyses of 54 traits identified 
multiple loci for the determination of floret fertility in wheat. 
New Phytol 214:257–270. https:// doi. org/ 10. 1111/ nph. 14342

Helguera M, Khan IA, Kolmer J, Lijavetzky D, Zhong-qi L, Dubcov-
sky J (2003) PCR assays for the Lr37-Yr17-Sr38 cluster of rust 
resistance genes and their use to develop isogenic hard red spring 
wheat lines. Crop Sci 43:1839–1847. https:// doi. org/ 10. 2135/ 
crops ci2003. 1839

Higo K, Ugawa Y, Iwamoto M, Korenaga T (1999) Plant cis-acting 
regulatory DNA elements (PLACE) database: 1999. Nucleic 
Acids Res 27:297–300. https:// doi. org/ 10. 1093/ nar/ 27.1. 297

Hu J, Wang X, Zhang G, Jiang P, Chen W, Hao Y, Ma X, Xu S, Jia J, 
Kong L, Wang H (2020) QTL mapping for yield-related traits 
in wheat based on four RIL populations. Theor Appl Genet 
133:917–933. https:// doi. org/ 10. 1007/ s00122- 019- 03515-w

Hudson ME, Quail PH (2003) Identification of promoter motifs 
involved in the network of phytochrome a-regulated gene expres-
sion by combined analysis of genomic sequence and microarray 
data. Plant Physiol 133:1605–1616. https:// doi. org/ 10. 1104/ pp. 
103. 030437

IPK Crop Analysis Tools Suite (2021) Wheat, Download Data. Avail-
able online at: https:// webbl ast. ipk- gater sleben. de/ downl oads/ 
wheat/ pseud omole cules. Accessed 10 Sept 2022

Jahier J, Abelard P, Tanguy M, Dedryver F, Rivoal R, Khatkar S, Bari-
ana HS (2001) The Aegilops ventricosa segment on chromosome 
2AS of the wheat cultivar ‘VPM1’ carries the cereal cyst nema-
tode resistance gene Cre5. Plant Breed 120:125–128. https:// doi. 
org/ 10. 1046/J. 1439- 0523. 2001. 00585.X

Jones HE, Lukac M, Brak B, Martinez-Eixarch M, Alhomedhi A, 
Gooding MJ, Wingen LU, Griffiths S (2017) Photoperiod sensi-
tivity affects flowering duration in wheat. J Agric Sci 155:32–43. 
https:// doi. org/ 10. 1017/ S0021 85961 60001 25

Kamran A, Iqbal M, Spaner D (2014) Flowering time in wheat (Triti-
cum aestivum L.): a key factor for global adaptability. Euphytica 
197:1–26. https:// doi. org/ 10. 1007/ s10681- 014- 1075-7

Kaur P, Jindal S, Yadav B, Yadav I, Mahato A, Sharma P, Kaur S, 
Gupta OP, Vrána J, Šimková H, Doležel J, SinghGill B, Meyer 

KFX, Khurana JP, Singh NK, Chhuneja P, Singh K (2020) Com-
parative analysis of chromosome 2A molecular organization 
in diploid and hexaploid wheat. Mol Biol Rep 47:1991–2003. 
https:// doi. org/ 10. 1007/ s11033- 020- 05295-9

Kim J, Yi H, Choi G, Shin B, Song PS, Choi G (2003) Functional char-
acterization of phytochrome interacting factor 3 in phytochrome-
mediated light signal transduction. Plant Cell 15:2399–2407. 
https:// doi. org/ 10. 1105/ tpc. 014498

Kiseleva AA, Potokina EK, Salina EA (2017) Features of Ppd-B1 
expression regulation and their impact on the flowering time of 
wheat near-isogenic lines. BMC Plant Biol. https:// doi. org/ 10. 
1186/ s12870- 017- 1126-z

Kishii M (2019) An update of recent use of Aegilops species in wheat 
breeding. Front Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2019. 
00585

Kiss T, Balla K, Veisz O, Láng L, Bedő Z, Griffiths S, Isaac P, 
Karsai I (2014) Allele frequencies in the VRN-A1, VRN-B1 
and VRN-D1 vernalization response and PPD-B1 and PPD-D1 
photoperiod sensitivity genes, and their effects on heading in 
a diverse set of wheat cultivars (Triticum aestivum L.). Mol 
Breed 34:297–310. https:// doi. org/ 10. 1007/ s11032- 014- 0034-2

Kitagawa S, Shimada S, Murai K (2012) Effect of Ppd-1 on the 
expression of flowering-time genes in vegetative and reproduc-
tive growth stages of wheat. Genes Genet Syst 87:161–168. 
https:// doi. org/ 10. 1266/ ggs. 87. 161

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy 
AM (2017) Canu: Scalable and accurate long-read assembly 
via adaptive κ-mer weighting and repeat separation. Genome 
Res 27:722–736. https:// doi. org/ 10. 1101/ gr. 215087. 116

Langer SM, Longin CFH, Würschum T (2014) Flowering time con-
trol in European winter wheat. Front Plant Sci. https:// doi. org/ 
10. 3389/ fpls. 2014. 00537

Law CN, Sutka J, Worland AJ (1978) A genetic study of day-length 
response in wheat. Heredity (edinb) 41:185–191. https:// doi. 
org/ 10. 1038/ HDY. 1978. 87

Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van De Peer Y, 
Rouzé P, Rombauts S (2002) PlantCARE, a database of plant 
cis-acting regulatory elements and a portal to tools for in silico 
analysis of promoter sequences. Nucleic Acids Res 30:325–327

Lorenzo CD, García-Gagliardi P, Gobbini ML, Freytes SN, Antoni-
etti MS, Mancini E, Dezar CA, Watson G, Yanovsky MJ, 
Cerdán PD (2023) MsTFL1A delays flowering and regulates 
shoot architecture and root development in Medicago sativa. 
Plant Reprod. https:// doi. org/ 10. 1007/ s00497- 023- 00466-7

Makhoul M, Obermeier C (2022) Development of breeder-friendly 
KASP markers from genome-wide association studies results. 
In: Torkamaneh D, Belzile F (eds) Genome-wide association 
studies. Methods in molecular biology. Springer, New York, 
pp 287–310. https:// doi. org/ 10. 1007/ 978-1- 0716- 2237-7_ 17

Makhoul M, Chawla HS, Wittkop B, Stahl A, Voss-Fels KP, Zetzsche 
H, Snowdon RJ, Obermeier C (2022) Long-amplicon single-
molecule sequencing reveals novel, trait-associated variants 
of VERNALIZATION1 homoeologs in hexaploid wheat. Front 
Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2022. 942461

McIntosh RA, Friebe B, Jiang J, The D, Gill BS (1995) Cytoge-
netical studies in wheat XVI. Chromosome location of a new 
gene for resistance to leaf rust in a Japanese wheat-rye trans-
location line. Euphytica 82:141–147. https:// doi. org/ 10. 1007/ 
BF000 27060

McIntosh RA, Yamazaki Y, Devos KM, Dubcovsky J, Rogers WJ, 
Appels R (2003) Catalogue of gene symbols for wheat. In: McI-
ntosh RA, Pogna NE (eds) 10th international wheat genetics 
Proceedings vol 4:1–47 Istituto Sperimentale per la Cereali-
coltura, Rome. Available at: http:// wheat. pw. usda. gov/ ggpag es/ 
wgc/ 2003/

https://doi.org/10.1038/S41598-019-55520-0
https://doi.org/10.1007/s00122-020-03712-y
https://doi.org/10.1007/s10681-005-9021-3
https://doi.org/10.2135/cropsci2010.08.0447
https://doi.org/10.2135/cropsci2010.08.0447
https://doi.org/10.1371/journal.pone.0152852
https://doi.org/10.1371/journal.pone.0152852
https://doi.org/10.1111/j.1469-8137.2009.03099.x
https://doi.org/10.1111/nph.14342
https://doi.org/10.2135/cropsci2003.1839
https://doi.org/10.2135/cropsci2003.1839
https://doi.org/10.1093/nar/27.1.297
https://doi.org/10.1007/s00122-019-03515-w
https://doi.org/10.1104/pp.103.030437
https://doi.org/10.1104/pp.103.030437
https://webblast.ipk-gatersleben.de/downloads/wheat/pseudomolecules
https://webblast.ipk-gatersleben.de/downloads/wheat/pseudomolecules
https://doi.org/10.1046/J.1439-0523.2001.00585.X
https://doi.org/10.1046/J.1439-0523.2001.00585.X
https://doi.org/10.1017/S0021859616000125
https://doi.org/10.1007/s10681-014-1075-7
https://doi.org/10.1007/s11033-020-05295-9
https://doi.org/10.1105/tpc.014498
https://doi.org/10.1186/s12870-017-1126-z
https://doi.org/10.1186/s12870-017-1126-z
https://doi.org/10.3389/fpls.2019.00585
https://doi.org/10.3389/fpls.2019.00585
https://doi.org/10.1007/s11032-014-0034-2
https://doi.org/10.1266/ggs.87.161
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.3389/fpls.2014.00537
https://doi.org/10.3389/fpls.2014.00537
https://doi.org/10.1038/HDY.1978.87
https://doi.org/10.1038/HDY.1978.87
https://doi.org/10.1007/s00497-023-00466-7
https://doi.org/10.1007/978-1-0716-2237-7_17
https://doi.org/10.3389/fpls.2022.942461
https://doi.org/10.1007/BF00027060
https://doi.org/10.1007/BF00027060
http://wheat.pw.usda.gov/ggpages/wgc/2003/
http://wheat.pw.usda.gov/ggpages/wgc/2003/


 Theoretical and Applied Genetics         (2024) 137:125   125  Page 16 of 17

De Mendiburu F (2021) Agricolae: statistical procedures for agricul-
tural research. R package version 1.3–5. Available online at: 
https:// CRAN.R- proje ct. org/ packa ge= agric olae. Accessed 18 
Mar 2023

Muterko A, Kalendar R, Cockram J, Balashova I (2015) Discovery, 
evaluation and distribution of haplotypes and new alleles of the 
Photoperiod-A1 gene in wheat. Plant Mol Biol 88:149–164. 
https:// doi. org/ 10. 1007/ s11103- 015- 0313-2

Nishida H, Yoshida T, Kawakami K, Fujita M, Long B, Akashi Y, 
Laurie DA, Kato K (2013) Structural variation in the 5′ upstream 
region of photoperiod-insensitive alleles Ppd-A1a and Ppd-B1a 
identified in hexaploid wheat (Triticum aestivum L.), and their 
effect on heading time. Mol Breed 31(1):27–37. https:// doi. org/ 
10. 1007/ s11032- 012- 9765-0

Ochagavía H, Prieto P, Savin R, Griffiths S, Slafer G (2018) Dynamics 
of leaf and spikelet primordia initiation in wheat as affected by 
Ppd-1a alleles under field conditions. J Exp Bot 69:2621–2631. 
https:// doi. org/ 10. 1093/ jxb/ ery104

Oxford Nanopore Technologies (2022) Software Downloads. Avail-
able online at: https:// commu nity. nanop orete ch. com/ downl oads. 
Accessed 7 Aug 2022

Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, Keane JA, Har-
ris SR (2016) SNP-sites: rapid efficient extraction of SNPs from 
multi-FASTA alignments. Microb Genom 2:e000056. https:// doi. 
org/ 10. 1099/ mgen.0. 000056

Pérez-Gianmarco TI, Slafer GA, González FG (2019) Photoperiod-
sensitivity genes shape floret development in wheat. J Exp Bot 
70:1339–1348. https:// doi. org/ 10. 1093/ jxb/ ery449

Pérez-Gianmarco TI, Severini AD, González FG (2020) Photoperiod-
sensitivity genes (Ppd-1): quantifying their effect on the pho-
toperiod response model in wheat. J Exp Bot 71:1185–1198. 
https:// doi. org/ 10. 1093/ JXB/ ERZ483

Prieto P, Ochagavía H, Savin R, Griffiths S, Slafer GA (2018) Dynam-
ics of floret initiation/death determining spike fertility in wheat 
as affected by Ppd genes under field conditions. J Exp Bot 
69:2633–2645. https:// doi. org/ 10. 1093/ jxb/ ery105

Pshenichnikova TA, Osipova SV, Smirnova OG, Leonova IN, Per-
myakova MD, Permyakov AV, Rudikovskaya EG, Konstantinov 
DK, Verkhoturov VV, Lohwasser U, Börner A (2021) Regions 
of chromosome 2A of bread wheat (Triticum aestivum L.) associ-
ated with variation in physiological and agronomical traits under 
contrasting water regimes. Plants 10:1023. https:// doi. org/ 10. 
3390/ plant s1005 1023

R Core Team (2021) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing. Available 
online at: https:// www.R- proje ct. org/. Accessed 15 Mar 2023

Ramirez IA, Abbate PE, Redi IW, Pontaroli AC (2018) Effects of pho-
toperiod sensitivity genes Ppd-B1 and Ppd-D1 on spike fertil-
ity and related traits in bread wheat. Plant Breed 137:320–325. 
https:// doi. org/ 10. 1111/ pbr. 12585

Ramírez-González RH, Borrill P, Lang D, Harrington SA, Brinton J, 
Venturini L, Uauy C (2018) The transcriptional landscape of 
polyploid wheat. Science 361:eaar6089. https:// doi. org/ 10. 1126/ 
scien ce. aar60 89

Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, 
Getz G, Mesirov JP (2011) Integrative genomics viewer. Nat 
Biotechnol 29:24–26. https:// doi. org/ 10. 1038/ nbt. 1754

Royo C, Dreisigacker S, Alfaro C, Ammar K, Villegas D (2016) Effect 
of Ppd-1 genes on durum wheat flowering time and grain filling 
duration in a wide range of latitudes. J Agric Sci 154:612–631. 
https:// doi. org/ 10. 1017/ S0021 85961 50005 07

Royo C, Ammar K, Alfaro C, Dreisigacker S, del Moral LFG, Villegas 
D (2018) Effect of Ppd-1 photoperiod sensitivity genes on dry 
matter production and allocation in durum wheat. Field Crop Res 
221:358–367. https:// doi. org/ 10. 1016/j. fcr. 2017. 06. 005

Sato K, Abe F, Mascher M, Haberer G, Gundlach H, Spannagl M, Shi-
rasawa K, Isobe S (2021) Chromosome-scale genome assembly 
of the transformation-amenable common wheat cultivar ’Fielder. 
DNA Res. https:// doi. org/ 10. 1093/ dnares/ dsab0 08

Scarth R, Law C (1983) The location of the photoperiod gene, Ppd2 
and an additional genetic factor for ear-emergence time on chro-
mosome 2B of wheat. Heredity 51:607–619. https:// doi. org/ 10. 
1038/ hdy. 1983. 73

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

Schindler U, Beckmann H, Cashmore AR (1992) TGAl and G-box 
binding factors: two distinct classes of Arabidopsis leucine zip-
per proteins compete for the G-Box-Like element TGA CGT GG. 
Plant Cell 4:1309–1319. https:// doi. org/ 10. 1105/ tpc.4. 10. 1309

Sedlazeck FJ, Rescheneder P, Smolka M, Fang H, Nattestad M, von 
Haeseler A, Schatz MC (2018) Accurate detection of com-
plex structural variations using single-molecule sequenc-
ing. Nat Methods 15:461–468. https:// doi. org/ 10. 1038/ 
s41592- 018- 0001-7

Seki M, Chono M, Matsunaka H, Fujita M, Oda S, Kubo K, Kiribuchi-
Otobe C, Kojima H, Nishida H, Kato K (2011) Distribution of 
photoperiod-insensitive alleles Ppd-B1a and Ppd-D1a and their 
effect on heading time in Japanese wheat cultivars. Breed Sci 
61:405–412. https:// doi. org/ 10. 1270/ jsbbs. 61. 405

Seki M, Chono M, Nishimura T, Sato M, Yoshimura Y, Matsunaka H, 
Fujita M, Oda S, Kubo K, Kiribuchi-Otobe C, Kojima H, Nishida 
H, Kato K (2013) Distribution of photoperiod-insensitive allele 
Ppd-A1a and its effect on heading time in Japanese wheat culti-
vars. Breed Sci 63:309–316. https:// doi. org/ 10. 1270/ jsbbs. 63. 309

Shaw LM, Turner AS, Laurie DA (2012) The impact of photoperiod 
insensitive Ppd-1a mutations on the photoperiod pathway across 
the three genomes of hexaploid wheat (Triticum aestivum). Plant 
J 71:71–84. https:// doi. org/ 10. 1111/j. 1365- 313X. 2012. 04971.x

Shaw LM, Turner AS, Herry L, Griffiths S, Laurie DA (2013) Mutant 
alleles of Photoperiod-1 in wheat (Triticum aestivum L.) that 
confer a late flowering phenotype in long days. PLoS ONE 
8(11):e79459. https:// doi. org/ 10. 1371/ journ al. pone. 00794 59

Shaw LM, Li C, Woods DP, Alvarez MA, Lin H, Lau MY, Chen A, 
Dubcovsky J (2020) Epistatic interactions between PHOTOPER-
IOD1, CONSTANS1 and CONSTANS2 modulate the photoperi-
odic response in wheat. PLoS Genet 16(7):e1008812. https:// doi. 
org/ 10. 1371/ journ al. pgen. 10088 12

Shi W, Hao C, Zhang Y, Cheng J, Zhang Z, Liu J, Yi X, Cheng X, Sun 
D, Xu Y, Zhang X, Cheng S, Guo P, Guo J (2017) A combined 
association mapping and linkage analysis of kernel number per 
spike in common wheat (Triticum aestivum L.). Front Plant Sci. 
https:// doi. org/ 10. 3389/ fpls. 2017. 01412

Snape JW, Butterworth K, Whitechurch E, Worland AJ (2001) Waiting 
for fine times: genetics of flowering time in wheat. Euphytica 
119:185–190. https:// doi. org/ 10. 1023/A: 10175 94422 176

Steinfort U, Fukai S, Trevaskis B, Glassop D, Chan A, Fernanda 
Dreccer M (2017a) Vernalisation and photoperiod sensitivity in 
wheat: the response of floret fertility and grain number is affected 
by vernalisation status. Field Crop Res 203:243–255. https:// doi. 
org/ 10. 1016/j. fcr. 2016. 10. 013

Steinfort U, Trevaskis B, Fukai S, Bell KL, Fernanda Dreccer M 
(2017b) Vernalisation and photoperiod sensitivity in wheat: 
impact on canopy development and yield components. Field 
Crop Res 201:108–121. https:// doi. org/ 10. 1016/j. fcr. 2016. 10. 012

Student (1908) The probable error of a mean. Biometrika 6:1–25. 
https:// doi. org/ 10. 2307/ 23315 54

Sun H, Guo Z, Gao L, Zhao G, Zhang W, Zhou R, Wu Y, Wang H, 
An H, Jia J (2014) DNA methylation pattern of photoperiod-B1 
is associated with photoperiod insensitivity in wheat (Triticum 

https://CRAN.R-project.org/package=agricolae
https://doi.org/10.1007/s11103-015-0313-2
https://doi.org/10.1007/s11032-012-9765-0
https://doi.org/10.1007/s11032-012-9765-0
https://doi.org/10.1093/jxb/ery104
https://community.nanoporetech.com/downloads
https://doi.org/10.1099/mgen.0.000056
https://doi.org/10.1099/mgen.0.000056
https://doi.org/10.1093/jxb/ery449
https://doi.org/10.1093/JXB/ERZ483
https://doi.org/10.1093/jxb/ery105
https://doi.org/10.3390/plants10051023
https://doi.org/10.3390/plants10051023
https://www.R-project.org/
https://doi.org/10.1111/pbr.12585
https://doi.org/10.1126/science.aar6089
https://doi.org/10.1126/science.aar6089
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1017/S0021859615000507
https://doi.org/10.1016/j.fcr.2017.06.005
https://doi.org/10.1093/dnares/dsab008
https://doi.org/10.1038/hdy.1983.73
https://doi.org/10.1038/hdy.1983.73
https://doi.org/10.1105/tpc.4.10.1309
https://doi.org/10.1038/s41592-018-0001-7
https://doi.org/10.1038/s41592-018-0001-7
https://doi.org/10.1270/jsbbs.61.405
https://doi.org/10.1270/jsbbs.63.309
https://doi.org/10.1111/j.1365-313X.2012.04971.x
https://doi.org/10.1371/journal.pone.0079459
https://doi.org/10.1371/journal.pgen.1008812
https://doi.org/10.1371/journal.pgen.1008812
https://doi.org/10.3389/fpls.2017.01412
https://doi.org/10.1023/A:1017594422176
https://doi.org/10.1016/j.fcr.2016.10.013
https://doi.org/10.1016/j.fcr.2016.10.013
https://doi.org/10.1016/j.fcr.2016.10.012
https://doi.org/10.2307/2331554


Theoretical and Applied Genetics         (2024) 137:125  Page 17 of 17   125 

aestivum). New Phytol 204:682–692. https:// doi. org/ 10. 1111/ 
nph. 12948

Sun H, Zhang W, Wu Y, Gao L, Cui F, Zhao C, Guo Z, Jia J (2020) The 
circadian clock gene, TaPRR1, Is associated with yield-related 
traits in wheat (Triticum aestivum L.). Front Plant Sci 11:285. 
https:// doi. org/ 10. 3389/ fpls. 2020. 00285

Takenaka S, Kawahara T (2012) Evolution and dispersal of emmer 
wheat (Triticum sp.) from novel haplotypes of Ppd-1 (photo-
period response) genes and their surrounding DNA sequences. 
Theor Appl Genet 125:999–1014. https:// doi. org/ 10. 1007/ 
s00122- 012- 1890-y

Tanio M, Kato K (2007) Development of near-isogenic lines for pho-
toperiod-insensitive genes, Ppd-B1 and Ppd-D1, carried by the 
Japanese wheat cultivars and their effect on apical development. 
Breed Sci 57:65–72. https:// doi. org/ 10. 1270/ jsbbs. 57. 65

Vierstraete AR, Braeckman BP (2022) Amplicon_sorter: a tool for 
reference-free amplicon sorting based on sequence similarity and 
for building consensus sequences. Ecol Evol 12:e8603. https:// 
doi. org/ 10. 1002/ ece3. 8603

Voss-Fels KP, Robinson H, Mudge SR, Richard C, Newman S, Wittkop 
B et al (2018) VERNALIZATION1 modulates root system archi-
tecture in wheat and barley. Mol Plant 11(1):226–229. https:// 
doi. org/ 10. 1016/j. molp. 2017. 10. 005

Voss-Fels KP, Stahl A, Wittkop B et al (2019a) Breeding improves 
wheat productivity under contrasting agrochemical input 
levels. Nat Plants 5:706–714. https:// doi. org/ 10. 1038/ 
s41477- 019- 0445-5

Voss-Fels KP, Keeble-Gagnère G, Hickey LT, Tibbits J, Nagornyy S, 
Hayden MJ, Pasam RK, Kant S, Friedt W, Snowdon RJ, Appels 
R, Wittkop B (2019b) High-resolution mapping of rachis nodes 
per rachis, a critical determinant of grain yield components in 
wheat. Theor Appl Genet 132:2707–2719. https:// doi. org/ 10. 
1007/ s00122- 019- 03383-4

Walkowiak S, Gao L, Monat C, Haberer G, Kassa MT, Brinton J, Ram-
irez-Gonzalez RH, Kolodziej MC, Delorean E, Thambugala D, 
Klymiuk V, Byrns B, Gundlach H, Bandi V, Siri JN, Nilsen K, 
Aquino C, Himmelbach A, Copetti D, Ban T, Venturini L, Bevan 
M, Clavijo B, Koo DH, Ens J, Wiebe K, N’Diaye A, Fritz AK, 
Gutwin C, Fiebig A, Fosker C, Fu BX, Accinelli GG, Gardner 
KA, Fradgley N, Gutierrez-Gonzalez J, Halstead-Nussloch G, 
Hatakeyama M, Koh CS, Deek J, Costamagna AC, Fobert P, 
Heavens D, Kanamori H, Kawaura K, Kobayashi F, Krasileva 
K, Kuo T, McKenzie N, Murata K, Nabeka Y, Paape T, Padmar-
asu S, Percival-Alwyn L, Kagale S, Scholz U, Sese J, Juliana P, 
Singh R, Shimizu-Inatsugi R, Swarbreck D, Cockram J, Budak 
H, Tameshige T, Tanaka T, Tsuji H, Wright J, Wu J, Steuernagel 
B, Small I, Cloutier S, Keeble-Gagnere G, Muehlbauer G, Tib-
bets J, Nasuda S, Melonek J, Hucl PJ, Sharpe AG, Clark M, 
Legg E, Bharti A, Langridge P, Hall A, Uauy C, Mascher M, 
Krattinger SG, Handa H, Shimizu KK, Distelfeld A, Chalmers K, 
Keller B, Mayer KFX, Poland J, Stein N, McCartney CA, Span-
nagl M, Wicker T, Pozniak CJ (2020) Multiple wheat genomes 
reveal global variation in modern breeding. Nature 588:277–283. 
https:// doi. org/ 10. 1038/ s41586- 020- 2961-x

Welch BL (1947) The generalization of “Student’s” problem when 
several different population variances are involved. Biometrika 
34:28–35. https:// doi. org/ 10. 1093/ biomet/ 34.1- 2. 28

Whitford W, Hawkins V, Moodley KS, Grant MJ, Lehnert K, Snell 
RG, Jacobsen JC (2022) Proof of concept for multiplex ampli-
con sequencing for mutation identification using the MinION 
nanopore sequencer. Sci Rep 12:8572. https:// doi. org/ 10. 1038/ 
s41598- 022- 12613-7

Wilhelm EP, Turner AS, Laurie DA (2009) Photoperiod insensitive 
Ppd-A1a mutations in tetraploid wheat (Triticum durum Desf.). 
Theor Appl Genet 118:285–294. https:// doi. org/ 10. 1007/ 
s00122- 008- 0898-9

Williamson VM, Thomas V, Ferris H, Dubcovsky J (2013) An Aegilops 
ventricosa translocation confers resistance against root-knot 
nematodes to common wheat. Crop Sci 53:1412–1418. https:// 
doi. org/ 10. 2135/ crops ci2012. 12. 0681

Wolde GM, Trautewig C, Mascher M, Schnurbusch T (2019) Genetic 
insights into morphometric inflorescence traits of wheat. 
Theor Appl Genet 132:1661–1676. https:// doi. org/ 10. 1007/ 
s00122- 019- 03305-4

Worland AJ (1996) The influence of flowering time genes on environ-
mental adaptability in European wheats. Euphytica 89:49–57. 
https:// doi. org/ 10. 1007/ BF000 15718

Worland AJ, Bö Rner A, Korzun V, Li WM, Petrovíc S, Sayers EJ 
(1998) The influence of photoperiod genes on the adaptability 
of European winter wheats. Euphytica 100:385–394. https:// doi. 
org/ 10. 1023/A: 10183 27700 985

Wu Y, Liu J, Hu G, Xue H, Xu H, Zhao C, Qin R, Cui F, Sun H (2021) 
Functional analysis of the “Green Revolution” Gene Photoper-
iod-1 and its selection trends during bread wheat breeding. Front 
Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2021. 745411

Würschum T, Boeven PHG, Langer SM, Longin CFH, Leiser WL 
(2015) Multiply to conquer: copy number variations at Ppd-B1 
and Vrn-A1 facilitate global adaptation in wheat. BMC Genet 
16:96. https:// doi. org/ 10. 1186/ s12863- 015- 0258-0

Würschum T, Rapp M, Miedaner T, Longin CFH, Leiser WL (2019) 
Copy number variation of Ppd-B1 is the major determinant of 
heading time in durum wheat. BMC Genet. https:// doi. org/ 10. 
1186/ s12863- 019- 0768-2

Xue S, Kolmer JA, Wang S, Yan L (2018) Mapping of leaf rust resist-
ance genes and molecular characterization of the 2NS/2AS trans-
location in the wheat cultivar Jagger. G3 Genes Genomes Genet 
8:2059–2065. https:// doi. org/ 10. 1534/ g3. 118. 200058

Yadav V, Mallappa C, Gangappa SN, Bhatia S, Chattopadhyay S (2005) 
A basic helix-loop-helix transcription factor in arabidopsis, 
MYC2, acts as a repressor of blue light-mediated photomorpho-
genic growth. Plant Cell 17:1953–1966. https:// doi. org/ 10. 1105/ 
tpc. 105. 032060

Yang FP, Zhang XK, Xia XC, Laurie DA, Yang WX, He ZH (2009) 
Distribution of the photoperiod insensitive Ppd-D1a allele in 
Chinese wheat cultivars. Euphytica 165:445–452. https:// doi. org/ 
10. 1007/ s10681- 008- 9745-y

Zhang X, Gao M, Wang S, Chen F, Cui D (2015) Allelic variation 
at the vernalization and photoperiod sensitivity loci in Chinese 
winter wheat cultivars (Triticum aestivum L.). Front Plant Sci 
1:470. https:// doi. org/ 10. 3389/ fpls. 2015. 00470

Zhang K, Wang J, Qin H, Wei Z, Hang L, Zhang P, Reynolds M, Wang 
D (2019) Assessment of the individual and combined effects of 
Rht8 and Ppd-D1a on plant height, time to heading and yield 
traits in common wheat. Crop J 7:845–856. https:// doi. org/ 10. 
1016/J. CJ. 2019. 06. 008

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/nph.12948
https://doi.org/10.1111/nph.12948
https://doi.org/10.3389/fpls.2020.00285
https://doi.org/10.1007/s00122-012-1890-y
https://doi.org/10.1007/s00122-012-1890-y
https://doi.org/10.1270/jsbbs.57.65
https://doi.org/10.1002/ece3.8603
https://doi.org/10.1002/ece3.8603
https://doi.org/10.1016/j.molp.2017.10.005
https://doi.org/10.1016/j.molp.2017.10.005
https://doi.org/10.1038/s41477-019-0445-5
https://doi.org/10.1038/s41477-019-0445-5
https://doi.org/10.1007/s00122-019-03383-4
https://doi.org/10.1007/s00122-019-03383-4
https://doi.org/10.1038/s41586-020-2961-x
https://doi.org/10.1093/biomet/34.1-2.28
https://doi.org/10.1038/s41598-022-12613-7
https://doi.org/10.1038/s41598-022-12613-7
https://doi.org/10.1007/s00122-008-0898-9
https://doi.org/10.1007/s00122-008-0898-9
https://doi.org/10.2135/cropsci2012.12.0681
https://doi.org/10.2135/cropsci2012.12.0681
https://doi.org/10.1007/s00122-019-03305-4
https://doi.org/10.1007/s00122-019-03305-4
https://doi.org/10.1007/BF00015718
https://doi.org/10.1023/A:1018327700985
https://doi.org/10.1023/A:1018327700985
https://doi.org/10.3389/fpls.2021.745411
https://doi.org/10.1186/s12863-015-0258-0
https://doi.org/10.1186/s12863-019-0768-2
https://doi.org/10.1186/s12863-019-0768-2
https://doi.org/10.1534/g3.118.200058
https://doi.org/10.1105/tpc.105.032060
https://doi.org/10.1105/tpc.105.032060
https://doi.org/10.1007/s10681-008-9745-y
https://doi.org/10.1007/s10681-008-9745-y
https://doi.org/10.3389/fpls.2015.00470
https://doi.org/10.1016/J.CJ.2019.06.008
https://doi.org/10.1016/J.CJ.2019.06.008

	Novel PHOTOPERIOD-1 gene variants associate with yield-related and root-angle traits in European bread wheat
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Phenotypic data
	PCR amplification, Oxford Nanopore Technologies library preparation, and sequencing of Ppd-1 genes in 96 bread wheat cultivars
	Processing and analysis of Oxford Nanopore Technologies data
	Generation of consensus sequences and variant calls from Oxford Nanopore Technologies data
	Sequencing coverage of wheat Ppd-1 genes
	Detection and filtering chimeric reads in ONT sequencing
	Multiplex PCR assays for detecting wheat Ppd-D1 structural variations
	Development of KASP assays for polymorphisms in Ppd-1 genes
	Detection of the A. ventricosa 2NS segment in bread wheat
	Statistical analyses

	Results
	Ppd-B1 shows a low level of polymorphisms based on Oxford Nanopore Technologies sequencing
	Ppd-A1 shows novel structural variations and a high number of SNPs based on Oxford Nanopore Technologies sequencing
	The photoperiod insensitive Ppd-D1a allele (PpdD1-Hap3) is associated with root growth and grain yield components
	Ppd-B1 haplotypes are associated with spike traits under low cropping intensities
	Ppd-A1 haplotypes are associated with multiple agronomic traits
	Change of Ppd-1 allele frequencies across 5 decades of breeding
	Identification of the 2NS segment from A. ventricosa and its influence on grain yield and other traits in European wheat cultivars

	Discussion
	Photoperiod insensitivity alleles for Ppd-A1 and Ppd-B1 are not common in European wheat
	The Ppd-D1a photoperiod insensitivity allele is associated with nodal root-angle trait
	Co-inheritance of the A. ventricosa 2NS segment and PpdA-Hap1 haplotype in wheat
	Ppd-1 haplotypes underwent positive selection across a timeline spanning 5 decades of release of European wheat cultivars

	Conclusion
	Acknowledgements 
	References


