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In plants, divergence in phenotypic traits within species is o�en linked to di�erences in habitat, such as 
temperature, precipitation, radiation, and interactors, including insects and pathogens. Environmentally adaptive 
traits tend to dominate over non-adaptive traits in local populations. Traits that are sensitive to environmental 
changes, such as �owering, can be optimized for local habitats by natural  selection1,2. Di�erences in the days to 
�owering could restrict gene �ow between populations, even at the borders of their habitats, thereby enhancing 
genetic divergence between populations. Divergence in �owering time serves as pre-mating isolation for 
 speciation1–4. An association between di�erences in �owering time and population structure has been reported 
for Brachypodium distachyon5. However, the �owering period is not always associated with population structure. 
In Arabidopsis thaliana, variation in �owering time is independent of population  structure6.

Photoperiod and temperature are key factors a�ecting the onset of �owering in temperate plant  species7. 
Plants that require vernalization for �owering especially need to be exposed to low temperatures for a period of 
time during the winter. Genes involved in the vernalization, photoperiod, and circadian clock pathways regulate 
the transition from the vegetative to the reproductive  stage8. Annual and diurnal variations in photoperiod and 
temperature vary with latitude. Polymorphisms in genes involved in vernalization or photoperiod are thought to 
generate latitudinal clines. In fact, for several plants, latitudinal clines of �owering time are observed, although 
the strength of clinal variation depends on sampling  scales9. In Arabidopsis thaliana, the MADS-box transcription 
factor FLC is associated with vernalization and functions as a �oral repressor of the �origen gene FT with 
two major alleles, FLCA and FLCB. �e distribution of these alleles, in the presence of the functional allele 
FRIGIDA (FRI), is associated with the latitudinal cline of �owering time in Eurasia and North  America10–12. �e 
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polymorphisms in the Ppd-D1 gene, which is involved in photoperiod sensitivity, explain the latitudinal cline of 
�owering time in common  wheat13,14. Di�erences in �owering time were also associated with other phenotypic 
 traits6,15–18. In maize, polymorphisms in the dwarf8 gene involved with plant height, are associated with �owering 
time in elite European inbred  lines16. In A. thaliana, a latitudinal cline was detected in the covariance between 
primary dormancy, growth rate, and �owering  time6.

Diversi�cation of �owering time also exists in wild wheat relatives. Signi�cant longitudinal and latitudinal 
clines in days to �owering were observed in Aegilops tauschii which consists of three divergent lineages: TauL1, 
TauL2 and  TauL313,18,19. In the Transcaucasus-Middle East, the �owering time in Ae. tauschii is positively 
correlated with latitude. Photoperiod may be a factor that forms a latitudinal cline. However, in Asia, �owering 
time variation shows a longitudinal cline. �e sublineage TauL1b has colonized eastern Eurasia, ranging from 
Afghanistan to China. Early �owering of TauL1b has been linked to winter  temperature13,18.

Aegilops umbellulata Zhuk is a diploid wild wheat relative with the U genome, distributed throughout Greece 
and the Middle East. Ae. umbellulata has been used as a genetic resource for disease resistance in common 
 wheat20–24. �e distribution of Ae. umbellulata overlapped with tetraploid wheat and einkorn wheat, whereas Ae. 
umbellulata did not contribute to the establishment of hexaploid wheat. An arti�cial cross between the tetraploid 
wheat Triticum turgidum ssp. durum cv. Langdon and Ae. umbellulata generated germinable triploid seeds 
(ABU genome)25,26. However, most hybrids were sterile and did not produce hexaploid seeds. �e frequency of 
genome doubling in ABU hybrids was lower than that in the triploid hybrids of Langdon and Ae. tauschii (ABD 
genome), some combinations of which form unreduced gametes and produce hexaploid  seeds25. Analysis of 
RNA-sequence based single nucleotide polymorphisms (SNPs) in 12 accessions of Ae. umbellulata showed no 
clear lineage  di�erentiation27. Rarer allele frequency is predominant in Ae. umbellulata. Polymorphic patterns of 
Ae. umbellulata are distinct from those of Ae. tauchii. However, the number of accessions tested in these studies 
was too small to capture the population structure in Ae. umbellulata. In the present study, we aimed to reveal the 
population structure and phenotypic trait variations in Ae. umbellulata, we analyzed nucleotide polymorphisms 
in 114 accessions of Ae. umbellulata based on SNPs estimated by RNA sequencing (RNA-seq) of young seedlings 
and evaluated their phenotypic traits in multiple seasons.

Ae. umbellulata
�e National Bioresource Project-Wheat, Japan maintained the germplasm of Ae. umbellulata. �e 114 accessions 
were randomly selected from the collection (Fig. 1A and Supplementary Table S1). Triticeae, including Ae. 
umbellulata have a large genome, and over 80% of the genome was composed of repeats derived from transposable 
 elements28,29. Due to the di�culty of identifying high-con�dence SNPs in transposable elements, we used RNA-
seq of 3′-UTR for 114 accessions of Ae. umbellulata to estimate intraspeci�c DNA variation. �e RNA-seq reads 
were aligned to two sets of transcript sequences. One is de novo assembly of transcripts that had been previously 
developed from 300 bp paired-end RNA-seq  reads27. Another set of transcript sequences was reconstructed by 
substituting the nucleotides of T. aestivum cv. Chinese Spring (CS) D genome with Ae. umbellulata nucleotides at 
the SNP sites of high-con�dence transcripts of  CS28. Since K-mer based de novo assembly of RNA-seq short reads 
potentially generates chimeric transcripts, we also used the transcripts from CS D-genome that were developed 
based on whole-chromosome pseudomolecules. Based on the SNPs between Ae. umbellulata and wheat CS 
D-genomes, the nucleotides of the CS D-genome were replaced with those of Ae. umbellulata. To improve the 
SNP detection rate, these alignments and replacements were repeated 16 times, using the approach for improving 
alignments developed by Paape et al.  201830. �e number of detected SNPs decreased from 819,290 in the 1st 
repeat to 43 in the 13th repeat. Since the number of detected SNPs was almost constant a�er the 13th repeat 
(Supplementary Table S2), the deduced transcripts at the 13th repeat were used as a reference for the alignments 
and are referred to here as reference-based transcripts.

Ae. umbellulata
RNA-seq of the 114 accessions of Ae. umbellulata generated 367–1986 million reads per accession. �e average 
number of sequencing reads per accession was 964 million. A�er quality control, �ltered reads were aligned to 
the two sets of transcripts (Supplemental Table S3). Since Ae. umbellulata is sel�ng species, heterozygous SNPs 
are expected to be rare, and only homozygous SNPs were called. When the de novo assembled transcripts were 
used as a reference for alignments and SNP calling, 214–1522 million reads per accession were aligned, and 
4455–21,236 SNPs per accession were called. A total of 202,692 SNP loci were identi�ed. In contrast, when 
reference-based transcripts were used as a reference, 160–1059 million reads were aligned and 1393–10,996 
SNPs were called. A total of 96,403 SNP loci were identi�ed. �e sample coverage per locus was higher in the 
SNP set based on de novo assembled transcripts than in the SNP set derived from reference-based transcripts 
(Supplemental Fig. S1). For the downstream analyses, we used biallelic and homozygous SNP loci with 100% 
sample coverage. Finally, the number of SNP loci selected based on de novo assembled transcripts and reference-
based transcripts were 6286 and 4459, respectively. �e sets of SNPs based on de novo assembled transcripts 
could overlap with reference-based transcripts.

To estimate the population structure of the 114 Ae. umbellulata accessions, Bayesian-based clustering 
of the biallelic SNPs was conducted using STRU CTU RE (Fig. 1). L(K) and Delta K for di�erent numbers of 
subpopulations presumed that the three groups (k = 3) were optimal (Supplementary Fig. S2). When k was two, 
the two groups corresponded to the geographic di�erences between the Middle East and Greece. �e Middle 
Eastern and Greek groups were named the UmbL1 and UmbL2 lineages, respectively. When k was three, the 
UmbL1 lineage was divided into two sublineages, which were named the UmbL1e and UmbL1w lineages. In the 
structure analysis, Q-value represents the probability that an accessions belongs to a particular lineage/sublineage 
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and was calculated for each linage. Q-value of an accession was greater than 0.8 at a particular lineage/sublineage, 
the accession was classi�ed into this lineage/sublineage. �e classi�cation of accessions into each lineage were 
almost consistent between the population structure estimated from the SNP sets based on de novo assembled 
transcripts and reference-based transcripts (Supplementary Table S4). UmbL1w is distributed throughout Turkey 
and Syria, whereas UmbL1e originates from Iraq, Iran, and Azerbaijan. �ere were intermediate types between 
the UmbL1e and UmbL1w lineages, which were mainly found around western Turkey where their distributions 
overlapped. We used 87 accessions that were clearly sorted into UmbL1e, UmbL1w, or UmbL2 in both SNP 
sets for the downstream analyses (Supplemental Table S4). FST, an indicator of genetic divergence between 
populations, was estimated to be 0.219 between UmbL1w and UmbL1e, 0.379 between UmbL1w and UmbL2, 
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Figure 1.  Population structure of the 114 accessions of Aegilops umbellulata. (A) Geographic distribution of the 
114 Ae. umbellulata accessions, based on map dataset sourced from R package “ggplot2" ver. 3.5.0 in R so�ware 
ver. 4.3.1. �e color coding of the pie chart corresponds to the STRU CTU RE results at K = 3 in (B) below. (B) 
Proportion of membership of the 114 accessions for K = 2 to 5, as calculated by STRU CTU RE so�ware based on 
SNPs that were called from the alignments of RNA-seq reads to the reference-based transcripts. Multiple runs 
for each K were concatenated using CLUMPP. Each accession, represented as a vertical line is partitioned into 
colored segments whose length is proportional to the individual’s probability of assignment (Q-value) to the Kth 
cluster.
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and 0.472 between UmbL1e and UmbL2. UmbL1e had more genetic divergence from UmbL2. �e genetic 
divergence among UmbL1e, UmbL1w, and UmbL2 re�ected the geographic distribution of Ae. umbellulata 
accessions belonging to each lineage.

Ae. umbellulata

To investigate the phenotypic diversity of the 114 Ae. umbellulata, we characterized 27 Ae. umbellulata traits, 
which were evaluated in Kobe, Japan under �eld conditions over three or four seasons: 2016–2017, 2017–2018, 
2018–2019, and 2019–2020 (Fig. 2A and Supplementary Table S5). The PCA analysis was conducted to 
characterize phenotypic variations in the 27 traits of Ae. umbellulata used in this study (Fig.  2B and 
Supplementary Tables S6, S7). �e contributions of the �rst four principal components, PC1, PC2, PC3 and PC4 
were 31.29%, 15.2%, 11.3%, and 6.1% respectively. Together, PC1 and PC2 explained 46.49% of the phenotypic 
variations. Plant height, length of �rst, second, third, and forth internodes, and length and width of �ag leaf 
showed negative correlation with PC1 (Supplementary Table S6). Days to �owering and heading, awn length, 
spike length, and length of ��h internode exhibited negative correlations with PC2 (Supplementary Table S6). 
�e variations of PC1 and PC2 corresponded to the seasonal di�erences and the lineage di�erentiations between 
UmbL1e and UmbL1w (Fig. 2B and C).

To select representatives from the traits of �owering time (Days to heading and �owering), plant height 
(plant height, �rst, second, third, fourth, and ��h internodes), spikelet size (�rst, second and third spikelets), 
and awn length (awn length of �rst, third and ��h spikelets), and leaf size (�ag and second leaves), hierarchical 
clustering was performed based on the factor loadings of the tested traits (Fig. 2D). Days to �owering and 
heading were classi�ed into the same group. Days to �owering were chosen as the representative of �owering 
time. Since awn length of �rst, third, and ��h spikelets were grouped together, awn length of third spikelets was 
used as the representative of awn length. �e traits related to plant height were classi�ed into three groups. One 
group includes plant height, and length of third and ��h internodes. Second group includes �rst and second 
internodes. �ird group includes ��h internodes. �e length of �rst, third and ��h internodes was used as the 
representatives of the traits related to plant height. �e length of �ag and second leaves was classi�ed into the 
same cluster. �e width of �ag and second leaves was also categorized into the same cluster. �e length and 
width of �ag leaves were selected as the representatives of leaf size. �e length of second and third spikelets were 
categorized to the same cluster, whereas the length of �rst spikelet was separated. For the evaluation of length 
of spikelets, the length of �rst and second spikelets was used. Since the width of �rst, second, and third spikelets 
were grouped together, the width of �rst spikelets was chosen.

Ae. umbellulata
�e e�ects of lineage di�erences, seasonal di�erences, and interactions between lineage and seasonal di�erences 
on the phenotypic diversity of Ae. umbellulata were evaluated using Bayesian generalized linear multivariate 
multilevel models (Bayesian GLMM). Signi�cant di�erences between UmbL2 and UmbL1 were observed in 
the spike length, seed length, diameter of culm and width of spikelets (Fig. 3A, Supplementary Fig. S3, and 
Table S8). �e spike length of UmbL2 was shorter than that of UmbL1e and UmbL1w. �e widths of the �rst 
spikelets were greater in UmbL2 than in UmbL1e and UmbL1w. �e number of spikelets per spike of UmbL2 
was the lowest, while UmbL1w had the largest number of spikelets per spike. �is result indicated that UmbL2 
had sparse spikelets larger than the other two lineages. In contrast to the spikelets, the seeds of UmbL2 were the 
shortest among the lineages. Seasonal di�erences in these traits were detected. �e interactions between lineages 
and seasons masked or reduced the e�ects of lineage di�erences on culm diameter, seed length, and spikelet 
width. Conversely, di�erences in spike length between UmbL1 and UmbL2 were largely independent of seasonal 
changes. Flowering occurred in the order UmbL1e, UmbL2, and UmbL1w, with a di�erence of 10 days between 
UmbL1e and UmbL1w (Fig. 3A and Supplementary Fig. S3 and Table S8). We also observed seasonal di�erences 
and the interaction between lineages and seasons with respect to days to �owering. �e di�erences in days to 
�owering between UmbL1e and UmbL1w were greater in the 2017–2018 season compared to the 2016–2017 
season. In the 2016–2017 season, the days to �owering of UmbL2 were similar to those of UmbL1w, while in 
the 2017–2018 season, they were closer to those of UmbL1e. �e order of days to �owering among UmbL1e, 
UmbL1w, and UmbL2 remained stable.

Di�erences in internode length were observed between UmbL1e and UmbL1w (Supplementary Fig. S3). 
�e ��h internode of UmbL1e was the shortest among all the lineages, whereas the �rst internode of UmbL1e 
were the longest. Conversely, the ��h internode of UmbL1w was the longest among all lineages, whereas the 
�rst internode of UmbL1w was the shortest. �e di�erences in �owering time between UmbL1w and UmbL1e 
were positively and negatively associated with those in ��h and �rst internode length between them, respectively 
(Fig. 3 and Supplementary Fig. S3). �e length of �rst internode increased in the season in which the days to 
�owering was delayed, while the length of ��h internode decreased. In contrast to days to �owering, internode 
length was largely in�uenced by the interaction between lineages and seasons. �is is particularly noticeable in 
UmbL2, which had the longest ��h internode in the 2018–2019 season and the shortest �rst internode in the 
2019–2020 season. �e order in which the �rst internode of UmbL1e was longer than that of UmbL1w remained 
unchanged among the seasons.

�e �ag leaf length of UmbL1w was shorter than that of the other two lineages (Supplementary Fig. S3). 
�e �ag leaf length showed signi�cant seasonal di�erences, and the interaction between lineages and seasons 
a�ected di�erences in �ag leaf length. �e shorter �ag leaf of UmbL1w compared to UmbL1e was robust among 
the seasons. �e lengths of the awns also di�ered among the lineages, with UmbL1w being longer than UmbL1e. 
Awn length remained constant over the three seasons, suggesting that these traits of Ae. umbellulata were less 
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a�ected by environmental changes. �e length of second spikelet, the width of �rst spikelet, seed width and 100-
grain weight, no clear di�erence among UmbL1e, UmbL1w and UmbL2 was detected (Supplementary Fig. S3).

Principle component scores of PC1, PC2, PC3, and PC4 of 87 accessions of Ae. umbellulata excluding 
the intermediate lineages were also evaluated as phenotypic values of Bayesian GLMM (Fig. 3A). PC1 scores 
showed di�erences between UmbL1e and UmbL1w as well as among the seasons. However, the interaction 
between lineages and seasons masked the di�erence between UmbL1e and UmbL1w. On the other hand, clear 
di�erences among UmbL1e, UmbL1w, and UmbL2 were observed in the PC2 scores. Even when accounting for 
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Figure 2.  Phenotypic traits di�erent between UmbL1 and UmbL2 lineages in Aegilops umbellulata. (A) 
Morphological traits measured in this study. (B) �e PCA biplot of all 27 traits data in the Ae. umbellulata 
population shows the factor loading of each variable (gray arrows) and the scores of each accession (points) 
based on the �rst (PC1) and second (PC2) components. �e raw value of traits from 114 accessions measured 
in the 2017–2018, 2018–2019, and 2019–2020 seasons were used and implemented by Bayesian linear model 
to calculate PCs. Blue squares, yellow diamonds, red circles, and gray triangles indicate UmbL1e, UmbL1w, 
UmbL2, and unknown lineages, respectively. (C) A heatmap with clustering of the Pearson correlation 
coe�cient (r) between �rst to fourth PCs and phenotypic traits.
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Figure 3.  Phenotypic traits di�erent between UmbL1e and UmbL1w lineages in Aegilops umbellulata. (A) 
E�ects of the lineage di�erentiations, the seasonal di�erences and the interaction between and UmbL1e, 
UmbL1w and UmbL2 lineages, the seasons, and the interaction between lineages and seasons on the phenotypic 
trait variations in Ae. umbellulata. Posterior distributions of mean for the traits were shown. Red and blue, 
yellow posterior distributions indicate mean values of UmbL2, UmbL1e and UmbL1w, respectively. �e 
center point and thin line above/below the posterior distribution designate mean and 95% credible intervals, 
respectively. (B) A Maximum Likelihood (ML) phylogenetic tree of the 87 Ae. umbllulata accessions. �e 
number on the branches of the phylogenetic tree shows bootstrap probability with over 90%. (C) A �owering 
dendrogram of 87 accessions of Ae. umbellulata based on measurements for each season from 2017 to 2020. 
A�er normalizing days to �owering for each of the seasons 2017–2017, 2017–2018, 2018–2019, and 2019–2020, 
Euclidean distances were calculated. Hierarchical clustering with Ward method was carried out based on the 
Euclidean distance matrix. In all �gures, the accessions are color-coded according to their lineages, UmbL1e, 
UmbL1w, and UmbL2 with blue, yellow, red. �e color of external branches in the ML tree and dendrogram 
follows the aforementioned classi�cation.
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the interaction between lineages and seasons, the di�erences among them were clearly discernible. �e lineage 
di�erences were also detected in the PC3 and PC4 (Supplementary Fig. S3). �e di�erence in PC3 between 
UmbL1e and UmbL1w were evident, while UmbL1e and UmbL2 were distinct in PC4 even when considering 
the interaction between linages and seasons. �ese �ndings supported the notion that the variations of PC1 
could be attributed to the seasonal di�erences, whereas the variations of PC2, PC3 and PC4 re�ected the lineage 
di�erentiations.

Ae. umbellulata
To examine the correlation between genetic distance and phenotypic di�erences in Ae. umbellulata accessions, 
a phylogenetic tree of the 87 accessions of Ae. umbellulata was constructed using the maximum likelihood (ML) 
method (Fig. 3B). Hierarchical clustering analysis of days to �owering in the four seasons was conducted for 
these 87 accessions (Fig. 3C). As expected, the phylogenetic tree also supported two distinct lineages, UmbL1 
and UmbL2, which were supported by high bootstrap probabilities. �e two sublineages, UmbL1e and UmbL1w, 
were clearly separated. �e external branch length of UmbL1 was shorter than that of UmbL2, implying a recent 
expansion of UmbL1 into its habitats in Turkey, Iraq, and Iran. KU-8-7 and KU-5941 were distinct from the 
other accessions of UmbL1w, but their positions were not strongly supported by high bootstrap probability.

In the hierarchical clustering of days to �owering, most accessions of UmbL1e were distinct from those of 
UmbL2 and UmbL1w (Fig. 3B). �e accessions of UmbL1w and UmbL2 were close but separated. �ese results 
corresponded to the di�erence inferred using the Bayesian GLMM (Fig. 3A). A comparison of the phylogenetic 
tree and hierarchical clustering showed that the genetically divergent lineages UmbL1w and UmbL2 were closer 
than the genetically similar lineages UmbL1w and UmbL1e in the relationship of Ae. umbellulata accessions 
based on days to �owering.

To characterize the habitat environments of the 114 accessions of Ae. umbellulata, PC analysis was performed 
using longitude, latitude, elevation and mean values of monthly climate data in the winter season from November 
to February and in the summer season from March to Jun (Fig. 4). �e climate data include temperature, 
precipitation, solar radiation, water vapor pressure, and wind speed. �e contributions of the �rst to four principal 
components, PC1, PC2, PC3 and PC4 were 47.46%, 26.91%, 9.41% and 7.46% respectively (Fig. 4A). Temperature, 
water vapor pressure, and wind speed were negatively correlated with PC1 in both winter and summer seasons, 
while elevation and summer precipitation were positively correlated with PC1. In PC1, UmbL1w and UmbL2 
were separated. UmbL2 was distributed over Greek islands with low elevation and high wind speed compared 
to western Turkey where UmbL1w was distributed. Summer and winter solar radiation and precipitation were 
positively correlated with PC2. UmbL1e was separated in UmbL1w and UmbL2 in PC2. Both latitude and 
longitude clines were observed in PC2. In particular, the latitude was consistent with the exact opposite direction 
of the factor loadings of winter solar radiation and precipitation. In PC3 and PC4 plot, the direction of factor 
loadings of longitude was identical or exact opposite with that of temperature, wind speed and elevation. �e 
variations of PC3 were associated with di�erences between UmbL1 and UmbL2.

We examined whether latitudinal or longitudinal clines was detected in the principal component scores of PC1 
and PC2 for the traits, and in the four traits (days to �owering, �ag leaf length, awn length, �rst internode length) 
that showed di�erences between UmbL1e and UmbL1w even when considering the interaction between lineages 
and seasons. Principal component scores of PC1 for the traits were not correlated with latitude and longitude, 
whereas principal component scores of PC2 for the traits were correlated with latitude and longitude (Fig. 4B). 
In particular, the correlation between the scores of PC2 and latitude was apparent. Days to �owering exhibited 
a negative correlation with longitude, while showing a signi�cant positive correlation with latitude (Fig. 4B). 
Given that solar radiation was signi�cantly correlated with latitude and is a factor of regulating �owering time, 
we assumed that latitudinal clines with gradients of solar radiation have the stronger e�ect on days to �owering 
in Ae. umbellulata (Fig. 4C).

Awn length were positively correlated with latitude and negatively correlated with longitude. �e �rst 
internode length, and �ag leaf length showed a negative correlation with latitude and a weakly positive correlation 
with longitude (Supplementary Fig. S4). �ese correlations were more evident in 2018. Di�erences in these 
morphological traits were continuous across latitudes, suggesting weak latitudinal clines.

�e tested accessions of Ae. umbellulata diverged into two distinct lineages: UmbL1 and UmbL2. UmbL2 and 
UmbL1 were geographically and phenotypically distinct. UmbL2 is limited to Greece and western Turkey, whereas 
UmbL1 is widely distributed from central Turkey to northern Iraq. UmbL2 had shorter spikes, fewer spikelets, 
and longer seeds than UmbL1. However, the 100-grain weight did not di�er between lineages. �is suggests 
that UmbL1 and UmbL2 have di�erent reproductive investment strategies. In general, a negative correlation 
between grain size and grain number  exists31. Plants with smaller seeds produce more of them. Plants with larger 
seeds are superior to those with smaller seeds in terms of seed viability, germination, and early elongation a�er 
germination, but in terms of habitat expansion, species that produce many small seeds are more successful than 
species that produce fewer, large  seeds32. �e short internal and external branches of UmbL1 in the phylogenetic 
tree suggested the more recent expansion of UmbL1 than UmbL2 (Fig. 3B). �is di�erence in reproductive 
investment strategies between the lineages may be related to the fact that UmbL1 has a larger distribution area 
than UmbL2. In Aegilops markgra�i (Greuter) Hammer, there is a geographic border between West Anatolia 
and Central Anatolia in Turkey based on intraspeci�c hybrid  sterility33. However, the border of the habitats of 
UmbL1 and UmbL2 appears to be further west than that in Ae. markgra�i.
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Figure 4.  Relationship between elevation, climates, latitude/longitude, and phenotypic divergence between 
the lineages. (A) �e PCA biplots of elevation and 10 sets of climate data in the 114 Ae. umbellulata accessions 
shows the factor loadings of each variable (red arrows) and scores of each accession (points) based on the �rst 
(PC1), second (PC2), third (PC3), fourth (PC4) components. �e analysis employed �ve monthly climatic data 
based on WorldClim version 2.1 (Temp: mean temperature, Prec: mean precipitation, Srad: solar radiation, 
Vapr: water vapor pressure, Wind: wind speed) along with elevation data (Elev), and they were categorized 
into two seasons: winter season (November to February, labeled "_1") and summer season (March to June, 
labeled "_2"). Axis labels display the percentage contribution. (B) Scatter plots showing relationship between 
the PCA scores (PC1 and PC2) obtained from the PCA conducted on the traits (Fig. 2) and day to �owering 
of the 114 accessions of Ae. umbellulata with respect to latitude/longitude of their habitats. (C) Scatter plots 
showing relationship between the PC2 scores obtained from the PCA conducted on the traits (Fig. 2) and day to 
�owering of the 114 accessions of Ae. umbellulata with respect to Solar radiation of winter season (Srad_1). In 
�gures (B) and (C), the day to �owering values in the 2017–2018 season were utilized. A linear regression line, 
correlation coe�cient (r), and p-value of correlation test are shown. In all plots, the colors represent UmbL1e, 
UmbL1w, UmbL2, and unknown lineages, with blue, yellow, red and gray.



9

Vol.:(0123456789)

 |         (2024) 14:7437  | https://doi.org/10.1038/s41598-024-57935-w

www.nature.com/scientificreports/

UmbL1 is further divided into two sublineages, UmbL1e and UmbL1w. Although UmbL1e and UmbL1w are 
genetically and geographically close, they are phenotypically divergent. �e phenotype of UmbL1w was closer to 
that of UmbL2 than to that of UmbL1e. UmbL1e exhibited the earliest �owering, followed by UmbL2 and then 
UmbL1w. �e disparity between UmbL1e and UmbL1w was more signi�cant than that between UmbL1e and 
UmbL2, as was the di�erence in �ag leaf length and �rst internode length. �e divergence of phenotypic traits 
did not correlate with genetic divergence between lineages/sublineages in Ae. umbellulata. �is discrepancy can 
be explained by the fact that latitudinal di�erences among habitats determine phenotypic divergence among Ae. 
umbellulata lineages more strongly than lineage di�erentiations. Although trait variations were clearly linked 
to both the latitude and longitude of their habitats (Fig. 1), latitudinal di�erences showed a stronger correlation 
with traits than longitudinal di�erences (Fig. 4).

Signi�cant latitudinal clines in the days to �owering were detected in Ae. umbellulata in the same environment 
(Fig. 4), suggesting latitudinal clines during �owering time in Ae. umbellulata were genetically determined. 
Kobe, Japan (34.6901° N) corresponds to Tikrit in Iraq and is close to the latitude of the UmbL1e habitat. �e 
�owering time of UmbL1w was predicted to be later than that of UmbL1e if UmbL1w were transplanted into the 
habitats of UmbL1e. Diversi�cation in the timing of �owering serves as a mechanism for pre-mating isolation 
as it reduces the likelihood of mating between plants with di�erent �owering times, thereby restricting gene 
�ow between  them1–4. Considering Ae. umbellulata is a sel�ng species with low outcrossing, in addition to 
di�erences in �owering time, which potentially promotes lineage di�erentiation in Ae. umbellulata. If the gene 
�ow is restricted, other traits are also expected to be di�erentiated. In Ae umbellulata, there were both negative 
and positive correlations between days to �owering and morphological trait values (Fig. 4). UmbL1e with early 
�owering had longer �ag and �rst internodes, and shorter awn length and 5th internode than UmbL1w with late 
�owering. However, the di�erences in days to �owering between UmbL1e and UmbL1w were continuous rather 
than discrete. An intermediate lineage between UmbL1e and UmbL1w exists in the area of their overlapping 
distributions. �ese observations suggest that pre-mating isolation between these two sublineages in the 
overlapping region is incomplete. �e e�ects of di�erences in �owering time on sublineage di�erentiation may 
be partial.

�e latitudinal cline of �owering time is considered evidence of strong natural selection for adaptation to 
local environments. �e causal genes of �owering time could be targets for natural selection. In the related 
species of Ae. umbellulata, candidate genetic factors formed latitudinal clines have been discussed. Ppd genes 
involved in photoperiod sensitivity are candidate genes that explain the latitudinal cline during �owering in Ae. 
tauschii and common  wheat13,14. �e photoperiod-insensitive allele of Ppd allows photoperiod-independent 
�owering and facilitates early �owering. �e GWAS of the 242 accessions of Ae. tauschii identi�ed a signi�cant 
peak on chromosome 7D, coinciding with the location of FT  gene34. Additionally, QTL analyses conducted with 
Recombinant Inbred Lines (RILs) derived from the  F1 cross between two divergent lineages, TauL1 and TauL2, 
also detected signi�cant QTL around the FT  gene35. �ese studies indicate that FT is a major cause of variation 
in �owering time in Ae. tauschii. However, the association between FT and the latitudinal cline of �owering time 
remains unclear. �ese reports collectively underscore that latitudinal clines can be explained by the vernalization 
pathway, the photoperiod pathway, or �origen itself.

Diversi�cation of �owering has also been observed in T. monococcum ssp. aegilopoides, which has several 
lineages. �e lineage distributed in western Turkey and Greece exhibits late �owering, whereas another lineage 
in eastern Turkey and Iraq exhibits early  �owering36. A latitudinal cline in �owering time in T. monococcum 
ssp. aegilopoides was also detected (Supplementary Fig. S5). Accessions originating from lower latitudes showed 
early �owering, and accessions from upper latitudes showed late �owering. �e habitat of T. monococcum ssp. 
aegilopoides overlapped with that of Ae. umbellulata, it is likely that directional selection a�ected the �owering 
time to adapt to the local environment. �is similar tendency of �owering times in both species suggests that 
the same �owering control pathway is responsible for variations in the �owering times of both species. Further 
studies are needed to determine whether latitudinal clines a�ecting the �owering time in Ae. umbellulata and 
T. monococcum ssp. aegilopoides are caused by polymorphisms in genes in the vernalization pathway or in the 
photoperiodic pathway.

Temperature and precipitation also di�er between the UmbL1e and UmbL1w habitats (Supplementary 
Fig. S6). �e habitat temperature of UmbL1w in winter season was lower than that of UmbL1e. In the UmbL1e 
habitat, drying was severe in early summer. �erefore, temperature and precipitation in local environments can 
promote divergence in �owering time between sublineages in addition to latitudinal di�erences.

We found that the divergence of phenotypic traits did not correlate with genetic divergence or geographic 
distance. One of the hypothetical mechanisms explaining this discrepancy is divergent ecological  selection2. 
Even when two populations are geographically close, if environments between these populations are distinct, 
divergence of traits could be preceded by divergent selection, resulting in reproductive isolation. �e observed 
di�erences in �owering time between Ae. umbellulata could cause pre-mating reproductive isolation in plants. 
Recently, chromosome-scale genome sequences of Ae. umbellulata have also been  published29. �is genomic 
information is useful for identifying causal genes contributing to lineage di�erentiation. �e next question to 
address is whether post-mating reproductive isolation occurs between these sublineages. To con�rm the extent 
of post-mating reproduction between UmbL1e and UmbL1w, comprehensive surveys of the crossability and 
fertility of hybrids between these sublineages are necessary.

A total of 114 accessions of Ae. umbellulata were randomly selected from the seed stocks of the National 
BioResource Project-Wheat, Japan. �e selected accessions included 19 Greek, 53 Turkish, 34 Iraqi, four Iranian, 
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two Syrian, one Azerbaijani, and one Cypriot accession (Fig. 1 and Supplementary Table S1). To extract RNA 
for RNA sequencing, Ae. umbellulata were grown in ji�y pots under 24 °C, 16 h light, and 8 h dark conditions.

Ae. umbellulate
�e de novo assembled transcripts that we had previously developed using Trinity so�ware with default  options37 
from 300 bp paired-end  reads27 were used as references for the alignment of short reads. In addition, transcripts 
of the T. aestivum cv. Chinese Spring D-genome is supported by deep RNA sequencing data from multiple tissues 
and growth stages, providing high-con�dence transcript  sequences28,38. �e U-genome of Ae. umbellulata was 
genetically similar to the D-genome of Ae. tauschii and T. aestivum39,40. For these reasons, we reconstructed Ae. 
umbellulata transcripts by aligning RNA-seq reads from Ae. umbellulata to high-con�dence transcripts in the 
CS D-genome. We used 300 bp paired-end reads of RNA-seq for mature leaves of Ae. umbellulata KU-4017 
(DRA006404), which was used for de novo transcriptome  assembly27. Quality control of RNA-seq reads was 
performed using Trimmomatic version 0.3341 to remove adapter sequences with an average Phred quality score 
per 4 bp of less than 30 bp and a length of less than 100 bp. �e �ltered reads were aligned to the transcripts of 
the CS D-genome using BWA version 0.7.1742. SNP and indel calling were performed using VarScan version 
2.4.343. When SNP sites had less than 10 coverage of reads and had less than 95% of alternative nucleotides that 
were di�erent from the nucleotides of the CS D-genome, these SNP sites were discarded. Nucleotides of the CS 
D-genome transcripts replaced those of Ae. umbellulata based on quali�ed SNPs using javascript  vcf2diplioid44. 
To improve the quality of the predicted Ae. umbellulata transcripts, the process of SNP calling and replacement 
as described above was repeated. When the coding sequences of a species are estimated based on Illumina short 
reads from related species, the repetition of SNP calling and replacement processes can improve the quality of 
coding sequences of the focal plant  species30. �e alignment and replacement processes were repeated 16 times.

Extraction and construction of the 3′-end mRNA-seq library were performed following the modi�ed protocol 
of BrAD-seq45. A�er secondary leaves of Ae. umbellulata emerged, seedlings were collected and immediately 
frozen in liquid nitrogen. �e frozen seedlings were crushed using SH-48 (KURABO, Osaka, Japan) and placed 
in Lysis Binding Bu�er (LBB) to disable mRNA degradation. mRNA was extracted from crushed leaves in LBB 
using Oligo d(T)25 Magnetic Beads (New England BioLabs, Ipswich, MA, USA). To fragment the mRNA, it 
was incubated for 3 min in bu�er. Except for size selection of the library a�er enrichment PCR, the remaining 
processes in the library construction were performed according to the BrAD-seq  protocol45. To select a library 
whose size covered 200–400 bp, AMPure beads (Beckman Coulter, Brea, CA, USA) were used. Adjustment of 
the PEG concentration in the AMPure beads allows control of the library  size46. To �lter out libraries longer 
than 400 bp, 42 µL of nuclease free water and 27.5 µL of twofold AMPure XP beads in 20% PEG ABR solution 
were added to 8 µL of enriched PCR products. �e mixture was incubated for 5 min at room temperature and 
then placed on a magnetic tray for 5 min. A�er the supernatant was transferred to fresh tubes, 12.6 µL of two-
fold AMPure XP beads in 20% PEG ABR was added to the supernatant to remove libraries shorter than 200 bp. 
�e mixture was incubated for 5 min and placed on a magnetic tray for 5 min, a�er which the supernatant was 
discarded. Pellets were washed twice with 260 µl 80% ethanol on the magnetic tray. A�er discarding residual 
ethanol, the pellets were air-dried for 5 min. �e libraries were eluted by 11 µL of 10 mM Tris–HCl bu�er pH 8.0. 
A�er adjusting the concentration of each library to 6 nM, the libraries were mixed and sequenced with 150-bp 
paired-end reads on an Illumina HiSeq series.

Ae. umbellulata
Because the reverse reads contained poly A tails of mRNA, only 150 bp forward reads were used for SNP calling. 
By using the so�ware Trimmomatic version 0.3341, adapter sequences were removed from forward reads, and 
then quali�ed reads, of which average quality per 4 bp and length were ≥ 20 and > 75 bp (“trimmomatic SE 
-phred33 -threads 32 sample1_rawread.fastq.gz sample1_clean.fastq.gz ILLUMINACLIP:TruSeq2-SE.fa:2:30:10 
SLIDINGWINDOW:4:20 MINLEN:75”), were obtained. Quali�ed reads were aligned to the deduced reference 
transcripts using BWA version 0.7.1742 ("bwa mem -t 32 reference.fasta sample1_clean.fastq.gz | samtools view 
-SbF4- | samtools sort -@ 32 -o sample1.bam”).  SAMtools47 and VarScan version 2.4.343 were used for SNP 
calling (“samtools mpileup -f reference.fasta_sample1.bam > sample1.mpileup”, and then “varscan mpileup2snp 
sample1.mpileup -min-coverage 10 -min-var-freq 0.9 -min-freq-for-hom 0.9 -p-value 0.05 -output-vcf 1 
-variants > sample1_snp.vcf ”). A position where the coverage of reads was �ve or more and over 80% of reads 
designated a nucleotide that was di�erent from the reference transcript one, was regarded as an SNP site. From 
the detected SNP sites, we extracted a set of sites where all the accessions had three or more mapped reads and 
did not contain any uncon�rmed nucleotides and called them 100% covered SNP set. A 100% covered SNP set 
was used for population structure analyses. In addition, we extracted a set of SNP sites where over 95% and over 
90% of accessions had con�rmed nucleotides that were supported by three or more mapped reads. �e sets of 
these SNP sites were called 95% covered SNP set and 90% covered SNP sets.

Bayesian inference of the population structures of the 114 Ae. umbellulata was performed using STRU CTU RE 
version 2.3.448 and STRU CTU RE  Harvester49. �e number of clusters in the ancestral population (k) was set 
to one, two, three, four, and �ve. Without providing information on the geographic origins of Ae. umbellulata 
a priori, the parameters of the population structures for each k were inferred using MCMC with 110,000 
iterations containing 10,000 iterations for burn-in. Ten trials were conducted for each k, and L(K) and delta k 
were calculated to determine the optimal  k50. �e Q value is calculated for each k value. �e results of the 10 trials 
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were visualized as bar plots using CLUMPP version 1.1.251. Lineage of accessions was determined based on the 
highest Q-value with over 80%. If Q-value was less than 80%, accessions were not classi�ed into any lineage. �e 
pie charts of Q-value of each accession on the geographic map were generated with map_data(), ggplotGrob(), 
and ggplot() functions under “ggplot2” package version 3.5.052 in R so�ware ver. 4.3.1. �e map dataset was 
sourced from the “ggplot2” package.

A Maximum Likelihood (ML) phylogenetic tree of the 87 Ae. umbellulata, classi�ed into the three lineages 
was constructed based on a set of non-redundant SNPs using the Molecular Evolutionary Genetics Analysis 
so�ware (MEGA) version 7.0.2653. �e Kimura 2-parameter model was used as the nucleotide substitution model. 
Bootstrap probabilities for supporting the bifurcation of branches in trees were calculated in 1000 replications. 
FST was estimated based on SNPs estimated from the reference-based transcripts by using R package “hierfstat.”

Ae. umbellulata
To assess the phenotypic traits of Ae. umbellulata, two plants per accession, were cultivated in clay pots randomly 
placed in an unregulated temperature vinyl house at Kobe University, Nada-Ku, Kobe (N34.7°, E135.2°) from 
early November to early June in four seasons 2016–2017, 2017–2018, 2018–2019 and 2019–2020. For pot soil 
preparation, a fertilizer mixture containing 8% each of N, P, and K was applied at a rate of approximately 70 g/
m2. A total of 27 traits were evaluated. Days to heading, days to �owering, 100-grain weight, length of grain, 
and width of grain were measured in all four seasons, whereas other traits were only measured in three seasons. 
�ese traits, except 100-grain weight, length of grain, and width of grain, were assessed in three or �ve replicates 
per plant. �e day-to-heading and day-to-�owering periods were de�ned as the number of days from sowing 
to heading and �owering, respectively. A survey of the days to heading was conducted from 9:00 to 10:30 in the 
morning. �e heading date was de�ned as the day on which the tip of the spike detached from the �ag leaf. A 
survey of days to �owering was conducted from 9:00 to 10:30. �e day on which the anthers completely emerged 
from the �orets was de�ned as the �owering date. Culm length was measured from the crown to the neck of 
the spike. Plant height was de�ned as the height with the largest sum of culm and spike lengths (Fig. 2A). �e 
culm diameter was measured immediately below the peduncle. Spikelet length and width were measured for 
three spikelets per spike. �e length and width of grains from the second �oret of each accession were measured 
using SmartGrain so�ware version 1.2, originally developed for the high-throughput phenotyping of rice (Oryza 
sativa)  seeds54. Grain length and width were recorded for a minimum of �ve seeds from each accession and line 
following the SmartGrain protocol.

Principal component analyses (PCA) of 24 traits without grain traits measured in the 2017–2018, 2018–2019 
and 2019–2020 seasons were conducted using R so�ware ver. 4.3.2 with Bayesian PCA (bpca) function under 
“pcaMethods”  package55. Measured values were scaled by uv (unit variance) method. A�er scaling, missing values 
were implemented with a Bayesian model with 100 estimation steps before PCA was conducted.

Trait di�erentiations between lineages were tested under Bayesian GLMM using the Stan (brms)  package56. 
Posterior distributions of the means of explanatory variables were obtained using the model described in the 
following equation to estimate the e�ects of lineage and seasonal di�erences on traits, the PCs in Ae. umbellulata.

Individual identi�cation was incorporated into the model as random e�ect γi . Lineage di�erences, seasonal 
di�erences and their interaction were incorporated into the model as �xation e�ects β1 , β2 and β3 . β0 is the 
intercept of the �xed e�ect. Response variables yi indicate the measurements of traits. �e posterior distributions 
of the parameters were calculated using the default priors of brms and four chains with 5000 iterations. In each 
chain, the �rst 1000 iterations were not used for estimating the posterior distributions as burn-in periods. A 
total of 16,000 posterior samples were obtained. By checking whether Rhat, MCMC convergence statistic, was 
less than 1.1 for all parameters of the models, we con�rmed that all parameters were convergent. Based on the 
posterior distributions, the means and two-sided credible intervals of coe�cients were estimated.

Clustering analysis was conducted on the �owering of 87 accessions, classi�ed into the three lineages. A�er 
normalizing days to �owering for each of the seasons 2017–2017, 2017–2018, 2018–2019, and 2019–2020, 
Euclidean distances were calculated. Hierarchical clustering was carried out based on the Euclidean distance 
matrix. �e Ward method, implemented with the R package “stats”, was utilized for clustering. �e resulting 
dendrogram was visualized using the R packages “ape”, “ggtree”, and “dendextend”.

Ae. 
umbellulata
PCA was conducted on climatic and elevation data to examine the relationship between these factors and the 
longitude, latitude, and lineage of Ae. umbellulata habitats. Climate data spanning from 1970 to 2000 were 
obtained from the WorldClim version 2.1 (https:// www. world clim. org)57 database, encompassing monthly 
average temperature, precipitation, solar radiation, water vapor pressure and wind speed. �e average values 
for two seasons (Winter season: November to February, and Summer season: March to June) were calculated to 
cover the growing season of Ae. umbellulata. Elevation data were obtained from SRTM elevation data (WorldClim 
version 2.1). �e dataset was normalized and PCA was performed using the “stats” prcomp() function in R to 

γi ∼ Normal(0, δ2)

µi ∼ β0 + β1xi1 + β2xi2 + β3xi1 ∗ xi2 + γi

yi ∼ Normal(µi , δ
2)

https://www.worldclim.org
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determine the contribution ratio of each principal component (PC), PC scores for the 114 accessions, and factor 
loadings for climate and elevation factors. Results were visualized by using the R package “ggplot2”52.

All data generated or analyzed during this study are included in this published article and its Supplementary 
Information �les and are deposited in the DDBJ database under the following accession numbers: DRA017516.
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