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4 Helmholtz Zentrum Mü nchen - German Research Center for Environmental Health, Neuherberg, Germany
5 Institute for Advancing Health Through Agriculture, Texas A&M, College Station, TX, USA
6 Functional Genomics Center Zurich, 8057 Zurich, Switzerland
7 Science IT, University of Zurich, 8057 Zurich, Switzerland
8 Earlham Institute, Norwich Research Park, Norwich NR4 7UH, UK
9 Crop Development Centre and Department of Plant Sciences, University of Saskatchewan, Saskatoon, SK, Canada 
10 USDA-ARS Responsive Agriculture Food Systems Research Unit, College Station, TX, USA
11 Department of Soil and Crop Sciences, Texas A&M, College Station, TX, USA
12 These authors contributed equally
13 Lead contact

*Correspondence: timothy.paape@usda.gov (T.P.), kentaro.shimizu@uzh.ch (K.K.S.) 

https://doi.org/10.1016/j.celrep.2025.116785

SUMMARY

The genome-wide pattern of purifying selection on deleterious variants has attracted broad interest in 
breeding and evolutionary biology. Little is known about purifying selection in polyploid species with poten-

tial functional redundancy of duplicated homoeologs. Here, we examine the pattern of polymorphisms and 
the combined effects of both subgenome and gene expression on estimates of purifying selection in the al-

lohexaploid bread wheat. We utilize the de novo annotated assemblies and transcriptome data of the 10+ 
Wheat Genome Project. Purifying selection is detected after filtering chromosomes harboring segregating 
foreign introgression by modern breeding. Interestingly, strong purifying selection is observed in the cate-

gory of genes that are highly expressed in root tissues and are in the D subgenome, which is thought to 
contribute to the range expansion after allopolyploidization. We suggest that the combination of expressed 
tissues and subgenomes will inform the target of future wheat breeding to mitigate the effect of deleterious 
variants.

INTRODUCTION

Population genomic data are key to examining the genome-wide 

pattern of polymorphisms and selection that underlie genome 

evolution and domestication. 1 The patterns of deleterious vari-

ants under purifying selection, along with neutral and adaptive 

variants, have attracted broad interest because of their impor-

tance in crop breeding as well as their evolutionary effects 

on natural species. 2,3 Deleterious variants are considered to 

underlie heterosis or heterozygote advantages to overcome 

inbreeding depression. 4–6 Increasing crop yields by mitigating 

the effects of deleterious variants is one of the major goals of ge-

nomics-assisted breeding and future breeding termed Breeding 

4.0. 7–9 Two groups of methods are used to study deleterious var-

iants under purifying selection. 10 The first group is site-based 

and identifies mutations at phylogenetically conserved nucleo-

tides or high-impact mutations based on gene annotations. 11,12 

The second group requires genome-wide polymorphism data 

to estimate the strength of purifying selection using the site 

frequency spectrum. Purifying selection on nonsynonymous 

(or amino acid replacement) nucleotide substitutions makes their 

frequency lower (singletons in particular) compared to synony-

mous (or silent) mutations that are considered effectively neutral 

and thus can be exploited to estimate the distribution of fitness 

effects (DFE). 10,13,14 The DFE analyses show the proportions 

of neutral (N e s 0–1, where N e is the effective population size, 

and s is the selection coefficient), slightly deleterious (N e s 

1–10) to strongly deleterious nucleotide substitutions (N e s > 10) 

estimated from genome-wide polymorphism data. 10,13,14 In 

many wild and crop plant species, DFE analyses in maize, rice, 

and cassava 15,16 showed that the majority of nonsynonymous 

mutations are under purifying selection rather than under

Cell Reports 45, 116785, February 24, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by/4.0/
mailto:timothy.paape@usda.gov
mailto:kentaro.shimizu@uzh.ch
https://doi.org/10.1016/j.celrep.2025.116785
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2025.116785&domain=pdf
http://creativecommons.org/licenses/by/4.0/


neutral evolution. Furthermore, the proportions of variants under 

neutrality are reduced in subsets of genes that are highly ex-

pressed. 17–20 These studies show that the expression level is a 

major determinant of the evolutionary rate through the strength 

of purifying selection due to greater selective constraint on highly 

expressed genes. 21

Polyploid species are widespread among natural and crop 

plants 22,23 and are classified into autopolyploid and allopolyploid 

species, which were derived from genome duplication within a 

species or between species, respectively. The genomes of allo-

polyploid species are composed of subgenomes derived from 

different progenitor species, and duplicated homoeologous 

genes on different subgenomes can confer functional redun-

dancy. Theoretical studies suggested that masking of pheno-

typic effects by redundancy can affect the pattern of polymor-

phisms and selection in allopolyploid species. 1,24 In functional 

genetics studies, often there is no change in qualitative pheno-

type by the disruption of a single homoeolog, which can be inter-

preted as the weakening of purifying selection on deleterious 

mutations in allopolyploid species due to sheltering of these mu-

tations by duplicated homoeologs. 25 The gradual loss of homoe-

ologs in ancient polyploidy is also consistent with the functional 

redundancy of homoeologs. 22 In contrast, the maintenance of 

homoeologs may be important for dosage balance and diversifi-

cation. 25 Maize is a diploid species but experienced whole 

genome duplication relatively recently (about 5–12 million years 

ago). Its chromosomal regions derived from two subgenomes 

were reconstructed, and the different strengths of purifying se-

lection were detected in the two subgenomes using the DFE. 26 

It was suggested that the fractionation (gene loss after polyploid-

ization due to redundancy of duplicated genes) was biased to 

one of the two subgenomes, in which reduced gene expression 

led to a weaker purifying selection. 26 Cotton is a relatively old 

polyploid species (1–2 million years ago) and similarly showed 

different strengths of purifying selection in different subge-

nomes. 27 Recent advances in genome sequencing and bioinfor-

matics have opened the way for high-quality genome assembly 

and polymorphism analysis of allopolyploid species by distin-

guishing highly similar homoeologous sequences. 23,25,28–31 

In model allopolyploid species with relatively small genomes, 

such as Capsella bursa-pastoris and Arabidopsis kamchatica, 

the DFE analysis suggested that purifying selection on delete-

rious mutations could be detected in allopolyploid species 

despite the presence of duplicated homoeologs. 25,28,30 In 

contrast to maize or cotton, no clear difference in the strength 

of purifying selection was detected between the subgenomes 

in C. bursa-pastoris and A. kamchatica despite the difference be-

tween diploid progenitor species. 28,30,32

Bread wheat (Triticum aestivum), also called common wheat, 

is an allohexaploid species (AABBDD genome) used for making 

bread and noodles. The first polyploidization events (esti-

mated < 0.5 million years ago) yielded the tetraploid AABB 

genome. 33–35 This was followed by the second event about 

8,000 years ago in the Neolithic period that incorporated the D 

subgenome from a wild diploid species Aegilops tauschii, which 

produced hexaploid T. aestivum. 33–35 The low level of nucleotide 

diversity in the D subgenome indicated a bottleneck at the poly-

ploid speciation event, in which only a small number of haplo-

types of Ae. tauschii contributed to the formation of the new 

hexaploid. 36,37 Yet, the acquisition of the D genome from Ae. 

tauschii is considered to have played a key role in the global 

spread of bread wheat, providing it with broad adaptability to 

diverse environments. 33–35 This contrasts with diploid and tetra-

ploid domesticated wheat species, which are typically cultivated 

in more restricted regions such as the Transcaucasus and 

Mediterranean. 33–35 The D genome is thought to contribute 

beneficial traits such as disease resistance 38 and salt stress 

tolerance through subgenome-biased gene expression. 39–41 

Purifying selection in bread wheat was detected by genotype-

by-sequencing and exon sequence capture, 42,43 which showed 

a low frequency of nonsynonymous polymorphisms. 42–44 How-

ever, compared with the quantitative studies of purifying selec-

tion using the DFE in maize and other diploid crop species, 10 little 

is known about purifying selection on deleterious variants of 

bread wheat because of the complexity of its large allohexaploid 

genome (∼15 Gb). Recently, de novo chromosome-level assem-

bly 31,45,46 and annotation using pan-transcriptome data 47 of 10 

cultivars of bread wheat by the 10+ Wheat Genome Project pro-

vided an ideal dataset for genome-wide polymorphism analysis. 

Because all cultivars were assembled de novo, they are free from 

the bias of variant calling that can arise when using only a single 

reference genome. The chromosome-scale de novo assemblies 

revealed that many introgressed chromosomal segments from 

other species are segregating in bread wheat, which we call 

segregating foreign introgressions. 31,45,48 While some of the 

segregating foreign introgressions of the 10 cultivars can be 

traced to known interspecific crosses during breeding in recent 

decades, some introgressions are also found in old cultivars, 45,48 

suggesting that some introgressions existed before modern 

breeding.

In this study, we constructed coding sequence alignments of 

the newly annotated 10 genomes of bread wheat, including rye 

or barley as an outgroup (Figure 1). Furthermore, because intro-

gressions are observed in many species, such as the ones from 

Neanderthal to modern humans, and can affect the pattern of 

polymorphisms and signature of selection, 49 we generated data-

sets excluding chromosomes harboring large segregating 

foreign introgression identified by the genome-wide survey by 

Keilwagen et al. 48 to examine the effect of these introgressions 

on the pattern of polymorphisms and signature of selection. 

These alignment datasets based on each de novo assembled 

genome sequence allow us to identify differences in the strength 

of purifying selection among subgenomes of wheat during allo-

polyploidization and following the expansion of its geographical 

distribution. 33–35 Although previous studies showed the effect 

of subgenome and gene expression on purifying selection 

separately in polyploid species, little is known about their joint 

effects. 33–35 By integrating polymorphism and transcriptome 

data (Figure 1), we addressed the following questions: how do 

the chromosomes harboring segregating foreign introgressions 

affect the pattern of polymorphisms and signatures of selection 

in the newly annotated 10 genomes of bread wheat? Are there 

joint effects of subgenome and gene expression on the signature 

of purifying selection? What is the pattern of purifying selection 

of the D subgenome that is known to have contributed to range 

expansion to broader environments?
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RESULTS

Sequence alignments

The 10 cultivars used for de novo assembly, annotated by full-

length cDNA sequences 45–47 were derived from 8 countries 

across Europe, Asia, North America, and Australia (Figure 1A). 

As an outgroup, we used the genomes of either rye (Secale 

cereale) 50 or barley (Hordeum vulgare), 51 the former of which is 

more closely related to wheat. The outgroup sequence was 

used to guide the identification of homoeologous sequences, 

together forming orthologous groups (OGs), and to identify fixed 

and segregating variants. We excluded alignments in which no 

sequences were available from one or more of the 10 cultivars, 

and generated alignments of the sequences that were present 

in all three subgenomes in a 1:1:1 ratio and had an orthologous 

sequence identified in an outgroup (see STAR Methods). After 

filtering, a total of 10,602 OG alignments were analyzed with 

rye as an outgroup and 10,604 with barley as an outgroup. These 

sequence alignments represent a highly accurate, albeit conser-

vative, dataset for genome-wide polymorphism and divergence 

analyses of bread wheat (dataset 1 = full dataset).

To examine the effect of segregating foreign introgressions on 

the pattern of polymorphisms and signature of selection, we 

further constructed two more datasets. The introgressions that

were derived from other species and segregating among the 

10 genomes identified in the genome-wide scan by Keilwagen 

et al. are all located on chromosomes 2A, 2B, 2D, and 3D. 48 Da-

taset 2 encompasses 6 of the 7 trios of chromosomes and ex-

cludes the trio of whole chromosome 2 that includes most of 

these introgressions (i.e., without 2A, 2B, and 2D). In dataset 3, 

we excluded all 7 introgressions and included 5 out of 7 trios 

of whole chromosome sequences (i.e., without 2A, 2B, 2D, 3A, 

3B, and 3D).

Level of polymorphisms among subgenomes and the 

effect of segregating foreign introgressions

We calculated standard population genetic indices for the total 

dataset of the ten wheat cultivars in the full dataset (dataset 1). 

Total nucleotide diversity (π) and Watterson’s theta (θ W ) were 

highest in the B subgenome, followed by the A subgenome 

and then by the D subgenome (Figure 1B; Tables S1 and S2), 

consistent with previous reports. 42,43,45 Tajima’s D was most 

negative in the D subgenome, indicating an excess of rare al-

leles. The low level of polymorphism and negative Tajima’s D 

value within the D subgenome is consistent with a bottleneck 

following hexaploidization and subsequent population expan-

sion. 42,43,45 Mean d N /d S values were about 0.20 in all the subge-

nomes, which suggests purifying selection on nonsynonymous

Figure 1. The genome-wide polymorphism and transcriptome data of bread wheat

(A) Country of origin of the 10 cultivars and the abbreviation of each cultivar.

(B) Density plot of the nucleotide diversity π of the three subgenomes A (blue), B (red), and D (green) with rye as the outgroup. Zoom of the range between 0.000 

and 0.005 highlights the difference between the three subgenomes.

(C) Principal component analysis of the transcriptome data of grain, flag leaf, root, and spike. Tissues are indicated by icons and shapes, and cultivars are shown 

by color. Principal components 1 and 2 (PC1 and PC2) are shown.

(D) Two-dimensional clustering of the transcriptome data for the homoeologous gene sets analyzed in this study.

See also Tables S1 and S2.
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mutations (Table S1) (d N /d S > 1 indicates more amino acid 

changing substitutions and positive selection, and d N /d S < 1 

indicates fewer amino acid changes and purifying selection). 

Next, we examined the effect of the choice of the outgroup 

(rye or barley) on these population genetic indices. The effect sizes 

of all comparisons showed a negligible effect (Cliff’s delta 52–54 

with lower and upper bounds for 95% confidence interval < 0.11, 

Bayesian Cohen’s d 55 with 95% confidence interval < 0.2) 

(Tables S1 and S3). Corrected p values were not significant except 

for d N /d S (Tables S1 and S3). These analyses indicate that the OG 

formation using either outgroup was consistent. Below, we will 

mainly present the results using rye, which is phylogenetically 

closer to wheat. Finally, we examined the difference between da-

tasets, i.e., the exclusion of chromosomes with the segregating 

foreign introgressions. Based on Cliff’s delta, the effect of most 

comparisons was negligible (Table S4). Small effect was detected 

in the comparisons of Tajima’s D, θ W , π, and π S in the B subge-

nome between datasets 1 and 2 and between datasets 1 and 3 

(0.11 < Cliff’s delta < 0.28 54 ), which were also supported by cor-

rected p values (Table S4). According to Cohen’s d, the effect 

size was also negligible except for the comparison of Tajima’s D 

of the B subgenome between datasets 1 and 2 (Tables S1 and 

S4). These results are consistent with the fact that the two intro-

gressions in the B subgenome introduce more singletons in the 

full dataset (i.e., only found in a single cultivar), which increases 

rare variants in the full dataset (Tables S1 and S4). Mean d N /d S 
values were very similar among the three datasets (Tables S1 

and S4). These analyses suggest that the segregating foreign in-

trogressions increased the genome-wide polymorphism levels 

of the elite cultivars of the 10+ Wheat Genome Project, but the ef-

fect on overall genetic diversity was relatively small (Table S4). 

Next, genealogies were constructed for each subgenome for 

the three datasets (Figures S1–S3). Rye or barley was separated 

by a long branch from all bread wheat cultivars, consistent with 

their outgroup status (Figures S1–S3). The longest segregating 

foreign introgression reported for the 10+ genome 45 spans 

most of chromosome 2B (nearly 427 Mb) derived from Triticum 

timopheevii into the LongReach Lancer (LAC) cultivar. In the ge-

nealogy of the B subgenome using the full dataset (Figure S1B), 

LAC had a relatively long branch and was located at the base of 

wheat cultivars. In contrast, the genealogy of dataset 2 without 

the trio of chromosome 2 (Figure S3B) did not show this pattern, 

suggesting the effect of the large introgression on the genealogy. 

We could not find a clear geographic pattern in the genealogy, 

except for the clustering of two East Asian cultivars, Norin 61 

and Chinese Spring, in some genealogies (e.g., the B subge-

nome of the whole dataset in Figures S1B and S4).

Correlation of population genetics statistics between 

homoeologs

Differences in selection among subgenomes, especially be-

tween A and B subgenomes, may not be apparent at chromo-

some scales, but may be detectable in correlations of population 

genetics statistics of homoeolog pairs (coding sequences) from 

each subgenome. To examine whether homoeologous genes in 

different subgenomes showed a similar or different pattern of 

polymorphisms and signatures of selection, 30,45 we calculated 

the correlation of each of the population genetics statistics be-

tween the A, B, and D homoeologs (Table S5). Tajima’s D, a stan-

dard neutrality test to detect positive and balancing selection, 

showed a low correlation among the homoeologs (<0.1 in all 

combinations) (Table S5). The correlation of nucleotide diversity 

(π) was similarly low (≤0.25; Table S5). These results suggest that 

each homoeolog experienced generally different histories, 30,45 

despite similar overall subgenome-wide means in genetic diver-

sity (Table S5).

Considering that the subgenomes A and B merged first and 

shared longer histories as an allotetraploid species, a higher cor-

relation between the A and B subgenomes of these statistics 

may be expected. However, among the three comparisons 

(AB, AD, and BD) of π and θ W , the correlations of π and θ W be-

tween B and D homoeologs were the highest in all three datasets 

(Table S5). The similarity between B and D homoeologs may be 

attributed to different patterns of selections, hybridizations, or 

uncharacterized introgression events. 56,57

Derived allele frequencies affected by introgressions

We examined the distribution of site frequency spectra, which 

can reveal further information about selection acting on a 

population. We used the rye and barley outgroups to polarize 

nonsynonymous (‘‘replacement’’ substitutions that result in a 

nucleotide change in a codon that changes the amino acid 

sequence) and synonymous (‘‘silent,’’ no change in amino 

acid) polymorphic sites to construct a derived allele frequency 

(DAF) spectrum for each subgenome. In all three subgenomes, 

the proportions of low-frequency nonsynonymous variants, 

i.e., a nucleotide substitution in only one or two individual 

cultivars, were higher than synonymous variants. This is most 

conspicuously seen as the higher proportion of nonsynony-

mous singletons (allele frequency 1 in the x axis of Figure 2) 

than synonymous singletons (Figure 2 and S4). This suggests 

that purifying selection is acting to keep deleterious amino 

acid-changing alleles rarer. 43

When the entire chromosomes were used (dataset 1), the 

shape of the DAF spectrum contained conspicuous peaks (high-

est at frequencies of 4 in the D subgenome) (Figure 2A). This sug-

gested that the segregation of foreign introgressions caused an 

excess of intermediate frequency alleles in the center of the DAF. 

Using dataset 3 without chromosomes 2 and 3, intermediate 

frequency peaks in the DAF spectrum were absent (Figure 2C). 

This pattern is consistent with the introgression in chromosome 

2D that is shared by four cultivars. 48 The intermediate frequency 

peaks in the DAF disappeared when using dataset 2, which 

excluded the trio of chromosome 2 but included the trio of chro-

mosome 3 (Figure 2B). The similar results of datasets 2 and 3 are 

consistent with the contribution of the introgression in the trio of 

chromosomes 2 to the DAF spectrum, while the effect of intro-

gression in the trio of chromosome 3 was small in the D subge-

nome. The analysis using barley as the outgroup showed very 

similar results (Figure S4). These analyses showed that segre-

gating foreign introgressions had a large effect on the DAF of 

the 10 genome data. In contrast, the higher proportion of nonsy-

nonymous singletons compared to synonymous singletons was 

found to be clearly similar to the entire chromosome dataset, 

suggesting purifying selection (see the section ‘‘purifying selec-

tion acting in subgenomes of hexaploid wheat’’).
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Furthermore, we examined the effect of these introgressions 

on the estimation of the proportion of adaptive substitutions (α) 

that were fixed by positive selection. In contrast to zero or 

negative values, positive α values indicate adaptive substitu-

tions among multiple sequence alignments, 58 but it is known 

to be sensitive to previous demographic changes. 14 Using the 

dataset of entire chromosomes, the average α of B homoeo-

logs was positive (Figure S5). However, in datasets 2 and 3, 

in which chromosomes harboring segregating foreign introgres-

sions were removed, α values were not positive, and those of 

B homoeologs had near-zero mean α values (Figure S5). These 

results suggest that the introgressions inflated the estimates 

of α when using the complete set of chromosomes. This 

would be expected because the introgressions inherently 

result in greater divergence from the outgroup used in the

alignments (rye or barley), which did not have homologous 

introgressions.

Purifying selection acting in subgenomes of hexaploid 

wheat

Based on the allele frequency spectrum (Figure 2) and genetic 

diversity estimates (Table S1), the higher proportion of low-fre-

quency nonsynonymous mutations (i.e., singletons) compared 

with synonymous mutations in all three datasets suggested 

genome-wide purifying selection. To more quantitatively 

address whether purifying selection acted on the homoeologs 

of hexaploid wheat, we estimated the strength of purifying selec-

tion using the DFE. 13 The DFE shows the proportion of substitu-

tions that range from neutral (N e s 0–1), slightly deleterious (N e s 

1–10), to strongly deleterious (N e s > 10). 13,14 A high proportion

Figure 2. Derived allele frequency spectrum with rye as an outgroup

(A) Dataset 1 (full dataset), (B) dataset 2 (without the trio of chromosome 2), and (C) dataset 3 (without trios of chromosomes 2 and 3). Results of the A (blue), 

B (red), and D (green) subgenomes are shown. Polymorphic sites were polarized using rye as an outgroup, and sites were classified as either a nonsynonymous 

replacement (bars with light color, rep) or a synonymous silent (bars with dark color, sil) substitution.

See also Figure S4.
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of variants in the neutral category (N e s 0–1) is often used synon-

ymously with ‘‘relaxed selective constraint,’’ while high propor-

tions of the N e s > 10 category suggest purifying selection owing 

to strong constraints on protein evolution. Together, the signa-

ture of purifying selection is detected when the DFE indicates a 

simultaneous lower proportion of the neutral category but high 

proportions of the deleterious categories. The results using the 

entire dataset (dataset 1) and datasets 2 and 3 without chromo-

somes with known segregating foreign introgressions were 

similar. Among all of the A, B, and D homoeologs, approximately 

15%–30% of substitutions were classified as effectively neutral, 

10%–20% as slightly deleterious, and >50% under strong purify-

ing selection (Figures 3 and S6), providing evidence of purifying 

selection in all three subgenomes. The B homoeologs consis-

tently showed a lower proportion of effectively neutral sites 

together with a higher proportion of deleterious categories than 

A and D homoeologs (Figures 3 and S6). These results suggest 

stronger purifying selection on B homoeologs, consistent with 

its relatively high genetic diversity estimates. Removal of homoe-

ologs within introgressed chromosomes had minimal effect,

increasing the proportion of sites under neutrality mostly within 

D homoeologs (Figures 3 and S6), where introgressions may 

contribute more significantly to rare and intermediate frequency 

substitutions. The use of rye (Figure 3) or barley (Figure S6) as the 

outgroup affected the results little.

Purifying selection is affected by gene expression levels 

Gene expression is a major determinant of the strength of purify-

ing selection, with highly expressed genes more often under 

strong selective constraint. 21 Thus, we included gene expression 

data from the second phase of the 10+ Wheat Genome Project 47 

to test whether selective constraint varies at the homoeolog level 

in wheat when gene expression level is considered. In each of the 

A, B, and D homoeologs, we found that highly expressed genes 

(in the top 5% of gene expression in the subgenome) contained a 

lower proportion of sites classified as neutral (N e s 0–1) than ho-

moeologs in each of the three subgenomes when all tissue data 

were analyzed (Figures 4A–4C ). In contrast to the decreased 

proportion of effectively neutral sites of highly expressed genes, 

the proportion of strongly deleterious sites was increased,

Figure 3. Distribution of fitness effects

DFE estimation for each subgenome using rye as an outgroup with (A) dataset 1 (full dataset), (B) dataset 2 (without the trio of chromosome 2), and (C) dataset 3 

(without trios of chromosomes 2 and 3). N e s 0–1 are considered effectively neutral substitutions, N e s 1–10 slightly deleterious, and N e s > 10 strongly deleterious. 

A, B, and D homoeologs are shown by blue, red, and green, respectively. The DFE was estimated from 10 6 MCMC replicates. Error bars are standard deviations 

from the mean of 1,000 resampled MCMC replicates.

See also Figure S6.
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particularly in A and B homoeologs. In the D subgenome, slightly 

deleterious sites were increased instead of strongly deleterious 

sites, consistent with weaker purifying selection. In contrast to

the highly expressed genes, the genes with low expression 

(lower 5% of gene expression in the subgenome) showed 

weaker signatures of purifying selection. These results suggest

Figure 4. Distribution of fitness effects and expression levels

(A–C) DFE of all homoeologous copies within a subgenome alongside those that have the highest and lowest expression as determined by 5% cutoff using all 

tissue types. A, B, and D homoeologs are shown by blue, red, and green, respectively.

(D–F) DFE of the highest and lowest expressing homoeologs within specific tissue types. Four different tissues are indicated by colors as well as icons above. N e s 

0–1 are effectively neutral substitutions, N e s 1–10 are slightly deleterious, and N e s > 10 are considered strongly deleterious. Tissues are indicated by icons and 

shapes corresponding to Figures 1C and 1D.

(A and D) A homoeologs, (B and E) B homoeologs, and (C and F) D homoeologs. Rye was used as the outgroup.

See also Figure S7; Table S6. The DFE was estimated from 10 6 MCMC replicates. Error bars are standard deviations from the mean of 1,000 resampled MCMC 

replicates.
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that genes that were highly expressed contained a higher pro-

portion of sites under strong purifying selection (and strong se-

lective constraint), and those that produced very few transcripts 

were under more relaxed constraint. Furthermore, the data pro-

vided additional support for purifying selection working in bread 

wheat, a polyploid crop species.

Tissue-specific expression is also a strong predictor of selec-

tive constraint. 17 Transcriptomics data of the wheat pan-

genome showed that gene expression clustered by tissue type 

(Figures 1C and 1D) more so than by cultivar. Taking advantage 

of gene expression data of different tissue types, we further 

analyzed the DFE using the highly and lowly expressed genes 

in grain, leaf, root, and spike. Among neutral categories of the 

four tissues, the difference between genes with high and low 

expression was pronounced in the spike tissue in all three sub-

genomes. The genes expressed in spikes may be more con-

strained, which could be explained by artificial selection on 

spike-related traits. Interestingly, we found that the subgenomes 

showed different patterns for different tissues. The proportion of 

the neutral sites in the category of the genes in the D subgenome 

with high expression in the root was very low (Figure 4F), which is 

lower than those in the other three tissues of the D subgenome, 

and among the lowest in all tissues of the three subgenomes. In 

addition, its proportion of the strongly deleterious category (N e s 

>10) was much higher than that with low expression in the root 

(Figure 4F). Very similar results were obtained with barley as 

the outgroup (Figure S7). Furthermore, a linear model (ANOVA) 

showed a significant interaction of the effects of tissue-specific 

expression and subgenomes, as well as the effect of each on 

the proportions (Table S6).

DISCUSSION

Globally, bread wheat is the most widely cultivated crop spe-

cies, 59 but its complex allohexaploid genome with its huge 

genome size of ∼15 Gb was an obstacle to studying genome-

wide patterns of polymorphisms and selection. Many studies 

have used reduced representation libraries, such as exon cap-

ture methods for cost-efficient sequencing 42,43 or relatively low 

coverage resequencing, 60,61 but these datasets and analyses 

were less complete compared with other major crop species, 

such as maize and rice, where high-coverage sequencing was 

used for diversity analyses. 9,62 Here, we analyzed a unique poly-

morphism dataset using the de novo assemblies of wheat ho-

moeologs aligned together using rye and barley outgroups. An 

obvious limitation of the data is that the 10 samples focused 

on modern cultivars encompassing segregating chromosomal 

segments introgressed from different species either by modern 

breeding or unintentionally. 31,45,48 We found that the chromo-

somes harboring foreign segregating introgressions had large 

effects on analyses such as genealogy and the estimation of 

the proportion of substitutions fixed by positive selection (α), 

but a relatively small effect on nucleotide diversity and the 

DFE. Introgressed chromosomal segments appear to be a wide-

spread feature of many species, including bread wheat 31,45,48 

and human lineages, 49 and their complete removal is not feasible 

in many analyses. In addition, Norin 61 and Chinese Spring from 

Asia are shown to have diverged from European, American, and

Australian modern cultivars. 45 Indeed, Norin 61 is a modern 

cultivar bred from East Asian landraces 31,63 and thus contributes 

to genetic variation that predates modern breeding. The advan-

tages of the de novo assembly for genetic diversity analyses 

include the lack of ascertainment bias of using a single reference 

genome and the lack of mapping errors that can be pronounced 

in allopolyploid species, 64–66 particularly when repetitive regions 

are rampant in the genome.

In polyploid species, it is often thought that deleterious vari-

ants may be masked by the redundancy of duplicated homoeol-

ogous genes. 1,25 If one assumes that nonsynonymous mutations 

had no fitness effects due to complete redundancy, 100% of the 

nonsynonymous substitutions would be classified as neutral. 

However, we found that only approximately 15%–30% of nonsy-

nonymous substitutions are under neutrality in the wheat gene 

alignments. This proportion of neutral variants is comparable 

to that reported using wild polyploid species. About 20% of 

the nonsynonymous substitutions of the allopolyploid species 

A. kamchatica and about 30% of the 0-fold nonsynonymous 

substitutions of C. bursa-pastoris were in the neutral cate-

gory. 28,30 The comparison suggests a similar pattern of purifying 

selection in natural and crop allopolyploid species, which should 

be validated by the study of other polyploid species. Further-

more, selfing is known to decrease the efficacy of selection, 67– 

69 and selfing is common in polyploid species, including bread 

wheat. 67–71 Yet, the majority of the nonsynonymous mutations 

in bread wheat were under purifying selection. In the current 

study on wheat, the DFE analyses indicate that most nonsynon-

ymous mutations have a slight but significant deleterious effect, 

and then their frequencies become lower than neutral. Together 

with previous reports, such as high-impact mutations, 42,43 our 

genome-wide quantification of purifying selection using the 

DFE suggested that deleterious variants under purifying selec-

tion are segregating in bread wheat despite being a hexaploid 

species. These results highlight the role of hidden deleterious 

variation in modern wheat cultivars. This provides a molecular 

basis for the effectiveness of hybrid breeding in wheat. 72–74 

These many slightly deleterious mutations in wheat support the 

use of hybrid breeding to mask these mutations and enhance 

yield and vigor. Furthermore, it enables the development of tools 

to identify and purge deleterious alleles, contributing to modern 

cultivar improvement through genetic optimization.

The DFE analysis showed that the proportion of sites under 

neutrality (N e s 1–10) in the B subgenome was less than that of 

the A and D subgenomes, suggesting stronger purifying selec-

tion in the B subgenome. A potential hypothesis explaining the 

subgenome difference in purifying selection is subgenome 

expression dominance, which was proposed in previous ana-

lyses of genetic diversity in maize. 26 Maize experienced genome 

duplication 5–12 million years ago, and its current diploid 

genome is composed of the dominant subgenome (maize 1) 

and the recessive subgenome (maize 2). It was suggested that 

stronger purifying selection in the maize 1 subgenome was 

attributed to higher gene expression levels relative to maize 2. 26 

However, we suggest that subgenome expression dominance is 

not a major mechanism of the different DFE patterns in bread 

wheat. In expression studies of bread wheat, there is no clear 

difference in the expression levels between the A, B, and D
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subgenomes. 47,65,75,76 Although we showed a clear relationship 

between expression level and purifying selection in each subge-

nome, the expression level cannot be a major force of subge-

nome difference in purifying selection. An alternative hypothesis 

on the subgenome difference in purifying selection is the differ-

ence in genetic variation inherited from progenitor species 

through polyploidization. Recent genomic studies of polyploid 

species suggested the importance of variation inherited from 

progenitor species in addition to mutations at the time or 

following polyploidization. 25,28 In addition, the high outcrossing 

mating of the diploid Ae. speltoides that is closely related to 

the B subgenome ancestor may have contributed to the high 

variation of the B subgenome among hexaploid wheat lines, 43 

and subsequently affected the efficacy of selection.

We unexpectedly found that genes that are located in the D 

subgenome and expressed highly in roots were under strong pur-

ifying selection compared with those of the other three tissues 

studied. To our knowledge, this is the first study to report the com-

bined effect of subgenomes and tissue-specific expression on 

purifying selection. The D subgenome is known to have contrib-

uted to the drastic range expansion of bread wheat by conferring 

a broad environmental resilience, including temperature, precipi-

tation, and salinity tolerance. 33,34 Bread wheat inherited an 

increased number of lateral roots that can enhance water and 

nutrient uptake from Ae. tauschii (DD genome). 40 The D homoeo-

log of LATERAL ORGAN BOUNDARIES-DOMAIN16/ASYM-

METRIC LEAVES2-LIKE18 gene (TaLBD16-D) is highly ex-

pressed, and the overexpression of this gene in transgenic 

wheat showed increased lateral root number. 40 In addition, salt 

stress tolerance was attributed to the expression of the D homoe-

olog of an ion transporter gene HKT1;5-D and Salt Overly 

Sensitive1-D (TaSOS1-D) in stressed roots. 39,41 We speculate 

that root tissues are critical for environmental tolerance and that 

many root-expressed genes may be under selective constraint. 

Further research on the details of these D homoeologs that 

show particularly high expression in roots, and whether this 

biased expression contributes to environmental responses, is 

required to test this hypothesis.

We found low correlations of Tajima’s D, a neutrality test to 

detect positive and balancing selection between the A, B, and 

D homoeologs in all three datasets (0.04–0.09). The correlation 

was similarly low in the wild polyploid species A. kamchatica 

(0.04). 30,77 In addition, the chromosomal regions under selection 

were different among the two subgenomes of C. bursa-pasto-

ris. 32 These results support similarity in the pattern of positive 

and balancing selection among natural and crop polyploids. 

We suggest that allopolyploid species can encompass homoeo-

logs that experienced different evolutionary forces, which can 

contribute to the environmental robustness to cope with a broad 

range of conditions. 25,78,79

A major goal of future breeding is to mitigate the effect of 

numerous deleterious variants, possibly using hybrid breeding 

and genome editing in addition to traditional crossing. 7–9 The 

different patterns of purifying selection among subgenomes 

and among genes expressed in different tissues can inform which 

subgenome or genes should be prioritized. For example, delete-

rious variants of the D subgenome expressed in roots may be 

restored by genome editing, or their effects may be mitigated

by hybrid breeding. In hybrid breeding of the D subgenome, it 

would be effective to use landraces or the wild progenitor Ae. tau-

schii through synthetic polyploids because deleterious alleles 

may be fixed due to the low variation of the D subgenome. More-

over, studies of loci under selective sweeps 42,44 can be informa-

tive to restore adaptive variants lacking in landraces and wild 

species. To further understand and tackle deleterious variants 

under purifying selection in wheat, it will be important to combine 

the presented bread wheat data with recently increasing data of 

diploid and tetraploid progenitor species (e.g., Ae. tauschii as the 

donor of the D genome 80 ) as well as landraces.

Limitations of the study

Our analysis of genome-wide selection has caveats and limita-

tions. Firstly, we found that chromosomes harboring segregating 

foreign introgressions, as identified by Keilwagen et al. 48 had a ma-

jor effect on the estimation of the proportion of adaptive substitu-

tions, but had little effect on the DFE estimates. We indeed found 

consistently stronger purifying selection in the B subgenome, 

with or without the chromosome trios encompassing the introgres-

sions. This result is consistent with theoretical studies showing that 

the DFE may be affected less by past demography than the esti-

mation of the proportion of substitutions (α), 13,14 although it does 

not entirely exclude the effect of demography. Furthermore, 

because homoeologs of the same subgenome expressed in 

different tissues are expected to be affected similarly by past 

demography, we suggest that the relative difference in the strength 

of purifying selection among homoeologs expressed in different 

tissues is less affected by demography. Secondly, in this study, 

we quantified purifying selection using nonsynonymous mutations 

that are abundant, but it is likely that purifying selection on gene 

deletion or high-impact mutations is stronger, as shown in studies 

of these types of mutations in other species. 28,30,43
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STAR★METHODS

KEY RESOURCES TABLE

METHOD DETAILS

Orthologous group identification and codon-based alignment

Identification of orthologous groups (OGs) was conducted similar to the approach, 45 in which OGs contain one-to-one orthologs from 

the 10 wheat lines ArinaLrFor, CDC Stanley, CDC Landmark, Chinese Spring, Jagger, Julius, LongReach Lancer, Norin 61, Mace and 

SY Mattis plus an outgroup of either rye, S. cereale, 50 or barley, H. vulgare. 51 Because we were interested in the genome-wide se-

lection in bread wheat, we did not include the assembly of Spelt (T. aestivum ssp. spelta accession PI190962, 45 which was likely 

derived from the hybridization of wild and domesticated wheat. 81,82 For constructing accurate and conservative datasets, we 

focused on OGs with exactly one gene copy for the A-, B-, and D-subgenomes in each wheat line (called 30-lets by White et al. 

(2025) 47 ) and exactly one gene from the outgroup. In this dataset, OGs with copy-number variation (i.e., increase or decrease) 

were excluded to avoid their potential effect on the estimation of the amount of variation and the strength of selection. First, OGs 

with copy number increase were excluded because it is known to affect the pattern of variation through gene conversion particularly 

in tandem duplicates and can affect purifying selection due to redundancy. Tandemly duplicated gene copies can result in one or 

more of the duplicated copies experiencing relaxed selective constraint where mutations increase compared to the original parent 

copy. Additionally, sub-functionalization may result in duplicated genes retaining some of the parental gene function, but may expe-

rience increased mutations due to drift. These duplicated genes can bias the OGs because one subgenome may have tandemly 

duplicated copies of a gene, while the others do not. In a sense, this is the problem we are already addressing but at the whole 

genome level – comparison of relaxed constraint and purifying selection of duplicated gene copies. Second, OGs with a non-func-

tional allele (or copy number decrease) were excluded because they are considered non-essential genes and thus can have a 

different pattern of purifying selection. White et al. (2025) 47 reported that a considerable proportion of the OGs had a non-functional 

allele (36.61% of the OGs, called ‘‘shell’’ genes in contrast to ‘‘core’’ genes conserved in all the 10 cultivars by White et al. (2025) 47 ) 

and thus removed from the present analysis. Orthologs were derived from an OrthoFinder 83 run for which each of the three subge-

nomes A, B, and D of each wheat line were provided as ‘separate species’ to mimic a diploid state for hexaploid wheat. Thus, ortho-

logs and homoeologs could be identified in one run, with the diploid outgroup. These alignments had no missing accessions and 

negligible amounts of missing data represented by an N. Codon-based alignments were computed from back-translated protein 

alignments generated by the Muscle aligner. 84 All wheat genes in one group are assigned to pseudochromosomes, no chrUn genes 

were included. Alignments in total 10,602 and 10,604 OGs with rye and barley as an outgroup were used as Dataset 1 (Full Dataset). 

Datasets 2 and 3 were constructed by removing the trio of whole chromosome 2 (2A, 2B, 2D) and the trios of whole chromosome 2 

and 3 (2A, 2B, 2D, 3A, 3B, 3D). respectively, because these chromosomes encompass known large segregating foreign introgres-

sions. The 2A introgression is known to encompass the Lr37-Yr17-Sr38 gene cluster from Ae. ventricosa, the 2B introgression Sr36 

from T. timophevii, 3D introgression Lr24 and Sr24 from Thinopyrum ponticum. 45 Entire chromosomes rather than the introgressed 

segments were removed because the removal of introgession region alone would affect the gradient of selection or genetic diversity 

from the telomere to the centromere.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Coding sequence alignments This paper https://zenodo.org/records/13370482

Raw sequence data White et al. 2025 https://www.ebi.ac.uk/ena/browser/view/PRJEB51827

de novo assemblies and annotations of 

10 wheat cultivars

White et al. 2025 https://doi.org/10.1101/2024.01.09.574802

https://plants.ensembl.org/index.html

Rye genome data Rabanus-Wallace et al. 2021 https://doi.org/10.1038/s41588-021-00807-0

Barley genome data Mascher et al. 2021 https://doi.org/10.1093/PLCELL/KOAB077

Software and algorithms

OrthoFinder Emms and Kelly 2019 https://doi.org/10.1186/S13059-019-1832-Y

Muscle aligner Edger 2004 https://doi.org/10.1093/NAR/GKH340

compute Thornton 2003 https://doi.org/10.1093/BIOINFORMATICS/BTG316

seqkit Shen et al. 2016 https://doi.org/10.1371/JOURNAL.PONE.0163962

DoFE Eyre-Walker and Keightley 2009 https://doi.org/10.1093/MOLBEV/MSP119

HISAT2 Kim et al. 2019 https://doi.org/10.1038/s41587-019-0201-4

DeSEQ2 Love et al. 2014 https://doi.org/10.1186/S13059-014-0550-8
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Population genetic analysis and divergence estimates

The alignments of the coding regions of the ten cultivars, which were generated as described above, were used to calculate within-

species average pairwise diversity (π), Watterson’s theta (θ W ), and Tajima’s D using compute 85 for each of the three subgenomes. 

Within cultivar, segregating sites (S) were used to filter out alignments which may be poor. Homoeolog alignments with more than 

5% segregating sites were removed. Similar to previous population genetic analysis focusing on a single species, a constant 

mutation rate at the species level was assumed. 86 The alignments with an outgroup sequence were used to classify the synonymous 

(silent) and non-synonymous (replacement) polymorphic sites using polydNdS, the fixed synonymous and non-synonymous sites 

using MKtest and the minor and derived allele frequency spectra using SFS.pl. 85 Evolutionary rates were estimated as the proportion 

of nonsynonymous substitutions per nonsynonymous site (d N ) to synonymous substitutions per synonymous site (d S ) or ω = d N /d S . 
The Wilcoxon rank-sum test with Benjamini–Hochberg correction, Cliff’s delta 52–54,87–90 with 95% confidence intervals, and Bayesian 

effect size estimates (raw difference and Cohen’s d 53 ) were applied to compare differences in population genetic statistics 

(Tajima’s D, θ W , d N /d S , π, π NS , and π S ) among subgenomes, outgroups, and datasets, respectively. The effsize package 91 was 

used for calculating Cliff’s delta and the brms package 92 for the Bayesian analysis.

Genealogical analysis

For genealogies, either barley or rye was included as an outgroup. 100 randomly selected orthologous groups (OGs) were chosen 

and sequences within the A-, B-, or D-subgenomes were concatenated using seqkit. 93 Neighbor-joining trees were constructed 

using the Tamura-Nei model and bootstrap support was calculated using 100 replicates using Geneious prime. Trees are visualized 

using the R package ’ggtree’. 94

Distribution of fitness effects and proportion of adaptive substitutions

To estimate the DFEs and the proportion of adaptive substitutions (α) of the A, B and D-subgenomes, we used the likelihood method 

implemented in the software DoFE 3.0 (http://www.sussex.ac.uk/lifesci/eyre-walkerlab/resources). Minor allele frequencies, number 

of polymorphic and fixed sites, and length of nonsynonymous and synonymous sites within each homoeolog were calculated from 

polydNdS, then summed for all genes for each subgenome individually, and used as input for DoFE v3.0 to estimate both the 

distribution of fitness effects (DFE) and proportion of adaptive substitutions (α) per subgenome for different sets of OGs. 14 We chose 

a method that takes into account slightly deleterious alleles segregating in the population as well as population size changes to 

calculate less biased estimates of α based on the shape parameters of the DFE. 14 The program was run for 1 × 10 6 Markov Chain 

Monte Carlo (MCMC) replicates, and sampled every 1000 replicates after a burn-in of 100,000 replicates. To estimate DFE, we used 

folded allele frequency spectra and included the number of non-synonymous (D n ) and synonymous (D s ) differences between rye or 

barley homoeologs as outgroup orthologs.

Gene expression data for DFE analysis

Gene expression levels in six samples (grain, leaf (flag leaf), root, spike, whole aerial organs sampled at dawn, and those at dusk) were 

quantified in White et al. (2025). 47 Reads were aligned to Chinese Spring RefSeq 1.1 using HISAT2 v2.0.4, and normalized counts 

per million mapped reads (CPM) were generated using DeSEQ2. 46,95,96 For each condition, the geometric mean of CPM values 

for each identified homoeolog within an orthologous group (OG; described above) was calculated across replicates. Using the 

distribution of the mean CPMs, a cutoff of 5% was used to identify genes with the highest and lowest expression values within a 

given tissue or set of tissues. To examine the effect of the difference of expressed tissues on purifying selection, four of them, 

i.e., grain, leaf, root, and spike, were used to represent spatially different tissues/organs. We conducted a linear model analysis using 

JMP to test for an interaction between subgenome and gene expression using either the neutral category using the equation: (DFE 

value N e s 0–1) ∼ Genome + Tissue + Genome x Tissue + Expression + Genome x Expression + Tissue x Expression + Genome x 

Tissue x Expression. We repeated this analysis but using the values in the DFE category for DFE value N e s > 10. The input DFE values 

that we used came from the DoFE software output where 1000 DFE values for either N e s 0–1 or N e s > 10 were the dependent variable, 

and covariates were Genome (A, B, and D), tissue (leaf, spike, grain, and root), and expression level (high or low). We use ANOVA to 

report the significance of each of the covariates and their interactions (Table S6). We also used Tukey’s honestly significant difference 

(HSD) test to examine pairwise comparisons among subgenome, tissue, and expression level combinations.

Principal component analysis (PCA) and hierarchical clustering were conducted using the R software ver. 4.3.2. The CPM values of 

four tissues (grains, leaves, roots, and spikes) were normalized using DESeq2 95 before analysis. PCA was performed using the 

prcomp() function with the default settings. The top 1000 variable genes were used for hierarchical clustering using the pheatmap() 

function with the default settings.
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