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Background
Allopolyploidization (hybridization concomitant with or followed by whole genome du-

plication) plays an important role in the diversification and speciation of vascular plants
[1]. The hybridization and doubling of two or more divergent genomes (subgenomes)

in the same nucleus often cause strong and abrupt genetic and epigenetic stresses,

resulting in structure and functional incompatibilities [2, 3]. Accumulated evidence in-
dicates that these induced genetic and epigenetic changes in allopolyploids may not

only help overcome incompatibilities but also offer a reservoir of novel phenotypes, fa-
cilitating their ecological diversification and adaptation to new niches [4, 5]. Of these

changes, gene expression subgenome dominance is a common feature of allopolyploids
and may have played crucial roles in their adaptation and evolution [6–8]. Wheat rep-

resents a textbook example of a recent (~400k years ago) speciation via allopolyploidi-

zation and is one of the most successful staple food crops domesticated by humans [9].
Established allopolyploid wheat harbors closely related but distinct subgenomes with

meiotic stability and limited intersubgenomic exchange [10]. Moreover, these dupli-
cated genes of polyploid wheat are subject to dynamic selections during domestication

and environmental adaptation [11–13].

Recent studies in wheat genomics have focused on the subgenome patterns of tran-
scriptional regulation, revealing asymmetries of RNA abundance in ~30% of homoeolo-

gous wheat genes between subgenomes [14]. This transcriptional subgenome
asymmetry provides the first step in understanding functional partitioning in wheat.

Nevertheless, there is limited knowledge on the translational landscape of wheat subge-

nomes, which may offer an important perspective in understanding subgenome pat-
terns of gene expression. Translational regulation is one of the most important

biological processes that directly controls protein synthesis [15], and it is known from
other species that transcriptional regulation of mRNA levels only partially correlates

with translation [16]. However, whether translational regulation contributes to subge-
nome expression patterns in wheat remains elusive.

Over decades, several factors have been identified in regulating translation such as

GC content, codon usage, and tRNA copy number, tightly linked with the sequence
content [15, 17–21]. RNA secondary structure, as an intrinsic property of RNA mole-

cules, is another important factor contributing to translation regulation [22–25]. Recent
technological advances in RNA structure determination, particularly in vivo RNA struc-

ture profiling [26–30], has advanced our understanding of mRNA structure and its role

in modulating translation. Previous studies inArabidopsisand rice showed that mRNAs
with weak structure alongside the strong three-nucleotide periodic pattern in the cod-

ing region (CDS) tend to be highly translated, suggesting that mRNA structure may
have a general function in modulating translation in plants [26, 31]. Thus, it is of great

interest to investigate whether RNA structure features impact on translation in wheat.

The extent of RNA structure folding largely depends on sequence context. The na-
ture of wheat homoeologous genes copies (referred to as homoeologs) provides the per-

fect opportunity to investigate the impact of single-nucleotide variations (SNVs) on
RNA structure where homoeologs from different subgenomes share a certain number

of SNVs that fold into similar or different RNA structures within the same cellular en-

vironment. The presence of SNVs between wheat subgenomes has supported its exten-
sive adaptation to global environments, through selective breeding by humans over

Yang et al. Genome Biology          (2021) 22:326 Page 2 of 26



10,000 years [13, 32]. It is unknown whether these SNVs affect the divergence of RNA
structure between wheat homoeologs.

Here, we obtained for the first time, both the translatome and in vivo RNA structur-
ome in wheat. The translatome revealed subgenome asymmetry at the translational

level. We found that the single strandedness of mRNA structure, particularly the 5�

UTR mRNA structure, is associated with high translation efficiency, suggesting that
mRNA structure may have a strong impact on translation in wheat. We discovered that

the RNA structure difference between the two subgenomes significantly contributes to
translational subgenomes asymmetry where RNA structure plays a prevalent role. We

further revealed that the RNA structures of homoeologs sharing more SNVs tend to be
more distinct. Subsequently, we identified 3564 SNVs which induced large structure

disparities, as riboSNitches between the two subgenomes which are more highly con-

served across durum wheat (Triticum turgidum ssp.durum, BBAA) accessions com-
pared to non-riboSNitches. We found that these riboSNitches were more strongly

selected during domestication compared to non-riboSNitches. Further research demon-
strated that selected riboSNitches could be shaped through human breeding for their

modulation of translation. Based on the above, this study provides a new perspective

for wheat genetic research and, more generally, for polyploid crop breeding in the
future.

Results
Polysome profiling reveals translational subgenome asymmetry in wheat

To uncover the translational landscape in wheat, we performed polysome profiling on

the tetraploid durum wheat cultivar, Kronos (2n = 4x = 28, BBAA), by subjecting
polysome-associated RNAs to deep sequencing (Fig.1a, and Additional file 1: Figure

S1A, B and C). We then calculated the translation efficiency (TE), the ratio of polysome

footprints to mRNA fragments, which represents the level of associated ribosomes on
individual mRNA [33]. We found a significant correlation of 0.21 between TE and

RNA abundance (Fig.1b, r = 0.21,P < 10-16), consistent with studies in other species
[16]. Thus, our result showed that translational efficiencies of mRNAs in wheat were

partially associated with their transcriptional levels.

We then explored the impact of GC content, codon usage, and tRNA copy number
on translation. We found that GC content significantly correlated with TE (Fig.1c, r =

0.57,P < 10-16), indicating mRNAs with high GC content are highly translated in com-
parison to mRNA with low GC content. Notably, a similar result was also reported in

rice [21], suggesting that GC content is likely to be an important factor in modulating
translation in plants whose genomes have high GC content. For codon usage, we first

measured codon adaptation index (CAI) [17] and found a strong correlation between

CAI and TE (r = 0.60,P < 10-16), suggesting codon usage may affect translation (Add-
itional file 1: Figure S2A). We then calculated tRNA adaptation index (tAI), which mea-

sures the codon preference and considers the intracellular concentration of tRNA
molecules and the efficiencies of each codon–anticodon pairing [18]. Surprisingly, the

correlation between tAI and TE was very poor (albeit significant), with a correlation co-

efficient of 0.07 (Fig.1d, r = 0.07,P < 10-16), indicating that codon preference is un-
likely to be a major modulator of translation in wheat.
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