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Genomic imprinting is an epigenetic phenomenon that causes genes to be differentially expressed depending on their parent
of origin. To evaluate the evolutionary conservation of genomic imprinting and the effects of ploidy on this process, we
investigated parent-of-origin-specific gene expression patterns in the endosperm of diploid (Aegilops spp), tetraploid, and
hexaploid wheat (Triticum spp) at various stages of development via high-throughput transcriptome sequencing. We
identified 91, 135, and 146 maternally or paternally expressed genes (MEGs or PEGs, respectively) in diploid, tetraploid, and
hexaploid wheat, respectively, 52.7% of which exhibited dynamic expression patterns at different developmental stages.
Gene Ontology enrichment analysis suggested that MEGs and PEGs were involved in metabolic processes and DNA-
dependent transcription, respectively. Nearly half of the imprinted genes exhibited conserved expression patterns during
wheat hexaploidization. In addition, 40% of the homoeolog pairs originating from whole-genome duplication were
consistently maternally or paternally biased in the different subgenomes of hexaploid wheat. Furthermore, imprinted
expression was found for 41.2% and 50.0% of homolog pairs that evolved by tandem duplication after genome duplication in
tetraploid and hexaploid wheat, respectively. These results suggest that genomic imprinting was evolutionarily conserved
between closely related Triticum and Aegilops species and in the face of polyploid hybridization between species in these
genera.

INTRODUCTION

During double fertilization, a phenomenon unique to flowering
plants, the egg cell (1n) and central cell (2n) fuse with two sperm
cells (1n) to generate the diploid embryo (2n) and the triploid
endosperm (3n), respectively. The resulting endosperm, a func-
tional analog of the placenta in mammals, facilitates embryo-
genesis and supports seedling growth by providing the embryo
with nutrients. The endosperm tissue also interacts dynamically
with the embryo over the course of development by activating
important signaling pathways that are required for embryo
development (Yang et al., 2008; Fouquet et al., 2011; Costa et al.,
2014; Xu et al., 2014). Therefore, proper endosperm development
is essential for coordinating embryo and seed growth.

Genomic imprinting, which refers to monoallelic gene expres-
sion in a parent-of-origin-dependent manner, generally involves
epigenetic regulation. In plants, imprinting primarily occurs in the
endosperm; however, recent studies have shown that a portion of
genes are also imprinted in the embryo of Arabidopsis thaliana
(Raissig et al., 2013), rice (Oryza sativa) (Luoet al., 2011), andmaize
(Zea mays) (Meng et al., 2017). This uniparental transcription

pattern indicates that, to some extent, parental genomes might
not contribute equally to the filial genome, at least for some
specific loci, if not at the genome-wide level (Vielle-Calzada et al.,
2000; Grimanelli et al., 2005; Autran et al., 2011).
Two major hypotheses have been proposed to explain the

extensive occurrence and convergent evolution of genomic im-
printing across flowering plants and mammals. One hypothesis,
the parental conflict theory, argues that paternally derived alleles
promote the transport of resources from maternal tissue to the
offspring to improve their fitness, whereas maternally derived
alleles tend to share resources equally to balance nutrient allo-
cation among embryos (Haig and Westoby, 1989; Wilkins and
Haig, 2003). The other hypothesis, the maternal-offspring co-
adaptation model, proposes adaptive integration rather than
a struggle for resources between the maternal tissue and the
offspring (Curley et al., 2004;Wolf andHager, 2006; Swaney et al.,
2007;KeverneandCurley,2008).However, thebiological relevance
of the parent-of-origin expression pattern of a gene remains
amatter of considerable debate, and thepotential effects of allele-
specific expression on the embryo and seedling remain ambig-
uous, since genomic imprinting mainly occurs in the terminal
tissue of the endosperm, which does not genetically contribute to
the next generation.
The biological implications of genomic imprinting can be

inferred from the results of reciprocal crosses of plants with dif-
ferent ploidy levels, thus providing different dosages of the
parental genomes. Specifically, paternal-excess crosses strongly
promote seed development, resulting in the production of big
seeds, whereas maternal-excess crosses dramatically inhibit
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endospermgrowth, resulting in theproduction of small seeds (Lin,
1984; Scott et al., 1998). These findings indicate that the correct
balance between maternally and paternally derived genomes is
responsible for proper embryo and endosperm development.
Furthermore, A. thaliana plants with loss of function of the ma-
ternally inherited alleles of the imprinted genesMEDEA (MEA) and
FERTILIZATION INDEPENDENT SEED2 (FIS2), which encode
components of the Polycomb Repressive Complex 2 (PRC2),
exhibit overproliferationofendospermafter fertilization.Thisfinding
suggests thatMEAandFIS2 restrainseedgrowth (Chaudhuryetal.,
1997; Grossniklaus et al., 1998; Kiyosue et al., 1999; Luo et al.,
1999).However,otherstudieshavearguedthat theexpression level
rather than the imprintingpatternofagene is likely indispensable for
phenotypic variation, asplantswith lossof functionofMULTICOPY
SUPPRESSOROF IRA1, which encodes a nonimprinted subunit of
PRC2,exhibit thesamephenotypesasthosewithmutations inMEA
andFIS2 (Köhler et al., 2003;Guitton andBerger, 2005; Leroy et al.,
2007). In addition, emerging evidence suggests that paternally
expressed genes are involved in establishing postzygotic hy-
bridization barriers in A. thaliana, as downregulating the expres-
sion of the paternally imprinted genes ADMETOS, SU(VAR)3-9,
HOMOLOG7, PATERNALLY EXPRESSED IMPRINTED GENE2
(PEG2), and PEG9 can partially rescue triploid seed development
(Kradolfer et al., 2013; Wolff et al., 2015). In maize, the maternal
expression ofMeg1 in basal endosperm transfer cellswas directly
shown to be functionally relevant for seed development and
growth. This study not only verified the necessity and sufficiency
of Meg1 in regulating transfer cell differentiation, but also dem-
onstrated the importance of imprinted gene expression in con-
trolling seed size, as revealed through the development of
transgenic lineswith reducedexpression, ectopicexpression, and
nonimprinted expression of Meg1 (Costa et al., 2014).

RNA-seq analyses have identified hundreds of imprinted genes
in A. thaliana, maize, rice, castor bean (Ricinus communis), and
sorghum (Sorghumbicolor;Gehringetal., 2011;Hsiehet al., 2011;
Luo et al., 2011;Waters et al., 2011;Wolff et al., 2011; Zhang et al.,
2011, 2016; Waters et al., 2013; Xin et al., 2013; Pignatta et al.,
2014; Xu et al., 2014). However, the amount of overlap among
imprinted genes of various plant species is limited (Waters et al.,
2013; Pires and Grossniklaus, 2014; Hatorangan et al., 2016). For
example, only 14%ofMEGs and 29%of PEGs inCapsella rubella
were commonly imprinted in A. thaliana (Hatorangan et al., 2016).
Subsequent study indicated that genes controlled by imprinting
are highly conserved between Arabidopsis lyrata and A. thaliana
(Klosinska et al., 2016). In addition, the consistently imprinted ex-
pression of two paralogous maize genes, Fertilization-independent
endosperm1 (Fie1) and Fie2, suggests that parent-of-origin-dependent
allelic expression can be maintained during tetraploidization or
gene duplication events (Danilevskaya et al., 2003).

Hexaploid wheat (AABBDD; Triticum aestivum) is a typical
allopolyploid species with three distinct subgenomes that has
undergone two separate allopolyploidization events. The first
event involved a cross between Triticum urartu (AA genome) and
anunidentifiedspecies (BBgenome) 0.36 to0.50million years ago
(MYA) (Dvo�rák, 1976; Huang et al., 2002; Dvorak and Akhunov,
2005; Pont andSalse, 2017). The resulting tetraploidwheat species,
Triticumturgidum (AABB), thenhybridizedwithAegilops tauschii (DD
genome) togeneratehexaploidwheat (AABBDD);10,000yearsago

(Kihara, 1944; McFadden and Sears, 1946; Dvorak et al., 1998;
Huanget al., 2002). Thesewheat speciesprovideanexcellentmodel
system for studying the genomics of polyploid plants.
In this study, we performed genome-wide identification of

imprinted genes inwheat specieswith different ploidy levels using
reciprocal endosperm at different developmental stages.We then
analyzed the conservation of genomic imprinting among diploid,
tetraploid, and hexaploid wheat species, as well as their
homoeologous genes. Our findings demonstrate that parent-
of-origin-dependent allelic expression was evolutionarily conserved
during wheat polyploidization.

RESULTS

Transcriptome Sequencing, Data Processing, and
SNP Calling

To assess the allelic expression patterns of genes in diploid (DD),
tetraploid (AABB), and hexaploid wheat (AABBDD) endosperm,
we performed deep transcriptome sequencing of reciprocally
crossed developing endosperm fromwheat specieswith different
ploidy levels, including diploid wheat (DD; Y177 [Y]3RM220 [R]
and R3Y at 15 and 20 d after pollination [DAP]), tetraploid wheat
(AABB; Jinying8 [J]3SCAUP [S] and S3J at 15 and 20 DAP), and
hexaploidwheat (AABBDD;Doumai [D] andKeyi5214 [K] andK3D
at 15, 20, and 25 DAP), together with their respective parental
lines. In total,weobtained3539.3millionpaired-end reads,withan
average of;111.1,;149.2, and;242.2 million reads per sample
which, on average, covered 14,550, 27,983, and 40,489
endosperm-expressed genes (fragments per kilobase of tran-
script per million mapped reads > 1) in diploid, tetraploid, and
hexaploid wheat, respectively. To identify high-quality single-
nucleotide polymorphisms (SNPs) between the parental lines, we
mapped the correspondingRNA-seq reads of the parental lines to
thewheat referencegenome (TGACv1 [ChineseSpring,CS];Clavijo
et al., 2017) using Bowtie 2 (v2.2.9; Langmead and Salzberg,
2012); ;33.7% (diploid wheat, 31.5–35.8% mapped to the CS_D
genome), ;50.0% (tetraploid wheat, 46.3–53.5% mapped to the
CS_AandBgenomes),and;49.9%(hexaploidwheat,42.0–59.5%
mapped to theCS_A,B, andDgenomes) ofuniquelymapped reads
were retained for subsequent analysis (Supplemental Table 1). We
then performedSNPcalling using Samtools (v1.4; Li et al., 2009) and
BCFtools (v1.4; Li, 2011).
The accuracy of SNP identification will be reduced in polyploid

wheat due to the widespread presence of homoeologs, which
might cause ambiguous mapping. Therefore, to improve the re-
liability of the SNPs in polyploid wheat, we only considered RNA-
seq reads thatwere uniquelymapped to theA,B, orD subgenome
under the condition that reference sequence information was
available for all three homoeologous loci (see Methods). Ulti-
mately, we identified 7109 (mapped to theCS_Dgenome), 14,995
(mapped to the CS_A and B genome), and 13,085 (mapped to the
CS_A, B, and D genome) high-confidence SNPs located in 3485,
4612, and 5063 genes in diploid, tetraploid, and hexaploid wheat
species, respectively.
Next, we aligned the uniquely mapped RNA-seq reads from

reciprocal crosses to the reference sequence with SNP information
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todistinguish their parental origin. Todeterminewhether the ratioof
allele-specificreadsproperly reflected the ratioofmaternal-to-paternal
transcripts, we calculated the correlation coefficient between
eachpair (;0.91onaverage) after excludinggeneswith fewer than
10 reads. This analysis indicated that the allelic expression
patterns inferred from parent-specific reads were proportional to
total gene expression. By plotting paternal versus maternal
expression for all retained genes, we found that the majority of
SNP-containing genes exhibited the expected ratio of 2m:1p,
whereas ;9.5 to 31.1% exhibited allele-biased expression
patterns, i.e., the ratio of maternally to paternally derived reads
significantly deviated from 2:1 in both reciprocal crosses (x2 test,
false discovery rate [FDR]-adjusted P value # 0.05).

Genome-Wide Survey of Imprinted Genes in Hybrid
Endosperm from Diploid, Tetraploid, and Hexaploid
Wheat Species

To identify high-confidence imprintedgenes inwheat specieswith
different ploidy levels, we performed a x2 test to determine
whether these selected genes possessed parent-specific ex-
pressionpatterns inboth reciprocal crosses.Atasignificance level
of P value = 0.05, 434 genes (mapped to the CS_D genome) were
determined to have maternally or paternally preferred expression
patterns in reciprocally crossed diploid endosperm during at least
one stageof development.Correspondingly, 1307 (mapped to the
CS_A and B genome) and 1630 (mapped to the CS_A, B, and D
genome) genes had either maternally or paternally preferred ex-
pression patterns in tetraploid and hexaploid wheat, respectively
(Figure1;Supplemental Figure1). Todetermine theparent-of-origin
expression status of allele-specific genes, we further filtered
the candidate imprinted genes, with maternally and paternally
expressed genes (MEGs and PEGs, respectively) defined as
genes that had90%maternal reads or 70%paternal reads among
all SNP-associated reads in both reciprocal crosses (with a min-
imum of 10 SNP-associated reads per cross and a FDR-adjusted
P value of 0.05), respectively. We calculated the proportion of
maternal/paternal reads separately for each reciprocal cross
based on the criterion that the values for both crosses had to be
above the threshold (see Methods). Using this more stringent,
ratio-based criterion, we finally identified 372 imprinted genes
(Figure 2), with 91 (62 MEGs and 29 PEGs), 135 (90 MEGs and
45 PEGs), and 146 (94 MEGs and 52 PEGs) in diploid, tetraploid,
and hexaploid wheat species, respectively (Figures 2A and 2B;
Supplemental Data Sets 1 and 2). Of these 372 imprinted genes,
176 genes (47.3%) exhibited consistent imprinted expression
patterns across all developmental stages (40MEGs and 14 PEGs
for diploid wheat, 50MEGs and 21 PEGs for tetraploid wheat, and
35MEGs and 16 PEGs for hexaploidwheat). The remaining genes
were considered to be imprinted in a stage-specific manner
(30MEGsand7PEGs for diploidwheat, 39MEGsand25PEGs for
tetraploid wheat, and 59MEGs and 36 PEGs for hexaploid wheat)
(Figure 2B; Supplemental Data Set 1), indicating that a portion of
imprinted wheat genes exhibited dynamic expression patterns
during endosperm development. Further investigation revealed
that all of these stage-specific imprinted genes were also ex-
pressed during other developmental stages, but their parental
alleles exhibited biallelic expression patterns. Thus, the major

cause of stage-specific imprinting is not a lack of expression, but
can instead be attributed to biallelic expression patterns.
Next, we investigated whether the imprinted genes exhibit

tissue-specific expression patterns in wheat (Figure 3). By ex-
amining previously published data sets (http://www.plexdb.org/
plex.php?database=Wheat) (Schreiber et al., 2009), we found that
both PEGs and MEGs were more abundantly expressed in en-
dosperm than in other tissues, and MEGs appeared to exhibit
more endosperm-specific expression compared with PEGs (the
fold change of gene expression [endosperm versus other tissues]
was4.14and2.58 forMEGsandPEGs, respectively) (Figure3A). In
addition, MEGs and PEGs were expressed at higher levels in
developing endosperm than nonimprinted genes (Figure 3B). An
analysis of previously published laser capture microdissection
data revealed that MEGs were more highly expressed in all en-
dospermcompartments comparedwith PEGs (Pfeifer et al., 2014)
(Supplemental Figure 2). Gene Ontology (GO) analysis showed
that MEGswere enriched in the categories “regulation of nitrogen
compound metabolic process” (GO:0051171), “regulation of
macromolecule biosynthetic process” (GO:0010556), and
“regulation of primary metabolic process” (GO:0080090). By
contrast, the significantly enriched GO categories for PEGs were
“RNA biosynthetic process” (GO:0032774) and “transcription,
DNA-dependent” (GO:0006351). The high expression levels of
MEGs, together with their roles in regulating nutrient biosynthesis
and metabolism based on GO analysis, suggest that they play
important roles in regulating nutrient accumulation in wheat
endosperm. This notion is consistent with the finding that MEGs
are rapidly upregulated inmaize endospermat the filling stage (Xin
et al., 2013), which partially supports the parental conflict theory,
i.e., that MEGs tend to control the growth of their offspring by
limiting nutrient allocation to their offspring (Haig and Westoby,
1989; Wilkins and Haig, 2003).

Experimental Validation of Imprinted Genes in Diploid,
Tetraploid, and Hexaploid Wheat Species

To validate the bioinformatically identified imprinted genes, we
performed RT-PCR followed by cleaved amplified polymorphic
sequence (CAPS) assays or sequencing. We examined 10 diploid
imprintedcandidategenes (sixMEGsand fourPEGs), amongwhich
six were sequenced, seven were cleaved with SNP-sensitive
restriction enzymes, and three (TRIAE_CS42_5DS_TGACv1_
457221_AA1483900, TRIAE_CS42_1DL_TGACv1_062392_AA02
13710, and TRIAE_CS42_3DS_TGACv1_272480_AA0921380)
were confirmed by bothmethods (Supplemental Figures 3 and 4).
Consistentwith theRNA-seqdata, all 10 putative imprinted genes
showed the expectedparent-of-origin expression patterns,which
exactly coincided with the imprinting predictions at different de-
velopmental stages. For example, TRIAE_CS42_7DL_TGACv1_
602576_AA1961380 was predicted to be a PEG at 15 DAP and
20 DAP in diploid wheat, although with a few maternal reads
detected in its 20-DAP endosperm of the Y3R cross, and CAPS
analysis confirmed these expression patterns at both de-
velopmental stages (Supplemental Figure 3). In addition, although
TRIAE_CS42_3DS_TGACv1_272480_AA0921380 was identified
asaPEGaccording toour ratio-basedcriteria, a fewmaternal reads
appeared in theY3Rcrossat 15and20DAPbut not in the reciprocal
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cross; both the CAPS assay and sequencing confirmed our obser-
vation (Supplemental Figures 3 and 4 andSupplemental Data Set 1).

Although it is more difficult to experimentally confirm imprinted
genes in tetraploid and hexaploid wheat than in diploid wheat due
to the presence of homoeologous genes, but we overcame this
challenge by using homoeolog-specific primer pairs. In tetraploid
reciprocal crosses, six putative imprinted genes (five MEGs and
one PEG) showing parent-of-origin expression status were con-
firmedviaCAPSor sequencing (Supplemental Figures 3 and4).Of
these six genes, TRIAE_CS42_4BS_TGACv1_329466_AA1101
720 was predicted to be maternally expressed only in 15-DAP
endosperm based on a 90% ratio cutoff, and consistently, pa-
ternally derived reads were abundant at 20 DAP according to
sequencing validation (Supplemental Figure 4 and Supplemental
Data Set 1). For hexaploid wheat, five candidate imprinted genes
were verified in 15-, 20-, and 25-DAP reciprocally crossed en-
dosperm, including four MEGs and one PEG. These five candi-
dates were considered to be consistently imprinted at 15, 20, and
25 DAP based on the RNA-seq data, and the CAPS experiment
revealed a clear maternally or paternally imprinted pattern at all
three developmental stages in both reciprocal crosses. Together,
the experimental validation of imprinted genes in diploid, tetra-
ploid, andhexaploidwheatconfirmed theefficiencyofourstrategy
for identifying genomic imprinting in polyploid plants. We also
performed sequencing analysis of two other genes (TRI-
AE_CS42_1DL_TGACv1_061444_AA0195450 and TRIAE_CS42_
5AS_TGACv1_393185_AA1269500) that showed imprinted ex-
pression patterns only in one biological replicate due to limited read
counts in the other replicate. The maternal or paternal expression
patterns of these two genes were clearly confirmed in developing
wheat endosperm (Supplemental Figure 5), indicating that a subset
of imprinted genes were not identified in wheat endosperm at the
current sequencing depth.

Imprinted Wheat Genes Were Evolutionarily Conserved
during Polyploidization

Genes controlled by genomic imprinting are poorly conserved
between A. thaliana and monocots as well as between rice and
maize, possibly because this biasedexpressionpattern is partially

dependent on the presence of transposable elements (Luo et al.,
2011; Waters et al., 2011, 2013; Rodrigues and Zilberman, 2015).
The paternally expressed auxin biosynthesis-related genes
YUCCAs and Tryptophan aminotransferase related1 (TAR1) are
rare examples of conserved imprinted genes present in rice,
maize, and A. thaliana endosperm (Hsieh et al., 2011; Luo et al.,
2011; Zhang et al., 2011; Chen et al., 2017). In addition, only 14%
ofMEGsand 29%ofPEGs inC. rubellawere commonly imprinted
inA. thaliana (Hatoranganet al., 2016).However, 50%of imprinted
genesweresubsequently found tobeconservedbetweenA. lyrata
and A. thaliana, which diverged;13MYA (Klosinska et al., 2016).
The paralogs of 10 imprinted genes (resulting from the recent
whole-genome duplication) also exhibit parent-of-origin-dependent
allelic expression patterns in maize endosperm (Waters et al.,
2013), which prompted us to investigate the conservation of
imprinted genes during the polyploidization of wheat.
Hexaploid wheat has undergone two separate allopolyploid-

ization events and has arisen from the convergence of three
diploid ancestors (AA, BB, and DD). To investigate the conser-
vation of imprinted genes during wheat evolutionary history, we
only considered genes with high sequence identity (>90%,
E-value < 1e-10) and syntenic chromosome regions among dif-
ferent wheat species. For example, if gene X in position Y of the B
subgenome in hexaploid wheat was imprinted, we only examined
the expression patterns of its homolog in position Y of the B
subgenome in tetraploidwheatandnot itshomolog inpositionYof
the A subgenome of tetraploid wheat or the D subgenome of
diploid wheat, and vice versa. We examined the imprinted ex-
pression patterns of individual MEGs and PEGs in wheat species
with different ploidy levels (Figure 4). Of the 135 imprinted genes
(59 in the A subgenome and 76 in the B subgenome) in tetraploid
reciprocal crosses (AABB), 27 genes (13 in the A subgenome and
14 in the B subgenome) were found to possess SNPs between
parental linesof hexaploidwheat. Among these, 15genes (55.6%;
4 in the A subgenome and 11 in the B subgenome) showed
conserved parent-of-origin expression patterns based on our
criteria, including 10MEGs and 5 PEGs (Figure 4A; Supplemental
Data Set 3). Similarly, of the 91 imprinted genes in diploid re-
ciprocal crosses, eight candidates happened to possess SNPs
between D and K, and three (37.5%) genes were also imprinted in

Figure 1. Most Genes Exhibited the Expected Expression Ratios in Developing Wheat Endosperm.

Parental expression ratios plot for each reciprocal cross in diploid, tetraploid, and hexaploid wheat species. The expression levels of paternal (y axis) and
maternal (x axis) alleles are represented by the log2-transformed read counts of the paternally and maternally derived reads in the reciprocal crosses,
respectively. Theexpressionpatternsof3485, 4612,and5063geneswithSNPswereanalyzed in reciprocally crossedendosperm fordiploid, tetraploid, and
hexaploidwheat, respectively.Of these,434,1,307,and1630geneswereidentifiedasparentalbiasedexpressedgenesindiploid, tetraploid,andhexaploidwheat
endosperm, respectively, according to a x2 goodness-of-fit test (FDR-adjusted P < 0.05). The dashed diagonal line represents the expected 2m:1p ratio.
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hexaploid wheat (Supplemental Data Set 3). No overlap of im-
printed genes between diploid wheat (DD) and tetraploid wheat
(AABB) was observed, since these species have different sub-
genomes. Thus, in total, 18 genes (18/35, 51.4%) exhibited
conserved parent-of-origin-dependent expression patterns be-
tween diploid and hexaploid wheat or between tetraploid and
hexaploid wheat when considering both sequence identity and
syntenic chromosome regions. Interestingly, at a significance
level of FDR-adjusted P = 0.05, 62.9% (22/35) of genes showed
conserved maternally or paternally preferred expression patterns
during wheat hexaploidization (Figure 4A). For example, TRI-
AE_CS42_2BS_TGACv1_147693_AA0486590 met the require-
ment of 70% paternal reads for PEGs in both reciprocal
crosses of hexaploid wheat, but it was excluded from the im-
printed gene sets due to the limited number of SNP-associated
reads, whereas TRIAE_CS42_6AS_TGACv1_487181_AA15687
30 exhibited significant maternally biased expression at 15, 20,

and25DAP in the reciprocal crosses of hexaploidwheat basedon
the x2 test (P value < 0.05), but it did not pass the cutoff criterion of
90% maternal reads in one cross.
Polyploid wheat has experienced one or two rounds of allo-

polyploidization events, resulting in thousands of homoeologs
due to whole-genome duplication. Thus, we next investigated
whether the parent-of-origin-dependent expression pattern is
conserved among these homoeologous genes. Interestingly, we
successfullydistinguished theparental originsof reads for25pairs
of homoeologous genes in reciprocally crossed hexaploid wheat,
as supported by SNP information. Among these gene pairs,
10 pairs simultaneously exhibited imprinted expression patterns,
accounting for 40% of the total, whereas the proportion for tet-
raploid wheat was 23.1% (3/13) (Figures 4B to 4D; Supplemental
Data Set 4). In addition, although SNP information might have
been unavailable for the homoeologs of imprinted genes in one
wheat species, it might have been available for other wheat

Figure 2. Computational Identification of Imprinted Genes in Wheat Endosperm.

(A) Ratio-based cutoff to identify MEGs and PEGs. Spots clustered in the upper-right corners have more than 90%maternal reads (red, MEGs), whereas
spots clustered in the lower-left corners havemore than70%paternal reads (green,PEGs).Blackdots representnonimprintedgenes. The intersectionof the
dashed lines indicates a 2m:1p ratio. Dots representing MEGs and PEGs are semitransparent. Y, Y177; R, RM220; J, Jinying 8; S, SCAUP; D, Doumai; K,
Keyi5214.
(B) Venn diagram analysis of imprinted genes. The number of imprinted genes identified at 15, 20, and 25DAP are shown in the red, green, and blue circles,
respectively.
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species for a subset of homoeologs. In total, 37 pairs of such
homoeologs simultaneously exhibited imprinted expression
patterns in two wheat species (Supplemental Data Set 5).

In addition to homoeologs resulting from whole-genome du-
plication, many homologs evolved via tandem duplication after
whole-genome duplication, such as Fie1 and Fie2 inmaize, which
both exhibit imprinted expression patterns in developing endo-
sperm, although in a stage-specific manner for Fie2 (Dickinson
et al., 2012). As expected, we identified 34 and 20 homologous
pairs (identity > 90%, E-value < 1e-10) of imprinted genes

containing SNP information in tetraploid and hexaploid wheat,
respectively, 14and10ofwhichalsoshowedconserved imprinted
expression patterns in the respective hybrid endosperm
(Supplemental Data Set 6). For example, the homologous genes
TRIAE_CS42_6AS_TGACv1_487181_AA1568730 and TRIAE_
CS42_6AS_TGACv1_485362_AA1544140, which are located
on theshort armof chromosome6A in tetraploidwheat, encodean
F-box domain-containing protein, and both exhibited paternally
biased expression patterns in J and S reciprocal endosperm.
Furthermore, TRIAE_CS42_3B_TGACv1_220627_AA0712550,
TRIAE_CS42_3B_TGACv1_220627_AA0712570, TRIAE_CS42_
3B_TGACv1_220627_AA0712610, and TRIAE_CS42_3B_TGACv1_
220627_AA0712620are located close to eachother onchromosome
3B in hexaploid wheat and encode a putative E3 ubiquitin-protein
ligase. Supported by SNP information, we found that all of these
genesshowedmaternallypreferredexpressionpatterns inKandD
reciprocal crosses. In conclusion, our results suggest that the
expression patterns of imprinted genes were largely conserved
throughout the evolutionary history of wheat.

DISCUSSION

Genomic Imprinting Occurs Extensively in Wheat Species of
Various Ploidy Levels

Hexaploid wheat (AABBDD; T. aestivum) has undergone two al-
lopolyploidization episodes during its evolutionary history, in-
cluding tetraploidization and hexaploidization, which involved the
hybridization of T. urartu (AA), an unidentified species (BB), andA.
tauschii (DD) (Kihara, 1944; McFadden and Sears, 1946; Dvorak
et al., 1998; Huang et al., 2002). Thus, it is difficult to identify
imprinted genes in polyploid wheat due to the widespread
presence of homoeologs resulting from genome duplication. In
this study, we performed genome-wide identification of imprinted
genes in reciprocally crossed endosperm from diploid, tetraploid,
and hexaploid wheat, and detected 91, 135, and 146 imprinted
genes in reciprocal endosperm, respectively, including 246MEGs
and 126 PEGs. We validated 21 out of 23 imprinted genes by
RT-PCR followed by CAPS or sequencing, suggesting that our
strategy was highly effective for identifying imprinted genes in
polyploid plants. In addition, we experimentally confirmed the
parent-of-origin expression patterns of two genes (TRI-
AE_CS42_1DL_TGACv1_061444_AA0195450 and TRIAE_CS42_
5AS_TGACv1_393185_AA1269500), which were identified as im-
printedgenes inonlyonebiological replicate (SupplementalFigure5
and Supplemental Data Set 2), indicating that our criteria for
identifying imprinted genes might have been too stringent for
a subset of genes expressed in the endosperm.
The imprinted genes identified in this study are unevenly dis-

tributed on the chromosomes, with the D subgenome containing
thesmallestnumberof imprintedgenes inhexaploidwheat (55,69,
and 19 imprinted genes for the A, B, and D subgenome, re-
spectively). This is likely due to the reducedgenetic diversity of the
D subgenome compared with the A and B subgenome that arose
during hexaploid wheat evolution and domestication, since we
found less SNP information in theD subgenome (1533) than in the
A (4863) and B subgenome (6197). This observation is consistent

Figure 3. Expression of Imprinted Genes in Different Wheat Tissues.

(A) The expression levels of MEGs and PEGs were examined in 13 wheat
tissues. The average expression level is higher in endosperm than in other
tissues. MEGs appeared to be more endosperm-specific than PEGs.
Dashed line indicates the average expression level of imprinted genes in
different tissues. The color scale from blue (low) to red (high) indicates
relative gene expression level.
(B) The expression levels of MEGs and PEGs are higher than those of
nonimprinted genes in diploid, tetraploid, and hexaploid wheat species at
all stages examined. The number indicates the average expression level
(log2-transformed fragments per kilobase of transcript per million mapped
reads).
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with the previous finding that the D subgenome has the lowest
nucleotide diversity among the three subgenomes in hexaploid
wheat (Akhunov et al., 2010). Accordingly, the proportion of genes
that could be evaluated for imprinting was 15.7, 16.8, and 5.1%,
respectively. Therefore, the reduced SNP information in the D
subgenome among wheat lines used in this study probably led us
to underestimate the number of imprinted genes in the D sub-
genome. In addition, only 125 MEGs and 51 PEGs exhibited
a persistent imprinted expression pattern during endosperm
development (Figure 2B), and a large proportion (52.7%) of genes
showed stage-specific imprinting patterns due to their biallelic
expression during other developmental stages. These results are
consistent with findings for rice, maize, A. thaliana, castor bean,
and sorghum (Gehring et al., 2011; Hsieh et al., 2011; Luo et al.,
2011; Waters et al., 2011, 2013; Wolff et al., 2011; Zhang et al.,
2011, 2016; Xin et al., 2013; Pignatta et al., 2014; Xu et al., 2014).
Since we only considered reads that mapped to specific sub-
genomes and due to the dynamic nature of genomic imprinting as
well as the limited availability of SNP information, it is reasonable
to assume thatweunderestimated the number of imprinted genes
in wheat endosperm. Nevertheless, this study, which provides

a genome-wide survey of imprinted genes in various wheat
species involving the use of high-throughput RNA-seq analysis,
indicates that genomic imprinting is widespread among wheat
species.

Imprinted Genes Were Evolutionarily Conserved during
Wheat Hexapolyploidization

Triticum and Aegilops species provide an ideal system for
studying polyploid genome evolution because hexaploid wheat
hasextantdiploid and tetraploidprogenitorswithwell-established
phylogenetic relationships (Levy and Feldman, 2004; Feldman
and Levy, 2005). In a comprehensive study of genomic imprinting
in maize, 10 pairs of homologous genes exhibited conserved
maternally biased expression patterns in endosperm, suggesting
that genomic imprinting might have been maintained during the
various genome duplication events (Waters et al., 2013). This
prompted us to investigate the conservation of genomic im-
printingamongwheat specieswithvariousploidy levels.We found
that the parent-of-origin expression patterns are evolutionarily
conserved among wheat species with different ploidy levels, as

Figure 4. Imprinted Genes That Were Evolutionarily Conserved during Hexaploidization.

(A) Parent-of-origin expression patterns of imprinted genes are highly conserved among wheat species. The white bar indicates the number of imprinted
genes in different subgenomes of diploid, tetraploid, and hexaploidwheat; light-gray bar indicates the number of imprinted geneswith SNPs in other wheat
species; dark-gray bar indicates the number of conserved imprinted genes in different wheat species; black bar indicates the number of conserved
candidate imprinted genes with biased expression patterns in different wheat species only considering the criterion of FDR-adjusted P value.
(B) to (D)Thirteen pairs of homoeologs showsimilar imprinted expressionpatterns in tetraploid andhexaploidwheat. Vertical lines indicate the 13groups of
homoeologouswheat genes. Blue (low), white (medium), and red (high) represent the relative expression levels ofmaternal or paternal alleles. S, SCAUP; J,
Jinying 8; D, Doumai; K, Keyi5214.
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51.4% (18/35) of imprinted genes in diploid or tetraploid wheat
were also imprinted in hexaploid wheat when considering the
criteria of both sequence identity and syntenic chromosome re-
gion (Figure4A;SupplementalDataSet3). These imprintedgenes,
which are conserved among wheat species, might play crucial
roles in regulating seed development, among which, TRI-
AE_CS42_2BS_TGACv1_147972_AA0489480, a homolog of A.
thaliana DA (LARGE IN CHINESE) 1, was identified as a PEG in
both hexaploid and tetraploid wheat endosperm at 15 DAP. In-
terestingly, one amino acid change in DA1 (arginine to lysine at
position 358) dramatically increases seed size by extending the
durationofproliferativegrowth, suggesting that the imprintedDA1
gene might help regulate seed development (Li et al., 2008).
Notably, TRIAE_CS42_5BL_TGACv1_410079_AA1366740 enc-
odes a component of PRC2 in wheat (homolog to EMBRYONIC
FLOWER 2 in A. thaliana and rice) and exhibits maternally biased
expression patterns in both tetraploid and hexaploid wheat
(Supplemental Data Set 3), indicating parent-of-origin effects of
PRC2 are conserved during seed development among wheat,
rice, maize, and A. thaliana, although the imprinted PRC2 genes
might be various between each other. In addition, 50 pairs of
homoeologs (13 in one wheat species and 37 in another wheat
species) exhibited conserved genomic imprinting in reciprocally
crossed endosperm (Supplemental Data Sets 4 and 5).

There is relatively little overlap between imprinted genes in A.
thaliana versus monocots and rice versus maize, indicating that
parent-of-origin expression patterns tend to vary during evolu-
tionary history (Waters et al., 2013; Pires andGrossniklaus, 2014),
with the exception of paternally expressed YUCCA genes and
TAR1 in rice,maize, andA. thaliana endosperm (Hsieh et al., 2011;
Luo et al., 2011; Zhang et al., 2011; Chen et al., 2017). In addition,
the proportion of commonly imprinted genes is also limited be-
tween C. rubella and A. thaliana (Hatorangan et al., 2016). How-
ever, extensive conservation of imprinted expression patterns
was revealed between A. lyrata and A. thaliana (Klosinska et al.,
2016). We compared the conservation of imprinted genes among
diploid wheat, tetraploid wheat, hexaploid wheat, maize, rice,
sorghum, castor bean, and A. thaliana (sequence identity > 50%,
E-value < 1e-10). As shown in Supplemental Data Set 7, we found
52homologouspairs (20betweenhexaploidand tetraploidwheat,
16 between hexaploid and diploid wheat, and 16 between diploid
and tetraploid wheat) with conserved imprinted expression pat-
terns between two wheat species. Furthermore, the overlap of
genomic imprinting among diploid, tetraploid, and hexaploid
wheatwas themost significant among theplant speciesexamined
according to Fisher’s exact test. We also detected statistically
significant overlaps in imprinted genes between wheat species
and maize, as well as between wheat and rice, but not between
wheatandA. thaliana (Supplemental Figure6,Supplemental Table
2, and Supplemental Data Set 7). This finding is not unexpected,
since these threewheat species are closely related, andhexaploid
wheat appeared only;10,000 years ago due to the hybridization
of diploid and tetraploid wheat (Feldman, 1995). Furthermore,
monocotsbranchedoff fromdicots140to150MYA,whereaswheat,
rice, and maize diverged from a common ancestor ;40 MYA (Gill
et al., 2004). In summary, our analyses indicated that the degree of
between-species overlap of genes exhibiting parent-of-origin ex-
pression biases is correlated with their phylogenetic relationship.

Interplay among Subgenomes Might Influence Genomic
Imprinting in Hexaploid Wheat

It is thought that homoeologsmake unequal contributions to total
gene expression levels in polyploid wheat and that gene ex-
pression is regulated in a complex manner during grain de-
velopment, possibly due to crosstalk between genomes during
polyploidization (Akhunovaetal., 2010;Chaguéetal., 2010;Leach
et al., 2014; Liu et al., 2015; Han et al., 2016). In this study, amajor
proportion of homoeologous gene pairs (65.8%) indeed exhibited
divergent expression patterns in terms of genomic imprinting in
polyploidwheat. Genomic imprinting is a contributing factor to the
divergence in expression patterns of duplicated genes due to the
silencing of one allele in a parent-of-origin-specific manner (Qiu
et al., 2014). We also found that the silencing of the parental allele
varied among homologs after polyploidization. For example, the
maternal allele of TRIAE_CS42_3DL_TGACv1_249702_AA085
4790 was preferentially expressed in diploid wheat endosperm,
whereas its homolog, TRIAE_CS42_1AL_TGACv1_000533_
AA0014130, exhibited paternally biased expression after poly-
ploidization inhexaploidwheat. Inaddition,manyMEGsandPEGs
arose after the hexaploidization event, e.g., 22 imprinted genes in
hexaploid wheat exhibited biallelic expression patterns in diploid
or tetraploid wheat (Figure 4). These findings indicate that parent-
of-origin gene expression is more prevalent in hexaploid wheat
than in diploid and tetraploid wheat and that interplay among
subgenomes might play a role in regulating genomic imprinting,
a topic that merits further investigation.

METHODS

Plant Materials

Hexaploid wheat (Triticum aestivum; AABBDD) cultivars Keyi5214 (K) and
Doumai (D) and tetraploid wheat (Triticum turgidum; AABB) cultivars
SCAUP (S) and Jinying8 (J), aswell as diploid goatgrass (Aegilops tauschii,
DD) lines Y177 (Y) andRM220 (R), were sown in a field at China Agricultural
University, Beijing, China. Reciprocal crosses and self-pollination were
performedas follows:Spikeletsat thebaseandvery topof thespike, aswell
as florets from the central part of the spike, were removed before anthesis,
and the topof thefloretswascutoff andbagged.Pollinationwasperformed
1 to 2 d later using the appropriate pollen. Endosperm tissues were col-
lected from at least three different ears to create three biological replicates
at 15, 20, and 25 DAP; the endosperm tissues were isolated by hand
dissection and immediately frozen in liquid nitrogen.

RNA Extraction

Total RNAwasextracted from60 (20samples33 replicates) plant samples
using the SDS-phenol method (Shirzadegan et al., 1991) with some
modifications. Endosperm tissue (;0.5 g) was ground to a fine powder in
liquid nitrogen and mixed with 6 mL of buffer containing 1% SDS, 50 mM
Tris-HCl (pH 8.0), 150 mM LiCl, 5 mM EDTA, and 10 mMDTT. The sample
was combinedwith 6mLphenol:chloroform (5:1, pH4.5; Ambion AM9720)
and incubated on ice for 5min. Themixturewas centrifuged at 5000 rpm for
10min at 4°C and the aqueous phasewas transferred to a new tube. These
stepswere repeatedusingphenol:chloroform (1:1), followedbychloroform
alone. The RNA was then precipitated with 2.5 M LiCl at 4°C overnight,
washed with ice-cold 2M LiCl, dissolved in TE, mixed with a 1/9 volume of
3 M sodium acetate (pH 5.2) and 2.5 volumes of ethanol, and incubated at
280°C for at least 4h, afterwhich theRNAwaspelletedbycentrifugationat
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14,000 rpm for 15min at 4°C. After rinsingwith 75%ethanol and air-drying,
the RNA was dissolved in diethylpyrocarbonate-treated water. DNA was
removedwith TURBODNase I (Ambion), and theRNAwaspurifiedusingan
RNeasy column (Qiagen).

Illumina Sequencing

The RNA samples were sent to Berry Genomics for mRNA library con-
struction and deep sequencing using the Illumina HiSeq 2000 platform.
Before library construction, the quality of the RNA samples was examined
using an Agilent 2100 Bioanalyzer. High-quality mRNA from three bi-
ological replicates per sample was sequenced. FastQC software (v0.11.5;
http://www.bioinformatics.babraham.ac.uk) was used to examine the
sequencing quality of the reads in each sample (Andrews, 2010). Then, raw
data were processed using Trimmomatic (v0.36; http://www.usadellab.
org/cms/index.php?page=trimmomatic) to trim adaptor sequence and
low-quality end (Bolger et al., 2014), and only high-quality reads were
retained for further analysis. In total, 125.5, 400.4, and 430.1 Gb of high-
quality RNA-seq data were generated from parental and reciprocally
crossed endosperm from diploid, tetraploid, and hexaploid wheat, re-
spectively. Because the sequencing depth of the first replicate was not as
high as that of the other two, data from the first two replicates were
combined, and threesetsofsequenced transcriptomeswereconsidered to
represent two biological replicates. The correlation coefficient of two bi-
ological replicates was 0.977 to 0.998. The biological replicates were
treated independently and imprinted genes were identified separately and
then compared with each other; only overlapping candidates were con-
sidered to represent imprinted genes. The RNA-seq reads used in this
studywere deposited in theNational Center for Biotechnology Information
Short Read Archive under accession number SRP075528.

SNP Calling and Identification of Imprinted Genes

RNA-seq data from each parent (K and D for hexaploid wheat, J and S for
tetraploid wheat, and Y and R for diploid goatgrass) were used for SNP
identification. High-quality reads were mapped to the reference gene se-
quence (TGACv1; Clavijo et al., 2017) using Bowtie2 (v2.2.9; Langmead and
Salzberg, 2012) with the parameters “–end-to-end–reorder–score-min L,
-0.6,-0.3-L15.”Toimprovecredibility,only readsthatuniquelymappedtoone
subgenomewithnomore than twomismatcheswereconsidered.SNPcalling
was then performed using the mpileup function of Samtools (v1.4; Li et al.,
2009)andthecall functionofBCFtools (v1.4;Li,2011).SNPssupportedby$10
reads,$95% of the total SNP site-mapped reads, and a genotype-likelihood
of $95% in each parent were identified as SNPs between parents and
used for subsequent allele-specific expression analysis in hybrids.

RNA-seq reads from reciprocal crosses of both biological replicates
were mapped to the reference genes separately using Bowtie2 (v2.2.9;
Langmead and Salzberg, 2012), and only uniquely mapped reads with no
more than twomismatches were retained. SNP-containing reads originating
fromdifferentparentswere thendistinguishedbasedonmaternalandpaternal
SNPs identified in the previous step and counted using customized Perl
scripts.Geneswitha ratiodeviating from2m:1p(x2goodness-of-fit test,FDR-
adjusted P value < 0.05) and$90% of total SNP-containing reads that were
maternally derived or $70% that were paternally derived in two reciprocal
crosses of both biological replicates (with a minimum of 10 SNP-associated
reads per cross) were identified as imprinted genes.

CAPS Assay

RNA samples from reciprocal crosses of wheat species with different
ploidy levels were independently prepared to validate imprinted gene
expression patterns using CAPS assays, as previously described
(Konieczny andAusubel, 1993), or by sequencing. RT-PCRwasperformed
using the gene- or homoeolog-specific primers listed in Supplemental

Table 3. The amplification products were digested with the restriction
enzymes listed in Supplemental Table 3.

Accession Numbers

The RNA-seq reads used in this study were deposited in the National
Center for Biotechnology InformationShort ReadArchive under accession
number SRP075528.

Supplemental Data

Supplemental Figure 1. Parental expression ratio plot for endosperm-
expressed genes at different developmental stages for each reciprocal
cross in diploid, tetraploid, and hexaploid wheat species.

Supplemental Figure 2. The expression levels of MEGs are higher
than those of PEGs in the aleurone layer and transfer cells of 20- and
30-DAP wheat endosperm.

Supplemental Figure 3. Experimental validation of the 13 imprinted
genes in diploid, tetraploid, and hexaploid wheat by CAPS assays.

Supplemental Figure 4. Experimental validation of 11 imprinted
genes in diploid, tetraploid, and hexaploid wheat by sequencing.

Supplemental Figure 5. Experimental validation of candidate im-
printed genes identified in only one biological replicate of diploid and
hexaploid wheat by sequencing.

Supplemental Figure 6. Conservation of imprinted genes among
different species.

Supplemental Table 1. Summary of RNA-seq data and reads
mapping results.

Supplemental Table 2. Overlaps between wheat imprinted genes and
those of maize, rice, A. thaliana, sorghum, and castor bean.

Supplemental Table 3. Primers and enzymes used for sequencing
and CAPS assays.

Supplemental Data Set 1. Allele-specific expression of the 91, 135,
and 146 imprinted genes in diploid, tetraploid, and hexaploid wheat,
respectively.

Supplemental Data Set 2. Allele-specific expression of imprinted
candidate genes from each replicate in diploid, tetraploid, and
hexaploid wheat, respectively.

Supplemental Data Set 3. Parent-of-origin expression of imprinted
genes is highly conserved between diploid/tetraploid and hexaploid wheat.

Supplemental Data Set 4. Thirteen pairs of homoeologs show similar
imprinted expression patterns in tetraploid and hexaploid wheat.

Supplemental Data Set 5. Expression patterns of homoeologs of
imprinted genes in different wheat species.

Supplemental Data Set 6. Imprinted homologous pairs resulting from
tandem duplication after polyploidization in tetraploid and hexaploid
wheat.

Supplemental Data Set 7. Conserved imprinted genes in various
plant species.
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