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Allopolyploidization in plants is an important event that enhances heterosis and
environmental adaptation. Common wheat, Triticum aestivum (AABBDD),
which is an allohexaploid that evolved from an allopolyploidization event between
T. turgidum (AABB) and Aegilops tauschii (DD), shows more growth vigor and
wider adaptation than tetraploid wheats. To better understand the molecular
basis for the heterosis of hexaploid wheat, we systematically analyzed the genome-
wide gene expression patterns of two combinations of newly hybridized triploids
(ABD), their chromosome-doubled hexaploids (AABBDD), stable synthetic
hexaploids (AABBDD) and natural hexaploids, in addition to their parents, T.
turgidum (AABB) and Ae. tauschii (DD), using a microarray to reconstruct the
events of allopolyploidization and genome stabilization. Overall comparisons of
gene expression profiles showed that the newly generated hexaploids exhibited
gene expression patterns similar to those of their maternal tetraploids, irrespec-
tive of hybrid combination. With successive generations, the gene expression pro-
files of nascent hexaploids became less similar to the maternal profiles, and
belonged to a separate cluster from the natural hexaploids. Triploids revealed
characteristic expression patterns, suggesting endosperm effects. In the newly
hybridized triploids (ABD) of two independent synthetic lines, approximately one-
fifth of expressed genes displayed non-additive expression; the number of these
genes decreased with polyploidization and genome stabilization. Approximately
20% of the non-additively expressed genes were transmitted across generations
throughout allopolyploidization and successive self-pollinations, and 43 genes
overlapped between the two combinations, indicating that shared gene expression
patterns can be seen during allohexaploidization. Furthermore, four of these 43
genes were involved in starch and sucrose metabolism, suggesting that these met-
abolic events play key roles in the hybrid vigor of hexaploid wheat.
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INTRODUCTION

The widespread modes of polyploid speciation in plants
suggest that it confers advantages in development, adap-
tation and diversification (Leitch and Leitch, 2008; Soltis
and Soltis, 2009; Soltis et al., 2014). Taxonomists encoun-
ter more allopolyploids than autopolyploids in nature
(Mallet, 2007; Rieseberg and Willis, 2007; Yakimowski and
Rieseberg, 2014), suggesting that heterozygosity and
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intergenomic interactions among allopolyploids resulted
in more phenotypic variation that provided enhanced
growth vigor and wider environmental adaptation; this is
known as “heterosis” (Ni et al., 2009). The merging of
distinct genomes into one cell may lead to rapid and
important changes at the genetic and epigenetic levels
(Ozkan et al., 2001; Shaked et al., 2001), such as chromo-
somal rearrangement, gene deletion, mutation, gene
silencing, transposable element activities, small-interfering
RNA activities and epigenetic remodeling (Ni et al., 2009;
Ha et al., 2011; Ng et al., 2011, 2012; Yaakov and
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Kashkush, 2011; Zhao et al., 2011; Shen et al., 2012;
Soltis et al., 2014).

Common wheat, Triticum aestivum (2n = 6x = 42,
AABBDD genomes), resulted from two rounds of
allopolyploidization. About 0.5 million years ago, wild
emmer wheat T. turgidum ssp. dicoccoides (2n = 4x = 28,
AABB) arose from the intergenic hybridization between
wild relatives of Aegilops speltoides (2n = 2x = 14, SS =
BB genome) and T. wurartu (2n = 2x = 14, AA). Wild
emmer wheat was grown so that early cultivated tetra-
ploid wheat T. turgidum ssp. dicoccum (2n = 4x = 28,
AABB) could be domesticated. Free-threshing tetraploid
wheat was produced through mutations of cultivated
emmer wheat. Primitive hexaploid wheat was spontane-
ously generated about 10,000 years ago from an inter-
genic hybridization between free-threshing tetraploid
wheat (2n = 4x = 28, AABB) and certain type(s) of wild
goat grass, Ae. tauschii (2n = 2x = 14, DD; Kihara, 1944;
Feuillet et al., 2008; Dvorak et al., 2012; Nishijima et al.,
2014), following chromosome doubling of unreduced gam-
etes (Kihara et al., 1950). Consequently, common wheat
is widely cultivated all over the world, because it shows
more heterosis, such as growth vigor, environmental
adaptability and disease resistance, than tetraploids
(Dubcovsky and Dvorak, 2007).

Recent work suggests that the genes in multiplied
genomes make unequal contributions to genetic traits
(genome dominance or genome subfractionation; Wang et
al., 2006; Schnable et al.,, 2011; Cheng et al., 2012).
Genomic asymmetry for agronomically important traits
has been reported among the three genomes (A, B and D)
of common wheat (Feldman et al., 2012). Although
Chinese Spring wheat (a natural hexaploid wheat) is esti-
mated to have lost 10,000 to 16,000 genes after
allohexaploidization (Brenchley et al., 2012), the struc-
tural changes found in the hexaploid genomes had mainly
occurred at the tetraploid stage (Zhang et al., 2013).
Furthermore, based on the wheat syntenome, Pont et al.
(2013) reported overdominance of the D genome against
the tetraploid genome (AABB) after the second
allohexaploidization. Allohexaploid wheats can be artifi-
cially reproduced by crossing the unreduced gametes of
tetraploid wheats (maternal progenitor) and goat grass
(pollen progenitor; Kihara et al., 1950; Tanaka, 1961;
Zhang et al., 2010) and/or by colchicine treatment-
induced chromosome doubling of hybridized triploids
(McFadden and Sears, 1944). Triploid wheat plants can
be obtained through seeds or embryo rescue (Inagaki et
al., 1998; Jung et al., 2014).

Gene expression changes on allohexaploidization have
been reported using nascent allohexaploids. Most
reports used microarray approaches that compare the
gene expression levels of the allohexaploids to the aver-
aged level of their parents (Pumphrey et al., 2009;
Akhunova et al., 2010; Chagué et al., 2010; Qi et al., 2012;

Chelaifa et al., 2013); however, only early generations of
allohexaploids were analyzed, and not the F; hybrid, i.e.,
the triploids (ABD), except in one instance (Hatano et al.,
2012). The overall gene expression profile of natural
allohexaploid wheat reflects the effects of intergenic
hybridization, amphidiploidization and genome stabiliza-
tion during the course of its evolution. Therefore, the
genome-wide gene expression profiles of hybridized trip-
loids (ABD) are indispensable for understanding allopoly-
ploidization in wheat.

In this study, we aimed to profile the overall gene
expression patterns of wheat during the course of allo-
hexaploidization and genome stabilization. We used the
Agilent 60-mer oligo-DNA microarray, which contains
about 38,000 different transcripts, to characterize the
changes in gene expression of newly produced triploids
(ABD), their chromosome-doubled hexaploids (AABBDD),
their stable synthetic hexaploids (AABBDD), naturally
cultivated hexaploids (AABBDD), and their parental
lines, T. turgidum (AABB) and Ae. tauschii (DD). We
used two combinations of synthetic wheat parental lines
for the comparison of overall gene expression profiles.
Furthermore, we characterized genes that were specifi-
cally expressed during the course of allohexaploidization.

MATERIALS AND METHODS

Plant materials and RNA extraction We used two
allopolyploid lines produced by the intergenic hybridiza-
tion of different combinations of T. turgidum and Ae.
tauschii. Allopolyploids of the first combination (C1)
were produced by crossing T. turgidum L. ssp. dicoccum
(Schrank) Thell. (C1_AABB, accession no. KU124,
AABB) with Ae. tauschii Coss. ssp. strangulata (C1_DD,
accession no. KU2074, DD). The second combination
(C2) was produced by crossing T. turgidum ssp. durum
(C2_AABB, accession no. KU126, AABB) with Ae. tauschii
ssp. strangulata (C2_DD, accession no. KU2075, DD).
The new synthetic triploids (C1_S, and C2_S,, ABD) were
generated by embryo rescue (Inagaki et al., 1998), and the
new synthetic hexaploids (C1_S; and C2_S;, AABBDD)
were produced by the self-pollination of colchicine-treated
triploid plants (C1_S, and C2_S;). The synthetic
hexaploid lines KU-221-13 (produced in 1959) and KU-
221-25 (produced in 1976) were provided by the National
Bioresource Project (Laboratory of Crop Evolution,
Graduate School of Agriculture, Kyoto University, Kyoto,
Japan); the first generation of each of these synthetic
hexaploid lines had been obtained by crossing KU124
(AABB) with KU2074 (DD) and KU126 (AABB) with
KU2075 (DD), respectively (Tanaka, 1961). Subsequently,
the new synthetic hexaploids of each combination were
self-pollinated for 13 and four generations, respectively,
at Kyoto University. The S;; generation of KU-221-13
(C1_Sy4) and the S5 generation of KU-221-25 (C2_S5) were
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used as stable synthetic hexaploids in this study.

The plant materials used in the present study are shown
in Supplementary Fig. S1. For natural hexaploids, 7.
aestivum cv. Chinese Spring (CS) and three Iranian
landraces (NH1, PI622243; NH2, P1622233; and NH3,
P1622268; Wang et al., 2013) were used. The Iranian
landraces, obtained from the USDA ARS Germplasm
Resources Information Network (GRIN; http:/www.ars-
grin.gov/), were sympatric with the paternal lines used in
the present study, and both paternal lines were sympatric
with Ae. tauschii lineage 2E, which is considered to be the
main source of the D genome in southern Caspian Iran
wheat (Wang et al.,, 2013). The sampled locations of
these wheat lines are shown in Supplementary Fig. S2.
The microarray data on the allohexaploids and their
parental lines of C1 were from our previous study (Jung
et al., 2014). All plants were grown in a growth chamber
maintained at 22 °C and 40% relative humidity, with a
16-h light (6000 lux; 64,560 fc) and 8-h dark cycle.

Total RNA was isolated from biological triplicates of
two-leaf seedlings (except for triploid plants, in which bio-
logical duplicates of two-leaf seedlings were used) with
the Plant RNeasy Mini Kit (QIAGEN) according to the
manufacturer’s instructions.

RNA labeling and microarray hybridization First,
500 ng of RNA was labeled with cyanine 3-cytidine 5C-
triphosphate (CTP) using the Agilent Low RNA Input
Fluorescent Linear Amplification Kit (Agilent Technolo-
gies, Santa Clara, CA). Hybridization of samples to the
60-mer oligo-DNA microarray (Agilent Technologies),
which contains 37,886 probes, and washings were per-
formed as described by Kawaura et al. (2008). Microarray
hybridizations were independently performed for two or
more biological replicates. The hybridized microarrays
were scanned using a DNA microarray scanner (Agilent
Technologies) and signal intensities were detected from
the obtained digital images using Feature Extraction soft-
ware (Agilent Technologies). The microarray data have
been deposited into the NCBI Gene Expression Omnibus
(accessions GSE64883 and GSE65262).

Microarray data analysis Raw fluorescence intensi-
ties (raw signal intensity > 1.0 threshold) were trans-
formed to log, scale using GeneSpring GX software
(v.12.6; Agilent Technologies). For normalization, trans-
formed signals were shifted to the 75th percentile of all
arrays and to the median of all probes. Quality control
was performed as follows: (1) weakly hybridized probe
spots were removed using the cut-off value of < 20% of the
raw signal intensity of all microarray slides; (2) only
probes flagged as ‘detected’ in at least one of the 10 sam-
ples were chosen; (3) repeatable probes were identified as
those with a coefficient of variation of > 50%.
Mid-parent values (MPVs) between T. turgidum

(AABB) and Ae. tauschii (DD) for each combination were
calculated by averaging the expression values across the
hybridizations; the data set ratio of 7. turgidum to Ae.
tauschii was set at 1:1 in silico (Pumphrey et al., 2009;
Rapp et al., 2009; Chagué et al., 2010). The moderated
t-test (P < 0.01) was applied using GeneSpring GX
(v.12.6) to detect expression differences between the two
parental lines of each combination. To control for multi-
ple testing errors, the false discovery rate (FDR) control
of Benjamini and Hochberg (1995) was employed to con-
trol the FDR below the level of 0.05. One-way analysis
of variance (ANOVA) was used for determining non-
additive gene expression profiles with the Benjamini and
Hochberg multiple testing correction procedure. For
hierarchical clustering, GeneSpring GX (v.12.6), Cluster
and Treeview software were used (http://www.eisenlab.
org/eisen/; Eisen et al., 1998). All hierarchical clustering
analyses were performed using Pearson’s cosine distance
metric and average linkage.

Gene ontology (GO) was analyzed using the original
sequences of the microarray probes and GO terms were
categorized as described previously (Jung et al., 2014).
The GO terms were mapped to Plant GOSlim terms using
AgBase GOSlimViewer (http:/www.agbase.msstate.edu/).
Enrichment analysis was conducted using the BiINGO tool
in Cytoscape v.3.2.0 software (http://www.cytoscape.org/;
Maere et al., 2005). For Kyoto encyclopedia of genes and
genomes (KEGG) pathway analysis, the original
sequences of microarray probes were assigned to the rice
TIGR gene in a BLASTx search (E-value < 1E-20). MSU
gene IDs were converted to RAP IDs using the RAP-DB
ID converter (http:/rapdb.dna.affrc.go.jp/tools/converter),
and the genes were mapped to KEGG pathway (http://
www.genome.jp/kegg/) Oryza sativa japonica (RAPDB)
databases.

RESULTS

Transcriptome differences between the parental
lines in two independent crosses Global gene expres-
sion levels of the parental lines T. turgidum (C1_AABB,
accession no. KU124, and C2_AABB, accession no.
KU126) and Ae. tauschii (C1_DD, accession no. KU2074,
and C2_DD, accession no. KU2075) were compared using
an oligonucleotide microarray for common wheat consist-
ing of 37,886 probes (Kawaura et al., 2008). In total,
18,248 genes that showed reliable expression among rep-
licates were selected after stringent quality control using
GeneSpring GX (v.12.6). A total of 7,308 (40.0%) differ-
entially expressed genes (DEGs) were found between
C1_AABB (KU124) and C1_DD (KU2074), and 7,229
(39.6%) DEGs were found between C2_AABB (KU126)
and C2_DD (KU2075) (Table 1). This indicated that the
tetraploid and diploid parents had distinct gene expres-
sion patterns. There were 4,633 DEGs (63.4% and 64%
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Table 1. Number of common differentially expressed genes (DEGs) between progenitors of each combination

Total AABB > DD AABB < DD

C1_AABB vs C1_DD
C2_AABB vs C2_DD

Common DEGs between (C1_AABB vs C1_DD) and (C2_AABB vs C2_DD) 4633 (63.4 and 64%)°

4267 (58.4%)"
4118 (57.0%)"
2758 (59.5%)"

7308 (40.0%) 3041 (41.6%)"
7229 (39.6%)* 3111 (43.0%)°
1875 (40.5%)°

Differentially expressed genes were determined using a moderated ¢-test (P < 0.01) with false discovery rate o = 0.05.

2% of all detected genes (18,248).
"% of DEGs between progenitors in each combination.
‘% of DEGs in combination 1 and 2.
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Fig. 1. Gene ontology (GOSlim) analysis of the differentially expressed genes common to the parental lines
of each combination. GO terms are categorized into cellular component, molecular function and biological
process. The x-axis represents the relative expression ratio of genes categorized by GO terms. The rela-
tive ratio was calculated as the ratio of genes categorized to a particular GO term divided by the ratio of all
genes categorized to the same GO term in the microarray. Black bars indicate that the gene expression
level is lower in T. turgidum (AABB) than in Ae. tauschii (DD), and gray bars indicate that the gene expres-
sion level is higher in T. turgidum (AABB) than in Ae. tauschii (DD). *** indicates significant enrichment
of a particular GO term at P < 0.001 using false-discovery rates.

of DEGs in C1 and C2) that overlapped between the two
combinations (Table 1), indicating that the majority of the
changes in gene expression occurred in common in the
independent crosses. Analysis of these common DEGs
revealed that 1,875 (40.5%) were up-regulated in the
maternal 7. turgidum (AABB) lines, whereas 2,758
(59.5%) were up-regulated in the paternal Ae. tauschii

(DD) lines (Table 1). Next, we performed Gene Ontology
(GOSlim) analysis of the 4,633 genes for each GO term
category. Amongst all GO terms, the following were sta-
tistically enriched: ‘plastid’ in the cellular component cat-
egory, and ‘biological process’ and ‘regulation of gene
expression, epigenetic’ in the biological process category
(Fig.1). This result suggests that the expression of these
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categories of common DEGs changed during the course of
evolution of 7. turgidum (AABB) and Ae. tauschii (DD).

Transcriptome differences during the course of
allopolyploidization and genome stabilization To
investigate the global relationship between gene expres-
sion patterns in the allopolyploids and parental lines of
the two independent crosses, we conducted hierarchical
clustering analysis (Eisen et al., 1998) based on the gene
expression levels of these lines. The gene expression

patterns between the two independent crosses were clos-
est to each other, indicating a similar gene expression
pattern between crosses. A correlation dendrogram
showed that the gene expression patterns of the new syn-
thetic allohexaploids (C1_S; and C2_S;) were more simi-
lar to those of the maternal T. turgidum (C1_AABB and
C2_AABB) lines than were those of the subsequent allo-
hexaploid generations (i.e., Si4 and S;5) (Fig. 2). No phe-
notypic differences were apparent between synthetic
wheat of S; and S,4 or S5 (Supplementary Fig. S1). Global
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Fig. 2. Clustering analysis of gene expression patterns among synthetic allopolyploids and their parental lines in two independent
combinations. The cluster dendrogram shows the global relationship of gene expression patterns among all of the synthetic allopoly-
ploids and parental lines. Cluster analysis was performed using Pearson’s cosine distance metric and average linkage.
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gene expression patterns of embryo-rescued triploids
were analyzed to investigate artificial effects due to the
lack of endosperm through embryo culture. Interestingly,
the gene expression patterns of the triploids (C1_S, and
C2_S,) were clustered into those of natural allohexaploid
groups (CS, NH1-NH3), which were separate from those
of the parental lines, including the paternal lines (DD).
The clustering position of the triploids among all materi-
als differed from that previously reported (Jung et al.,
2014). This discrepancy may be due to how the poly-
ploids were produced: the triploids in the previous study
were produced from seeds (hereafter named Seed_C1_S,
and Seed_C2_S,), whereas the present triploids were res-
cued by embryo culture (EC_C1_S, and EC_C2_S,). The
relationships of gene expression patterns between trip-
loids and their maternal parents are shown in Supple-
mentary Fig. S3. The gene expression patterns of
triploids grown from seeds correlated with those of their
maternal tetraploids (Supplementary Fig. S3A), while
triploids rescued by embryo culture exhibited no such cor-
relation with either the maternal tetraploids (Supplemen-
tary Fig. S3B) or the triploids grown from seeds
(Supplementary Fig. S3C).

Next, we compared the gene expression levels of the
allopolyploids and MPVs. If allopolyploidization had no
effect on gene expression levels, we would expect that any
given gene would be expressed in the allopolyploid gener-
ation at the same level as the average of its parents (the
MPV); these genes are referred to as additively expressed
genes. In contrast, non-additively expressed genes
(NEGs) display differences in expression between allopo-
lyploids and MPVs. Non-additively expressed genes
with a difference greater than 1.5-fold that of the MPVs
were selected. The non-additive gene expression of three
allopolyploid lines in the two independent crosses was
profiled (Fig. 3A). In C1, a total of 3,898 NEGs were
identified as follows: 2,741 (15.0%) were detected in the
triploids (EC_C1_Sy); 2,645 (14.5%) were detected in the
nascent allohexaploids (C1_S,); and 1,421 (7.8%) were
detected in the stable allohexaploids (C1_S;;). Among
the 6,555 NEGs in C2, 4,948 (27.1%) were found in the
triploids (EC_C2_Sy); 3,790 (20.8%) were found in the
nascent allohexaploids (C2_S,); and 3,539 (19.4%) were
found in the stable allohexaploids (C2_S5). These results
indicated that the number of NEGs decreased along with
allopolyploidization and genome stabilization.

Subsequently, the NEGs identified in the three allopo-
lyploid lines were compared (Fig. 3, B and C). In C1, a
total of 2,741 NEGs were detected in EC_C1_S,, but 714
of these NEGs were not found in the other two genera-
tions, indicating that they were specific to the new
hybridized triploid (Fig. 3B). Similarly, 833 NEGs in
C1_S; were specific to generation S;, whereas only 57
NEGs in C1_S;, were specific to generation Si4. A total
of 615 (15.8%) of 3,898 NEGs in Cl were commonly
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Fig. 3. Non-additively expressed genes of all allopolyploid lines
in two combinations. (A) The number of NEGs in three allopo-
lyploids in each of the two combinations. The numbers of
NEGs in Sy, S; and Sy4 of C1 (combination 1) are shown in black
and those in Sy, S; and S5 in C2 (combination 2) are shown in
gray. The percentages of NEGs among all expressed genes are
given in parentheses. (B, C) Venn diagrams of NEGs detected
in the three generations of allopolyploids in combination 1 (B)
and combination 2 (C). Overlapping regions indicate genes that
were commonly detected in the different allopolyploids.

detected throughout the three allopolyploid lines. In C2,
1,061 NEGs in EC_C2_S, were specific to generation Sy,
408 NEGs in C2_S; were specific to generation S;, and
664 NEGs in C2_S; were specific to generation S; (Fig.
3C). A total of 1,300 (19.8%) of 6,555 NEGs were found
commonly throughout the three C2 allopolyploid lines.
These results suggest that approximately 16% to 20% of
NEGs were transmitted across generations throughout
polyploidization and successive self-pollinations. On the
other hand, GOSlim analysis of NEGs in the S,, S; and
S5 generations is presented in Supplementary Table S1.
Enriched categories after GOSlim analysis of NEGs
changed from generation to generation, showing that
NEGs were flexible among generations.

Heritable NEGs of two independent combina-
tions The gene expression patterns of the 615 and 1,300
heritable NEGs in the two combinations were classified
into eight major groups based on comparisons with their
MPVs (Fig. 4, A and B). These eight groups were desig-
nated as clusters A to H. The expression patterns and
numbers of genes belonging to each cluster are shown in
Fig. 4C. Genes in cluster A, comprising 90 and 65 genes
in C1 and C2, respectively, showed down-regulation in all
allopolyploid lines. In cluster B, 10 and 256 genes in C1
and C2, respectively, showed up-regulation specifically in
the stable allohexaploid lines. In cluster C, eight and 28
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Fig. 4. Expression patterns of heritable NEGs in the three allopolyploid lines of two combinations. Hierarchical clustering of 615
and 1,300 heritable NEGs in the three allopolyploid lines of combination 1 (A) and combination 2 (B), respectively. In the color key
at the top left corner, red represents a higher gene expression level than the MPV and green represents a lower gene expression level
than the MPV. (C) Eight expression patterns were designated as groups A to H based on the hierarchical clustering of heritable NEGs

in the two combinations.

genes in C1 and C2, respectively, showed down-regulation
in the triploid lines. In cluster D, 372 and 338 genes in
C1 and C2, respectively, showed up-regulation specifi-
cally in the new synthetic allohexaploid lines. In cluster
E, 52 and 39 genes in C1 and C2, respectively, showed up-
regulation in all allopolyploid lines. In cluster F, five
and 96 genes in C1 and C2, respectively, showed down-
regulation specifically in the stable allohexaploid lines.
In cluster G, 70 and 100 genes in C1 and C2, respectively,
showed down-regulation specifically in the new synthetic
allohexaploid lines. In cluster H, eight and 348 genes in
C1 and C2, respectively, showed up-regulation specifi-
cally in the triploid lines. These results indicate that the
heritable NEGs were distinct between the two combina-
tions of crosses. Among 615 and 1,300 heritable NEGs
in the two combinations, 43 genes overlapped between

the two, indicating the presence of characteristic expres-
sion patterns during the course of allopolyploidization
(Supplementary Table S2).

Shared NEGs regulate starch and sucrose metabo-
lism To investigate the biological functions of the 43
NEGs that showed stable gene expression throughout
generations in both lines, we used the KEGG database to
analyze the genes. Nine genes were found to encode
enzymes that possessed Enzyme Commission (EC) num-
bers, and they were all involved in metabolism: four were
involved in starch and sucrose metabolism (starch
phosphorylase (0s02g0330200, EC 2.4.1.1), soluble starch
synthase (0s04g0624600, EC 2.4.1.21), cellulase
(0s12g0428150, EC 3.2.1.4), and p-fructofuranosidase
(0s02g0106100, EC 3.2.1.26)), three in the biosynthesis of
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Table 2. Common heritable NEGs encoding enzymes associated with metabolism

Fold change against MPV

pﬁiﬁy Gene name Functional annotation EC number for each combination
C1_S, C1_S; C1_S;, C2_S, C2_S; C2_S;
wheat0130Contigl5644 beta-fructofuranosidase = EC 3.2.1.26 6.5 8.9 1.6 15.0 7.1 1.6
Starch and  y1,0k17f08 soluble starch synthase 1 EC 2.4.121 -1.7 46 -26 -26 17 -16
sucrose
metabolism Wheat0130Contig3119 cellulase EC 3214 22 -24 -16 -24 -21 -16
MUGEST2003_23lib_Contig20208 starch phosphorylase EC24.11 -3.8 1.8 -16 -23 16 -52
Biosynthesis nchbi_gi_32128941 beta-alanine ligase EC6321 -29 -18 -16 -29 -16 -4.0
of secondary wheat0130Contig11261 UDP-glucose 4-epimerase EC 5.1.3.2 -3.4 3.6 26 -25 34 -35
metabolites 100014 asparagine synthase EC 6354 -186 -21 -23 -124 -16 -32
Purine 1113024 pyruvate kinase EC27.140 -29 22 -19 -30 23 -16
metabolism
Glycerolipid - ' 10130Contig6657 triacylglycerol lipase EC3113 58 26 51 62 38 64
metabolism

secondary metabolites, and one each in purine and glyc-
erolipid metabolism (Table 2).

DISCUSSION

Maternal expression dominance in the early stages
of allohexaploidization We evaluated the effects of
allopolyploidization and genome stabilization on gene reg-
ulation by comparing the allopolyploid lines of two
combinations. The parental lines of two combinations of
T. turgidum (AABB) and Ae. tauschii (DD) exhibited dif-
ferential expression for 40.0% of the detected genes (Table
1 and Fig. 1). This frequency was equivalent to or
slightly higher than those previously reported for wheat
(Chagué et al., 2010; Qi et al., 2012) and other plant spe-
cies such as Gossypium (Rapp et al., 2009) and Arabidop-
sis (Wang et al., 2006), suggesting that the differences in
overall gene expression seen between the parental lines
are due to intergenic divergence rather than ploidy level.

Next, we compared overall gene expression patterns
among the allotriploids and nascent allohexaploids in two
combinations with 7. turgidum as the maternal parent
and Ae. tauschii ssp. strangulata as the pollen parent
(Fig. 2). Hierarchical clustering of expressed gene pat-
terns in these lines showed that in the two combinations,
those in the same generation were classified into closer
clusters than those in different generations, indicating
that allopolyploids displayed stage-specific expression
patterns. Furthermore, it should be pointed out that
nascent allohexaploids exhibited gene expression pat-
terns that were more similar to those of their maternal
allotetraploids than to those of pollen parents, and they
constituted an outer group that was different from culti-
vated common wheats (Fig. 2); this occurred irrespective
of whether they were produced by the crossing of unre-
duced gametes of tetraploids or by the colchicine treat-
ment-induced chromosome doubling of hybridized

triploids (Tanaka, 1961). This maternal expression dom-
inance has been reported in wheat (Qi et al., 2012; Li et
al., 2014) and other plants such as Spartina species
(Chelaifa et al., 2010).

In the present study, two nascent triploids (EC_C1_S,
and EC_C2_S,) clustered with the natural hexaploid
wheat groups, rather than with the parental lines and
nascent hexaploids (Fig. 2). This was contradictory to
the results of our previous report (Jung et al., 2014), in
which nascent triploids were closely related to the mater-
nal tetraploid (AABB). Scatterplots showing the rela-
tionships of gene expression patterns between two S,
lines, and between triploids and their maternal tetra-
ploids (Supplementary Fig. S3), strongly supported the
results of hierarchical clustering. This discrepancy can
be explained by how the triploids were produced: the trip-
loids in this study (EC_C1_S, and EC_C2_S,) were pro-
duced by embryo rescue (in the absence of endosperm),
while the triploids in the previous study (Seed_C1_S, and
Seed_C2_S,) were produced by hybridization and double
fertilization. Furthermore, it should be pointed out that
the gene expression profiles of the synthetic allo-
hexaploids (C1_S; and C2_S;), which were produced with
the colchicine method from EC_C1_S, and EC_C2_S,,
resembled those of maternal lines rather than the natural
hexaploids. It is notable that the D genome of Ae.
tauschii was not included in the endosperm member of
the triploids before fertilization. Additionally, maternal
effects of gene expression patterns decreased with succes-
sive self-pollinations. These lines of evidence suggest
that maternal dominance from double fertilization, which
promotes maternal gene expression in the embryo of
descendants, plays a key role in the stages of allopoly-
ploidization and genome stabilization in plants (Nishiyama
and Yabuno, 1978; Lafon-Placette and Kohler, 2014).
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Non-additively expressed genes during the course
of allopolyploidization and genome stabilization
Although the overall gene expression patterns of the
nascent allohexaploids correlated relatively well with
those of their maternal parent (AABB; Fig. 2) in the two
combinations of allopolyploids, a number of NEGs were
detected in each generation (Fig. 3). More NEGs were
detected during allopolyploidization than after genome
stabilization. This tendency was as previously reported
(Jung et al.,, 2014), suggesting that genome shock
(McClintock, 1984) occurred during intergenic hybridiza-
tion and the early stages of allopolyploidization, and that
genome tuning among the three homoeologous genomes
occurred through genome stabilization events over succes-
sive self-pollinations (Chagué et al., 2010; Chelaifa et al.,
2010; Qi et al., 2012).

Persistent NEGs (Qi et al., 2012) are NEGs that are
commonly detected during nascent allopolyploidization
and they seem to characterize the phenotypes of allo-
hexaploid wheat (Li et al., 2014); thus, heritable NEGs
were selected from the NEGs detected in Sy, S; and Ss/S14
of the two combinations of allopolyploid wheats (Fig. 4
and Supplementary Table S2). Out of the 43 selected
persistent NEGs, four genes were related to starch and
sucrose metabolism, three to the biosynthesis of second-
ary metabolites, and one each to purine and glycerolipid
metabolism (Table 2). In Arabidopsis thaliana, ploidy
level affected the growth vigor and starch content of the
plant (Ni et al., 2009; Miller et al., 2012), and high-yield
and fast-growing plants showed a higher concentration of
sugars (Sun et al., 2012). Phenomena found in allopoly-
ploid wheat seem to be similar to those in Arabidopsis.
These data suggest that sugar and/or starch metabolism
is a key pathway for the establishment of allopoly-
ploidization and genome stabilization, and for promoting
hybrid vigor in hexaploid wheat. Although the exact
molecular mechanisms remain unknown, allopolyploidy-
induced sudden reunification of different genomes may
involve gene expression modulation through transcription
factors (Ng et al., 2011), transposable elements (Yaakov
and Kashkush, 2011; Zhao et al., 2011), epigenetic remod-
eling and/or small interfering RNAs (Ni et al., 2009; Ha
et al., 2011; Zhao et al., 2011; Ng et al., 2012; Shen et al.,
2012). Therefore, further studies are necessary to identify
the precise mechanisms of regulation and the functions of
NEGs, as well as the importance of allopolyploidization in
the hybrid vigor of allohexaploid wheat.

This work was partially supported by Grants-in-Aid for scien-
tific research in the priority area of “Comparative Genomics”
from the Ministry of Education, Culture, Sports, Science and
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