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Abstract

Polyploidy provides evolutionary and morphological novelties in many plants and some animals. However, the role of
genome dosage and composition in gene expression changes remains poorly understood. Here, we generated a series of
resynthesized Arabidopsis tetraploids that contain 0–4 copies of Arabidopsis thaliana and Arabidopsis arenosa genomes
and investigated ploidy and hybridity effects on gene expression. Allelic expression can be defined as dosage dependent
(expression levels correlate with genome dosages) or otherwise as dosage independent. Here, we show that many dosage-
dependent genes contribute to cell cycle, photosynthesis, and metabolism, whereas dosage-independent genes are en-
riched in biotic and abiotic stress responses. Interestingly, dosage-dependent genes tend to be preserved in ancient
biochemical pathways present in both plant and nonplant species, whereas many dosage-independent genes belong to
plant-specific pathways. This is confirmed by an independent analysis using Arabidopsis phylostratigraphic map. For
A. thaliana loci, the dosage-dependent alleles are devoid of TEs and tend to correlate with H3K9ac, H3K4me3, and CG
methylation, whereas the majority of dosage-independent alleles are enriched with TEs and correspond to H3K27me1,
H3K27me3, and CHG (H = A, T, or C) methylation. Furthermore, there is a parent-of-origin effect on nonadditively
expressed genes in the reciprocal allotetraploids especially when A. arenosa is used as the pollen donor, leading to
metabolic and morphological changes. Thus, ploidy, epigenetic modifications, and cytoplasmic-nuclear interactions
shape gene expression diversity in polyploids. Dosage-dependent expression can maintain growth and developmental
stability, whereas dosage-independent expression can facilitate functional divergence between homeologs (subfunctio-
nalization and/or neofunctionalization) during polyploid evolution.
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Introduction
Whole-genome duplication (WGD) or polyploidy plays
prominent roles in shaping genome evolution and genetic
diversity of eukaryotes, including most plants and some an-
imals (Wendel 2000; Comai 2005; Leitch and Leitch 2008;
Soltis PS and Soltis DE 2009). Polyploidy has been traditionally
considered an evolutionary dead end (Mayrose et al. 2011).
Polyploidy and aneuploidy often lead to carcinogenesis or
birth defects in humans (Storchova and Pellman 2004), and
aneuploidy impairs proliferation and alters metabolic proper-
ties in mouse cell lines (Williams et al. 2008) and induces
proteomic changes and phenotypic variation in yeast
(Pavelka et al. 2010). Aneuploids generally have larger changes
than polyploids probably because dosage imbalance could
affect the stability and interaction of a protein in a regulatory
complex (Birchler et al. 2005; Veitia et al. 2008). However,

recent studies suggest that polyploidy is a key driver of mac-
roevolutionary success (Wood et al. 2009; Mayrose et al.
2011). Estimates indicate two rounds of ancestral WGDs oc-
curred before the divergence of extant seed plants and an-
giosperms, giving rise to the diversification of genes and
pathways important to seed and flower development and
eventually the dominance of angiosperms on the earth
(Van de Peer et al. 2009; Jiao et al. 2011).

The evolutionary success of polyploids is thought to asso-
ciate with novel phenotypes that exceed the range of diploid
progenitors or are absent in the progenitors (Ramsey and
Schemske 2002). This increased range of phenotypic variation
could be caused by dosage regulation (Birchler et al. 2005).
Allelic expression can be defined as dosage-dependent ex-
pression, in which the expression level of an allele is correlated
with the dosage, and dosage-independent expression
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(expression levels do not correlate with the dosage). In some
literature, dosage-dependent expression is used interchange-
ably with dosage-sensitive expression (Thomas et al. 2006) or
dosage-insensitive expression (Zhou et al. 2011). In yeast poly-
ploids, cell cycle regulation is repressed to promote larger cell
size (Galitski et al. 1999), and Arabidopsis polyploids show
higher potassium uptake and salinity tolerance (Chao et al.
2013). In addition, dosage-independent regulation leads to
activation or silencing of homeologous rRNA and protein-
coding genes in different developmental stages, as observed
in allopolyploid Arabidopsis (Chen and Pikaard 1997),
Tragopogon (Buggs et al. 2011), Senecio (Hegarty et al.
2006), cotton (Adams et al. 2003), soybean (Coate and
Doyle 2010), and wheat (Qi et al. 2012). Expression divergence
between homeologous genes could lead to neo- and
subfunctionalization (Lynch and Force 2000; Lynch et al.
2001). Moreover, epigenetic factors such as histone marks
(Ha et al. 2011) and small RNAs mediate genetic buffering
and defense response in allotetraploid Arabidopsis (Ha et al.
2009; Ng et al. 2011) and fiber development in allotetraploid
cotton (Guan et al. 2014). Epigenetic reprogramming of cir-
cadian clock regulators results in starch and biomass heterosis
in Arabidopsis allotetraploids and hybrids (Ni et al. 2009; Chen
2013).

In spite of extensive studies, biological consequences of
gene expression changes in polyploids with variable genome
dosages and compositions remain elusive partly because suit-
able genetic materials and/or technologies such as allelic ex-
pression had not been available until recently. Here, we
created a series of Arabidopsis tetraploids that contain vari-
able dosages of Arabidopsis thaliana and Arabidopsis arenosa
genomes and systematically investigated consequences and
mechanisms for genome-wide dosage regulation of allelic ex-
pression and evolution. We studied genome-wide correlation
between allelic expression and dosage variation and classified
genes into dosage-dependent and -independent groups.
We further examined roles of dosage-dependent and
-independent genes in biochemical pathways and evolution
(polyploidization). Finally, genetic and epigenetic mechanisms
for gene expression and metabolic changes were investigated
in allotetraploids.

Results

Dosage-Dependent and -Independent Allelic
Expression in Arabidopsis Allopolyploids

Arabidopsis allotetraploids (TTAA) were resynthesized by pol-
linating A. thaliana (TTTT) with A. arenosa (AAAA) pollen
(F1). The synthetic F1 allotetraploids were highly sterile
(Comai et al. 2000) and self-pollinated manually for eight
generations to improve fertility and to reduce heterozygosity
originating from the outcrossing tetraploid A. arenosa (fig.
1A). These resynthesized F8 allotetraploids were genetically
stable and morphologically similar to Arabidopsis suecica, a
natural allotetraploid (Comai et al. 2000; Wang et al. 2006; Shi
et al. 2012). Reciprocal crosses between allotetraploids (TTAA,
F8) and A. arenosa (AAAA) produced two allopolyploids
TAAA (TTAA x AAAA, by convention the maternal parent

is listed first in a genetic cross) and AAAT (AAAA x TTAA)
that contained the same nuclear genomes but different cyto-
plasms (A. thaliana vs. A. arenosa) (fig. 1A). Likewise, recipro-
cal crosses between F8 allotetraploids (TTAA) and A. thaliana
(TTTT) produced the allopolyploids TATT (TTAA x TTTT)
and TTTA (TTTT x TTAA) with the same nuclear genomes
and similar cytoplasms. These materials are suitable for study-
ing expression of A. thaliana and A. arenosa alleles in response
to genome-dosage changes within the same tetraploid
genome composition. A wide range of morphological diver-
sity, including leaf and flower shape and size, was observed in
these lines (fig. 1B). Morphological differences between the
polyploids were probably caused by varied genome dosages of
A. thaliana and A. arenosa, whereas those between reciprocal
polyploids (TAAA vs. AAAT and TATT vs. TTTA) were likely
caused by the parent-of-origin effects. These differences are
unlikely to result from aneuploids because all lines contained
expected chromosome numbers based on fluorescence in
situ hybridization data (fig. 1C).

Genome-wide allelic expression was estimated in the poly-
ploid series of TTTT, TTTA (and TATT), TTAA (F1, F8, and A.
suecica), TAAA (and AAAT), and AAAA. Among these tet-
raploids, T-genome dosages varied 4:3:2:1:0, whereas A-
genome dosages varied in the opposite direction: 0:1:2:3:4.
Expression levels of the alleles within the same dosage (e.g.,
F1, F8, and A. suecica) were calculated separately but for sim-
plicity were shown at one level (2:2, see Materials and
Methods). We mapped the RNA-seq reads and computed
allelic transcript levels as described previously (Mortazavi et al.
2008; Shi et al. 2012). Considering that expression levels with
lower reads per kilobase per million (RPKM) have greater
variation, we chose an RPKM cutoff value (42) to reduce
false positives in a correlation test (Ramskold et al. 2009)
(supplementary fig. S1, Supplementary Material online). In
addition, biological and technical noise could cause stochastic
effects on dosage and expression correlation between repli-
cates. To test this, we calculated the R values between allelic
and dosage expression in each replicate independently and
further compared the R value correlation between biological
replicates. The correlation was significantly high (R = 0.92,
P< 2.2e-16) (supplementary fig. S2A, Supplementary
Material online). Because the noise level is relatively low, we
averaged expression levels of three biological replicates to
reduce the stochastic effects. Surprisingly, we found that ex-
pression levels of most alleles were positively correlated with
dosage changes. Only 158 T alleles (~1%) and 171 A alleles
(~1%) exhibited negative correlation between their expres-
sion levels and dosages (supplementary fig. 2B and C,
Supplementary Material online). Moreover, the negative cor-
relation except for seven T alleles and four A alleles, was not
statistically significant (supplementary table S1, in red,
Supplementary Material online). This small group of nega-
tively correlated alleles is excluded from further analysis,
although it could be potentially interesting and remains to
be investigated.

Because the majority of genes show positive correlation,
we used coefficients of determination (R2) between the allele
dosage and expression level to quantify the strength of dosage
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FIG. 1. Genetic materials used to study dosage regulation of gene expression changes in Arabidopsis tetraploids. (A) An F1 allotetraploid (AlloF1, TTAA)
was made between tetraploid Arabidopsis thaliana (At, TTTT) and Arabidopsis arenosa (Aa, AAAA) and self-pollinated to produce F8 generation, which
resembles natural Arabidopsis suecica (As). Reciprocal crosses between TTAA(F8) and TTTT resulted in TTTA and ATTT allopolyploids, whereas
reciprocal crosses between TTAA(F8) and AAAA gave rise to AAAT and TAAA allopolyploids. Large green and yellow circles indicate A. thaliana and A.
arenosa cytoplasms, respectively; small red and blue circles indicate A. thaliana and A. arenosa nuclear genomes, respectively. At:Aa genome dosage is
also shown for these allotetraploids. (B) Leaf (left) and flower (right) morphologies of these materials as shown in (A). Scale bars = 10 mm. (C) Validation
of chromosome compositions in TTAA, TATT, TTTA, TAAA, and AAAT plants. Chromosomes were painted with A. thaliana (green) and A. arenosa
(red) centromeric DNA probes, respectively. Interphase chromosomes (left most in each panel) were stained with 40,6-diamidino-2-phenylindole
(DAPI). Scale bars = 5 mm.
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effects on expression of T and A alleles, respectively (fig. 2A).
For R2 in the range from 0 to 0.9, the number of correspond-
ing T and A alleles increased slowly and monotonically and
decreased sharply after R2& 0.9. High R2 values indicate that
allelic expression is strongly correlated with dosage changes.
The corresponding alleles are defined as dosage dependent, in
which the allelic expression level correlates proportionally
with the dosage variation. Low R2 values suggest that the
expression level is weakly correlated to the dosage variation,
and the corresponding alleles are called dosage-independent.
For instance, expression ratios of T alleles of a fructose-1,6-
bisphosphatase gene (HCEF1) involved in gluconeogenesis
and photosystem II assembly were 4.9:3.8:2.6:1, which was
close to 4:3:2:1 and dosage dependent (R2 = 0.9774) (supple-
mentary fig. S2A, Supplementary Material online). In contrast,
T-allele expression ratios of a lipoxygenase gene (LOX3) in-
volved in the ethylene biosynthetic process were 0.4:1.7:1.2:1,

which deviated substantially from 4:3:2:1, and its expression is
dosage independent (R2 = 0.0014) (supplementary fig. S2B,
Supplementary Material online). Similarly, there were exam-
ples of A-alleles that displayed dosage-dependent and -inde-
pendent expression (supplementary fig. S2C and D,
Supplementary Material online).

Biological Features of Dosage-Dependent and
-Independent Genes

To compare biological features of dosage-dependent and
-independent alleles, we empirically categorized all alleles
into two groups based on coefficient of determination (R2)
using the Pearson correlation test (Benjamini and Hochberg
false-discovery rate [FDR]) (fig. 2A). The distribution of T and
A alleles was clustered around the FDR ranging from 0 to
0.025 and declined sharply at the FDR higher than 0.025

A

C
D

C

FIG. 2. Genome-wide dosage regulation of homeologous allelic expression in Arabidopsis tetraploids. (A) Histograms displaying the distribution of
coefficient of determination (R2) in T and A alleles. X axis: R2 value bins that are evenly divided; Y axis: number of alleles with the R2 value in each bin.
Red lines separate alleles with dosage-independent and dosage-dependent expression. (B) Histograms displaying the distribution of FDR in T (left) and A
(right) alleles. X axis: FDR-value bins that are evenly divided; Y axis: number of alleles with the FDR in each bin. FDR = 0.025 (red arrows) was cutoff value
between dosage-dependent and -independent genes. (C) Three-dimension display of Arabidopsis arenosa (A) allele (Y axis) and Arabidopsis thaliana (T)
allele (Z axis) expression (log2 RPKM) in response to dosage changes (X axis). Red, green, blue, and black dots indicate TdAd, TdAi, TiAd, and TiAi
expression patterns, respectively. Td and Ad represent dosage-dependent expression of T (Td) or A (Ad) alleles, respectively; Ti and Ai represent dosage-
independent expression of T (Ti) and A (Ai) alleles, respectively. (D) Number and percentage of TdAd, TdAi, TiAd, and TiAi genes.
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(fig. 2B), which was used as the cutoff value for dosage-de-
pendent and -independent alleles (fig. 2A). Those at the sta-
tistically significant level were called dosage-dependent T (Td)
and A (Ad) alleles, whereas those at the insignificant level are
called dosage-independent T (Ti) or A (Ai) alleles. A 3D dis-
play of the relationships among dosage (X axis), A alleles
(Y axis), and T alleles (Z axis) is shown in figure 2C. Note
that the distribution is continuous; therefore, under any
given cutoff value, some dosage-independent genes could
show at least some levels of dosage dependency or vice versa.

Using the cutoff value, a total of 15,026 transcripts analyzed
were classified into four groups: TdAd (54%), TdAi (15%),
TiAd (13%), and TiAi (17%) (fig. 2D and supplementary
table S1, Supplementary Material online). At the single-
allele level, the majority of T allele (69%) and A allele (67%)
displayed dosage-dependent expression, whereas approxi-
mately 1/3 showed dosage-independent expression. At the
dual-allele level, 54% and 17% of both T and A alleles were
dosage-dependent and -independent, respectively (fig. 2D).

Only 15% (TdAi) and 13% (TiAd) of T and A alleles were in
the opposite groups. Based on single-allele numbers, the ex-
pected percentages were TdAd (46%), TdAi (23%) and TiAd
(21%), and TiAi (10%). The observed proportion of the dual
alleles TdAd and TiAi was approximately 7–8% more than
expected (Fisher’s exact test, P< 2.2e-16), whereas that of
TdAi and TiAd alleles was approximately 7–8% less than ex-
pected (P< 2.2e-16), indicating that expression of both A
and T alleles are likely to have the similar dependency on
the dosage.

Gene ontology (GO) analysis indicated that TdAd genes
were significantly enriched (FDR< 0.05) in functional catego-
ries such as photosynthesis, photorespiration, cell cycle regu-
lation, and primary metabolite production (fig. 3A), whereas
TiAi genes were enriched in the groups including plant de-
fense and stress responses, cell signaling, and secondary me-
tabolite production (fig. 3A and supplementary fig. S4,
Supplementary Material online). Examples of overrepresented
TiAi genes are given in ethylene biosynthesis process (fig. 3B)

A B C

FIG. 3. Dosage-dependent and dosage-independent expression of homeologous loci in Arabidopsis tetraploids. (A) Fold enrichment of TdAd (blue) and
TiAi (red) homeologous genes in GO groups. PSA, photosystem II assembly; EB, ethylene biosynthetic process; see Supplementary figure S4,
Supplementary Material online, for names of GO classifications. The dashed line indicates the ratio (=1) of fold changes in each GO group relative
to all genes. (B, C) Heatmaps showing T- and A-allele expression levels (log2 RPKM) of the genes clustered within EB (B) and PSA (C). Dosage of T or A
allele is indicated. Representative expression levels of A allele (red) and T allele (blue) in subgroups of EB (B) and PSA (C) are shown in right side. X axis:
dosage; Y axis: log 2-expression values.
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and circadian regulation (supplementary fig. S4C,
Supplementary Material online). Examples of enriched
TdAd genes are shown in photosystem II assembly (fig. 3C)
and mitotic cell cycles (supplementary fig. S4D,
Supplementary Material online). TdAi and TiAd genes, how-
ever, were not enriched in any GO classes. The enrichment of
distinct functional classifications suggests that these genes are
not randomly grouped. The genes involved in cell cycle, met-
abolic, and developmental processes tend to display dosage-
dependent expression, whereas the genes involved in stress

responses are likely subjected to dosage-independent
expression.

Notably, the correlation between allelic expression and
dosage could be nonlinear for some dosage-independent
and -dependent genes. For example, ethylene pathway
plays many roles in plant growth and development, in-
cluding stress response, cell elongation, and fruit ripening
(Guo and Ecker 2004). Allelic expression levels increased
from one to three copies, which is likely associated with
changes in growth and development in the corresponding

FIG. 4. Distribution of the genes with T allele dosage-dependent (Td, red) and dosage-independent (Td, blue) expression patterns on five chromosomes
in Arabidopsis thaliana.
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allopolyploids (e.g., TAAA, TTAA, and TTTA) (fig. 3B).
However, the expression level at four copies in the auto-
tetrpaloid parent (either TTTT or AAAA) was decreased.
This is consistent with the previous data that many genes
in autotetraploids are expressed at similar levels to that of
the diploid parent (Wang et al. 2006), probably via a
dosage-compensation mechanism (Birchler et al. 2005).
The nonlinear correlation between expression and
dosage levels may represent complex allelic interactions
that could lead to potential advantages or constraints of
dosage regulation in polyploids.

Genomic Distribution of Dosage-Dependent and
-Independent Genes

At the genome-wide level, neither Td nor Ti genes were clus-
tered along chromosomes (�2 test, P = 1 [Td], P = 0.52 [Ti]),
and there were more Td alleles than Ti alleles on most chro-
mosomal segments (t-test, P< 2.2e-16) (fig. 4). In the A.
thaliana genome, there are several rounds of WGD (Vision
et al. 2000; Bowers et al. 2003). To test ploidy effects on those
ancient duplicate genes, we compared dosage and expression
correlations between 1,647 duplicate gene pairs at the whole
genome level in Arabidopsis diploid (http://chibba.agtec.uga.
edu/duplication/), including 168 pairs of paralogs in two large
WGD duplicate blocks on chromosomes 2 and 3 (fig. 5A). The
observed and expected probabilities of duplicate gene pairs
with the same (Td–Td or Ti–Ti) or opposite dosage/

expression relationship (Td–Ti) were comparatively analyzed
(fig. 5B). The majority of Td–Td (46–47%) and Td–Ti
(34–36%) pairs retained among all duplicate blocks, although
they were not statistically different from the genome-wide
average. The total number of Ti–Ti pair genes (17–20%)
was relatively small but higher than expected. These data
suggest that copy number variation of the Ti genes is tolerable
in the diploidization process than that of the Td genes. Loss of
a Td gene copy could induce a cascade effect on a series of
closely related Td gene duplicates to maintain a biosynthetic
balance as in the original state prior to duplication. The over-
representation of dosage-independent genes also suggests an
evolutionary potential for functional diversification between
homeologous loci in allopolyploids.

Distribution of Dosage-Dependent and -Independent
Genes in Biochemical Pathways and Phylostratigraphic
Profiles

During evolution, dosage-dependent and -independent allelic
expression could lead to functional consequences, including
the emergence and maintenance of biochemical pathways
that are commonly and/or specifically present among organ-
isms (Fani and Fondi 2009). Living organisms emerged at least
3.8 Ga (Cooper 2000), and green plants appeared approxi-
mately 1,400 Ma and approximately 2,400 My after cellular
origins. Based on the expected taxonomic range (ETR), bio-
chemical pathways in Arabidopsis could be classified into

A

B

FIG. 5. Dosage-dependent and dosage-independent allelic expression in two segmental blocks between chromosomes 2 and 3. (A) Distribution of Td
and Ti genes in two duplicate blocks on chromosomes 2 (upper) and 3 (lower) in Arabidopsis thaliana. Dark blue and red indicate Td genes and Ti
genes, respectively. Gene pairs between two chromosomal regions are indicted by Td–Ti or Ti–Td (black boxes), Ti–Ti (red boxes), and Td–Td (blue
boxes), respectively. (B) Percentage of Td–Ti, Td–Td, and Ti–Ti gene pairs in random blocks (gray), all duplicate blocks in the genome (red), and
duplicate regions between chromosome 2 and 3 (green). Asterisks indicate the difference at a statistically significant level (P< 0.05).
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plant-specific pathway (PSP), and nonplant-specific pathway
(nPSP) (Mueller et al. 2003). nPSPs, such as aerobic respiration
and tRNA charging, are present in ETR from Archaea, Bacteria
to Eukaryote. These nPSP pathways were formed in the

remote ancient time before plants diverged from other spe-
cies and were conserved during evolution. Some pathways
such as photosynthesis are conserved in plants, but they are
widely spread from Bacteria to Eukaryota. These pathways are

A B

D

F

C

E

FIG. 6. Evolution of biological pathways in response to dosage-dependent and -independent expression. (A) Percentages of dosage-dependent and
-independent genes within 108 biochemical pathways, which were divided into nine groups (from G1 to G9) each containing 12 pathways. Barplot
displaying percentage of TdAd, TdAi, TiAd, and TiAi genes in each group. Orange circles denote the mean of coefficients of determination (R2) between
dosage and expression levels in each biochemical pathways. (B) Percentage of observed (green) and expected (gray) plant-specific biochemical
pathways. Expected values were obtained through 1,000 random simulations. (C) Percentages of TdAd, TdAi, TiAd, and TiAi genes in 12 phylostrata.
(D) Correlation of dosage and expression levels of the genes in each phylostratum. Average R2 values of T (blue) and A (red) alleles were higher in early
emerged genes than in late emerged genes. Green denotes mean of A and T alleles. (E) An evolutionary model for the dosage-dependent (red balls) and
dosage-independent (gray balls) genes in the two types of biochemical pathways. Solid lines connecting balls represent genes in the same pathway. Gray
circles surround different individuals carrying the homologous pathway within a population. Environmental cues and intrinsic signals could facilitate
process of natural selection, leading to the maintenance of dosage-dependent genes in nPSP (left) and giving rise to dosage-independent genes in PSP
(right). (F) Percentage of Td (red) and Ti (gray) genes (Y axis) that contain TEs close to the genes within a range of distances (base pair, bp; X axis).
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also classified into nPSP. PSPs, such as jasmonic acid biosyn-
thesis and anthocyanin biosynthesis, exist in ETR of the plant
kingdom including Viridiplantae, Brassicales, and
Embryophyta. These PSP pathways either emerged in plants
after their split from other species or lost in other clades
during evolution.

We classified 108 biochemical pathways into PSPs and a
wider range of taxonomic nPSPs, each consisting of at least
ten genes with known dosage expression correlation. Based
on the ranked average correlations between dosage and gene
expression, 108 pathways were evenly divided into nine

groups. Each group consists of 12 pathways, and the average
dosage expression correlation increases monotonically from
group one to nine (fig. 6A, supplementary fig. S5 and table S2,
Supplementary Material online). The proportion of PSPs de-
creased as the correlation between allelic dosage and expres-
sion increased (fig. 6A and B), indicating that most pathways
consisting of dosage-independent genes appeared after those
involving dosage-dependent genes. The dosage-dependent
(Td and Ad) genes represent the majority of common path-
ways. In contrast, dosage-independent (Ti and Ai) genes
appear more in PSPs. For example, aerobic respiration is

A B

C D

E F

G

FIG. 7. Epigenetic regulation of dosage-dependent and -independent gene expression. (A, B) Mean density (50-kb window) of H3K4me3 (A) and
H3K9ac (B) in Td (red), Ti (blue), and all (gray) genes, which were enriched more around TSS in Td genes than in Ti genes. TSS, transcription start site.
(C, D) Mean density (50-kb window) of H3K27me1 (C) and H3K27me3 (D), which were enriched more near the 5’ and transcribed region in Ti genes
than in Td genes. (E–G) Mean density (50-kb window) of CG (E), CHG (F), and CHH (G) methylation sites. CG methylation was enriched more in
transcribed regions in Td than in Ti genes (E), whereas CHG methylation was enriched more around transcribed regions in Ti genes than Td genes (F).
No significant difference was found in the CHH methylation between Td and Ti genes (G).
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required for almost all organisms living in an aerobic environ-
ment to synthesize ATP and exists in Bacteria, Fungi, and
Viridiplantae. In contrast, jasmonates, the derivatives of jas-
monic acid, are important regulators of diverse developmen-
tal processes in plants. The jasmonic acid biosynthesis
pathway is specifically identified in Viridiplantae. The average

correlation values between dosage and expression levels of
the genes in these two pathways were 0.82 and 0.45,
respectively.

In an independent test, the genes were separated into
more taxonomic units before and after plant origins accord-
ing to phylogenetic hierarchy phylostratigraphic profiles

A B

C D

E F

G H

FIG. 8. Gene expression differences in polyploids with the same/different T and A dosages. (A) Number of genes that show additive and nonadditive
(up- or downexpression) patterns in TTAA F8 relative to the MPV. (B) Fold enrichment of GO groups of nonadditively expressed genes in stable F8
allotetraploids (TTAA). SFD, seed and fruit development; CML, cellular macromolecule localization; RP, RNA processing; RCI, response to cadmium ion;
RB, ribosome biogenesis; SMP, starch metabolic process; RT, RNA transport; RAS, response to abiotic stimulus; OAT, organic acid transport. (C)
Expression of starch synthesis (blue) and degradation (red) genes in the parents (MPV, dot lines), F8, TATT, TTTA, AAAT, and TAAA. Averages and
standard errors for all studied transcripts are shown. (D) Starch content (mean and standard error of three replicates) in the parents (MPV, dot line), F8,
TATT, TTTA, AAAT, and TAAA. (E) Number of nonadditively expressed transcripts (NETs) in TATT, TTTA, TAAA, and AAAT allotetraploids. (F)
Percentage of NETs whose expression changes were shared between reciprocal crosses (orange) or unshared (green). Asterisks indicate significant
difference between unshared (green) and shared (orange) transcripts (P< 0.05). (G, H) Venn-diagram analysis for the number of upregulated (G) or
downregulated (H) transcripts in TATT, TTTA, TAAA, and AAAT allopolyploids.

2360

Shi et al. . doi:10.1093/molbev/msv116 MBE
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/32/9/2351/1029857 by guest on 24 April 2024

By


(Tautz and Domazet-Loso 2011; Quint et al. 2012). Each gene
was classified into its phylostratum (PS1–PS12). The profiles
of dosage dependency of T and A allele across 12 phylostrata
are shown in supplementary fig. S6A, Supplementary Material
online. PS3 denotes the divergence of plants from other or-
ganisms. Correlation between the dosage and allelic expres-
sion levels monotonically decreased from PS1 to PS8 but
slightly rose from PS9 to PS12. The fluctuations could be
related to the small number of genes in the last two groups
(PS11 and PS12). Together with the data of pathway analysis,
the results collectively indicate that expression of evolution-
arily older genes is strongly correlated with the dosage. This
trend is applied not only to the genes involved in common
PSPs but also to the genes successively arising at different
levels of plant phylogenetic hierarchy. The dosage-dependent
genes might maintain and conserve common pathways
through natural selection and regulation of cellular functions
(fig. 6E). On the other hand, the dosage-independent genes
might have contributed to the optimization of PSPs through
the combination of gene expression regulation and natural
selection.

Distribution of TEs Near the Dosage-Dependent
and -Independent Genes

Plant and animal genomes contain 50–80% or more of trans-
posable elements (TEs) (Feschotte et al. 2002), which could
affect expression of inserted and neighboring genes. It is
shown that the distance of TE insertion is associated with
the expression of neighboring genes (Zemach et al. 2013).

Here, we found that dosage-dependent genes tend to be
farther away from TEs than dosage-independent genes for T
allele (P< 4.0e-7, fig. 6F). It is reasonable to assume that there
is generally equal chance for a TE to insert into or be close
to Td and Ti genes. Fewer TEs present near the dosage-
dependent genes suggest that such TEs are deleterious and
have been eliminated by purifying selection. On the other
hand, more TEs near the dosage-independent genes indicate
that such TEs are likely to be advantageous and preserved by
positive selection or genetic drift. The enrichment of TEs near
the dosage-independent genes including stress-responsive
genes is consistent with the finding that the dynamic DNA
methylation changes in transposons and repeats can regulate
expression of neighboring genes in response to biotic stress
(Dowen et al. 2012). The data suggest TEs could serve as a
sensor for dosage-independent genes to change their
expression in response to internal (dosage change) and exter-
nal (environmental) signals.

Association of Allelic Expression with Histone
Modifications in A. Thaliana

Allelic expression in polyploids could be regulated by various
epigenetic factors, including DNA methylation and histone
modifications (Chen 2007; Song et al. 2015). Histone modifi-
cations mediate epigenetic regulation of gene expression and
development in plants and animals (Li et al. 2007; Zhang
2008). Some modifications, such as acetylation of histones
H3 and H4 and trimethylation of H3 lysine 4 (H3K4me3),

are known as euchromatic marks and often associated with
gene activation, whereas other modifications, such as meth-
ylation of H3K9 and H3K27, are known as heterochromatic
marks and related to gene repression (Jenuwein and Allis
2001; Li et al. 2007).

Two active histone marks, H3K9ac and H3K4me3, were
correlated and enriched near transcriptional start sites in
A. thaliana and its related species (Ha et al. 2011).
Arabidopsis arenosa genome has yet to be sequenced, so we
used the data in A. thaliana to infer the association of alle-
lic expression with epigenetic marks. The number of Td al-
leles associated with the density of H3K4me3 (Wilcoxon
signed-rank test, P = 8.2e-3, fig. 7A) and H3K9ac (P = 5.5e-5,
fig. 7B) was clearly higher than that of Ti alleles, suggesting a
role for these active histone marks in maintaining dosage-
dependent expression. On the other hand, the number of Ti
alleles associated with the density of H3K27me1 (P = 2.9e-5,
fig. 7C) and H3K27me3 (P = 4.1e-6, fig. 7D) histone marks was
higher than Td alleles. A large number of genes (~4,400) are
associated with H3K27me3 in A. thaliana (Zhang et al. 2007).
Together, the enrichment of H3K27me1 and H3K27me3 in Ti
genes and the large number of H3K27 methylation-associated
genes imply an important role for H3K27 methylation in allelic
expression variation in a dosage-independent manner.

In A. thaliana, DNA methylation of CG, CHG, and CHH
(H = A, T, or C) sites directly or indirectly affects gene expres-
sion (Zhang et al. 2006; Lister et al. 2008). We found that CG
methylation was significantly enriched in the 5’ and coding
regions of the dosage-dependent alleles but underrepresented
in the dosage-independent alleles (P = 3.1e-5; Fig. 7E). CHG
methylation distributions were higher in genic regions of
dosage-independent alleles than that of dosage-dependent
alleles but higher in the 5’ regions of dosage-dependent alleles
than that of dosage-independent alleles (P = 1.8e-11; fig. 7F).
CHH methylation distributions were similar between the
genes with dosage-dependent and -independent expression
(fig. 7G). The CG methylation maintains the stability of
dosage-dependent expression of house-keeping genes,
which is essential for cellular biosynthesis and metabolism
(Zhang et al. 2006). CG methylation is enriched at TEs and
gene bodies, whereas CHG methylation is predominantly re-
stricted to TEs (Zhang et al. 2006; Cokus et al. 2008). Only a
small fraction of genes with dosage-independent expression is
associated with CHG methylation within the gene body.

Nonadditive Expression and Starch Metabolic
Activities in Polyploids

Growth vigor is commonly observed in allopolyploids and
hybrids at different ploidy levels (Ni et al. 2009; Miller et al.
2012), which correlates with increased metabolic activities.
Because Arabidopsis allotetraploids in early generations (F1–
F4) are unstable with low fertility (Comai et al. 2000), we
investigated allelic expression in stable allotetraploids
(TTAA, F8), when fertility is improved and heterozygosity
within genotypes is reduced by self-pollination. As predicted,
in F8 allotetraploids, the majority of genes (~90%) were
expressed at the midparent value (MPV), whereas
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approximately 7% of genes were upregulated and approxi-
mately 3% of genes were downregulated relative to the
MPV (fig. 8A, supplementary fig. S6B–E and table S3,
Supplementary Material online). The upregulated genes
were enriched in the GO groups of ribosome biogenesis,
RNA processing, and starch metabolic process (fig. 8B and
supplementary fig. S6C, Supplementary Material online),
whereas the downregulated genes belonged to GO groups
of abiotic stimuli and organic acid transport (fig. 8B and sup-
plementary fig. S6E, Supplementary Material online).
Interestingly, expression levels of starch degradation genes
in five allotetraploids, including F8, TATT, TTTA, ATAA,
and TAAA, were higher than the MPV (fig. 8C and supple-
mentary fig. S7, Supplementary Material online), whereas the
starch biosynthetic genes were expressed at slightly higher
than or similar to the MPV. The starch content of these
five allotetraploids was significantly higher than the MPV
(fig. 8D). The data indicated that allotetraploids accumulated
more starch than their parents at noon (ZT6; Zeitgeber time 0
[ZT0] = dawn, when the samples were harvested). In A. thali-
ana, starch accumulates during the day and is degraded at
night to promote carbohydrate metabolism, and almost all
starch is used by dawn (Graf et al. 2010). The more starch
accumulates during the day; the more starch can be degraded
at night to promote growth (Chen 2013). These data suggest
an important role for starch biosynthesis and utilization in
stimulating growth vigor in allopolyploids.

Parent-of-Origin Effects on Nonadditive Gene
Expression in Reciprocal Tetraploids

The polyploids from the reciprocal crosses have the same
nuclear genome composition but different cytoplasms.
TAAA is derived from pollinating Allo (TTAA) with A. are-
nosa (AAAA) pollen, and AAAT is derived from pollinating A.
arenosa (AAAA) with Allo (TTAA) pollen. Likewise, pollinat-
ing Allo (TTAA) with A. thaliana (TTTT) pollen produced
TATT and pollinating A. thaliana (TTTT) with Allo (TTAA)
pollen produced TTTA. The parent-of-origin effect on starch
content (supplementary table S4, Supplementary Material
online) and morphological differences (fig. 1B) is consistent
with gene expression changes in these reciprocal polyploids.
Nonadditive expression of a gene in the F1 cross denotes up-
or downregulation of the gene relative to the MPV. Overall,
more transcripts were nonadditively expressed in TAAA (686
upregulated and 395 downregulated) than in TATT (682
upregulated and 229 downregulated) and a lot more in
AAAT (1,928 upregulated and 1,967 downregulated) than
in TTTA (1,178 upregulated and 379 downregulated) (fig.
8E). The data suggest that A. arenosa has larger effects on
gene expression in the allopolyploids than A. thaliana, which
are consistent with overall gene expression dominance of A.
arenosa over A. thaliana in resynthesized allotetraploids
(Wang et al. 2006). Furthermore, over 93% of upregulated
and 93% of downregulated transcripts were found only in
TAAA (TTAA X AAAA), and over 80% of upregulated and
64% of downregulated transcripts were specific to AAAT
(AAAA X TTAA) (fig. 8F). The data suggest that in the

reciprocal crosses involving A. arenosa, more genes displayed
expression changes when A. arenosa is used as the paternal
parent than as the maternal parent.

Consistent with the above notion, the unshared nonaddi-
tively expressed transcripts between each pair of reciprocal
crosses were significantly higher than the shared ones (fig. 8F,
P< 0.05, �2 test), demonstrating a parent-of-origin effect on
nonadditive gene expression. In each pair of reciprocal poly-
ploids, more transcripts were upregulated than
downregulated, except for TAAA that had similar number
of up- and downregulated genes (fig. 8E–G). Among upregu-
lated transcripts, 277 were shared between TATT and TTTA,
whereas 405 (59.4%) and 901 (76.5%) were unique to TATT
and TTTA crosses, respectively (fig. 8G). Among
downregulated transcripts, 76 were shared, whereas 153
(66.8%) and 303 (79.9%) were found only in TATT and
TTTA crosses, respectively (fig. 8H). A similar trend of non-
additive expression was also found in AAAT and TAAA
crosses but with a larger number of genes. These nonaddi-
tively expressed genes specific to each reciprocal cross may
contribute to morphological differences between individual
allopolyploid lines (fig. 1B). Notably, the crosses between
TTAA and AAAA showed the parent-of-origin effect on the
largest number of genes (fig. 8G and H). This could be attrib-
uted to larger cytoplasmic effects of A. arenosa and/or high
levels of heterozygosity derived from outcrossing A. arenosa.

Discussion
After neopolyploids overcome a bottleneck of sterility and
instability (Mayer and Aguilera 1990; Comai et al. 2000), they
become genetically stable with respect to meiotic chromo-
some pairing and segregation (Wang et al. 2006). In the allo-
tetraploids with different combinations of genome dosages,
gene expression is dependent or independent of the genome
dosage changes. Dosage-dependent genes are mainly associ-
ated with primary metabolic and biosynthetic activities, which
are in anciently formed biochemical pathways and evolution-
arily older phylostrata in an Arabidopsis phylostratigraphic
profiles. These dosage-dependent genes are largely devoid of
TE insertions, suggesting an evolutionary importance of these
genes for maintaining growth and developmental stability. In
contrast, dosage-independent genes are involved in processing
internal (dosage and hybridization) and external (environmen-
tal stress) cues, which are present in PSPs and late-originating
phylostrata. Dosage-independent genes are prone to TE inser-
tions, which may facilitate expression modulation in response
to external and internal changes, leading to improved fitness
and adaptive evolution. Indeed, TEs and small RNAs contrib-
ute to gene expression divergence between A. thaliana and its
related species Arabidopsis lyrata (Hollister et al. 2011).

In the allopolyploid series, both A. thaliana (T) and
A. arenosa (A) alleles are subjected to dosage-dependent
and -independent regulation. Approximately 56% of T and
A alleles are in the same direction in terms of dosage-
dependent expression (46% TdAd) or dosage-independent
expression (10% TiAi), whereas 44% of T and A alleles (23%
TdAi and 21% TiAd) are in different directions. For those
genes with allelic dosage-dependent expression, their
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expression levels are dependent on allele dosage, and their
functions are likely to maintain and stabilize ancestral func-
tions including cell cycle regulation, photosynthesis, and me-
tabolism. In polyploids, mutation on a given allele would be
compensated by other copies to buffer deleterious effects on
important biological functions. This alleviates negative selec-
tion and allows the survival of individuals bearing such mu-
tations. Thus, the individuals with a mutation in the dosage-
dependent genes would have a higher chance of survival in
polyploids.

For those genes with different allelic expression directions
or dosage-independent expression, they can diverge their
expression from constraints of dosage regulation, which
would allow them to gain new functions (neofunc-
tionalization) (Lynch et al. 2001) or diverge from their ances-
tral functions (subfunctionalization) (Lynch and Force 2000).
These genes are largely responsible for the response to exter-
nal signals and environmental stresses, and their expression is
likely to rapidly and stochastically change during evolution.
These duplicate loci can diverge their expression in response
to internal (intergenomic interactions) and external (new
environmental signals) changes. These allelic expression
changes likely provide a molecular basis for the polyploids
to prevent from entering an evolutionary dead end, as pre-
viously predicted (Stebbins 1971). This “dead-end” prediction
has been revisited (Soltis et al. 2014), and our results have
provided a new genomic basis for polyploidy to become a
pervasive force in evolution and speciation. The overall ge-
nomic structure and dosage-dependent expression can
remain relatively stable in polyploids, but allelic expression
divergence between the homeologous loci can promote ge-
netic diversity within and between polyploid populations.
The dosage-dependent and -independent regulation leads
to dual consequences of allelic expression stability and diver-
gence between homeologous loci, promoting gene expres-
sion basis for polyploid evolution and speciation.

At the mechanistic level, dosage-dependent genes tend to
be associated with H3K9ac, H3K4me3, and CG methylation,
whereas dosage-independent genes tend to correlate with
H3K27me3 and CHG methylation. H3K4me3 in coordination
with CG methylation may maintain stability of dosage-de-
pendent gene expression, as gene-body methylation is asso-
ciated with constitutively expressed genes (Zhang et al. 2006).
Enrichment of H3K27me3 and CHG methylation in TEs may
suggest a role for these modifications to regulate dosage-in-
dependent gene expression through epigenetic modifications
of TEs adjacent to these genes (Hollister et al. 2011). TEs
could serve as a sensor for dosage-independent genes to
change their expression in response to internal and external
signals. Together, both genetic and epigenetic mechanisms
could provide ploidy and parent-of-origin effects on gene
expression during formation and evolution of allopolyploids.

Materials and Methods

Plant Materials

Plant materials included A. thaliana autotetraploids (At4;
CS3900), A. arenosa (Aa; CD3901), F1 resynthesized

allotetraploids (AlloF1), F8 allotetraploids (AlloF8; CS3895),
a natural allotetraploid A. suecica, reciprocal crosses between
AlloF8 and At4, generating TATT and TTTA tetraploids, and
reciprocal crosses between AlloF8 and Aa, producing TAAA
and AAAT tetraploids. Plant care and growth followed the
protocols as described previously (Wang et al. 2006). Rosette
leaves before bolting (flowering) were collected for DNA and
RNA analysis.

Fluorescence In Situ Hybridization

The chromosome compositions in polyploids were confirmed
using fluorescent in situ hybridization (FISH). General FISH
procedures follow those described in Lysak et al. (2006) and
Kato et al. (2004). Flower buds (<1 mm) were fixed in ice-cold
Carnoy’s Fixative for at least 1.5 h. Chromosomal DNA was
cross linked to slides by exposure to UV light (120 mJ/cm2).
Centromere repetitive sequences of At (AtCEN) and Aa
(AaCEN) were polymerase chain reaction amplified from ge-
nomic DNA using primers as described in Comai et al. (2003)
and used as hybridization probes.

Hybridization of chromosome mounts was performed at
55 �C for 4–6 h in the presence of the labeled probes. DAPI
(Vector Laboratories, Inc., Burlingame, CA) was applied to
hybridized slides before observation. Images were taken
using a Zeiss Axiovert 200 M microscope equipped with a
Zeiss Axiocam fluorescence camera. Images were processed
using Adobe Photoshop 7.0.

Starch Assays

Starch content was measured from rosette leaves of three
plants before bolting as described previously (Ni et al. 2009).

RNA Preparation and RNA-Seq Data Analysis

Total RNA was isolated from rosette leaves before bolting
(3–4-week old in A. thaliana and 6–7-week old in A. arenosa
or allotetraploids). mRNA-seq libraries were prepared using
Illumina mRNA-seq sample preparation kit (Illumina, San
Diego, CA) and sequenced by HiSeq 2000 (40–100-bp read
length). RNA-seq reads from 27 libraries (three biological rep-
licates in each of nine genotypes) were mapped to TAIR9
genome, and transcript levels were quantified by counting
RPKM as described previously (Mortazavi et al. 2008;
Shi et al. 2012). Read assignment and transcript quantification
of At and Aa alleles in an allotetraploid using two or more
distinct single-nucleotide polymorphisms (SNPs) between At
and Aa were performed using a published method (Shi et al.
2012). Genes whose two alleles have too few SNPs were not
considered. Alleles with small SNP numbers produce the
same or similar transcripts and proteins. Therefore, it is rea-
sonable to neglect effect of dosage change to expression of
such alleles. We selected 15,026 transcripts, each of which
averagely had two or more RPKM in nine genotypes, for
further analyses.

Pearson correlation tests between allelic expression and
genotype dosage (4:3:2:1) for each T and A alleles were per-
formed, respectively. Expression levels of the alleles with the
same dosage (e.g. F1, F8, and A. suecica) were computed
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separately. For example, for T allele of AT1G01040, a RNA
helicase involved in microRNA processing, expression level of
the T allele at two 1 T genomes (AAAT and TAAA), three 2 T
genomes (F1, F8, and A. suecica), two 3 T genomes (TTTA and
TATT), and one 4 T genome (At) are 1.64, 1.77, 3.37, 3.59, 5.08,
4.53, 5.06, and 6.36, respectively. Pearson correlation between
the dosage (1, 1, 2, 2, 2, 3, 3, and 4) and expression (1.64, 1.77,
3.37, 3.59, 5.08, 4.53, 5.06, and 6.36) is 0.92, and R2 is 0.8476
(supplementary table S1, Supplementary Material online).
FDR multiple test correction was calculated using adjustment
method in R. Alleles with significant dosage and expression
correlation (FDR< 0.025) were defined as dosage dependent,
whereas alleles with no significant dosage and expression cor-
relation were defined as dosage independent. We calculated
Pearson correlation coefficient of dosage-associated allelic ex-
pression between genes. High correlation coefficient indicated
that the two genes had similar expression profiles and were
assigned to the same cluster by implementing Kmeans clus-
tering. All genes tested were classified into ten clusters with
several combinations of dosage-dependent and -independent
regulation (supplementary fig. S2, Supplementary Material
online). The transcripts were assigned to different biochem-
ical pathways according to the Arabidopsis information re-
source database AraCyc.

GO analysis was performed using the DAVID Functional
Annotation Tool (http://david.abcc.ncifcrf.gov/tools.jsp).
TdAd, TdAi, TiAd, and TiAi genes were compared with the
whole Arabidopsis genome to display whether the genes in a
specific dosage group were enriched in certain GO categories
(FDR< 0.05).

For distribution of Td and Ti genes on each chromosome,
we divided the chromosome into “bins” each containing 25
genes and counted the number of Td and Ti genes in each
bin. Chi-square goodness of fit test was used to test the null
hypothesis that Td and Ti genes are equally represented
among bins. The Student’s t-test was used to test whether
number of Td and Ti genes is significantly different.

Epigenomic Data Analysis

Data of two active histone marks, H3K9ac and H3K4me3,
were from a previous publication of our laboratory (Ha
et al. 2011). ChIP-Seq data of H3K27me1 (Jacob et al. 2010)
and H3K27me3 (Luo et al. 2013) were downloaded from NCBI
GEO. Peak identification was implemented by ERANGE3.3
(Mortazavi et al. 2008) using H3 ChIP-seq as the control
sample. Peak number within the sliding window between
2 kb upstream and 2 kb downstream of the transcribed
region was computed for frequencies of Td and Ti genes,
respectively. In flanking regions, sliding window size is
100 bp, and varied window size was applied in coding
region according to coding sequence length. Methylome (bi-
sulfite) sequencing data were downloaded from http://www.
ebi.ac.uk/ena/data/view/ERP000902 (Becker et al. 2011).
BSMAP 2.74 was implemented to perform the bisulfite map-
ping and compute ratio of methylated cytosines_ENREF_35
(Xi and Li 2009). Statistical analyses were subjected to t-test

and multiple test correction using SGoF + v7.2 (Carvajal-
Rodriguez et al. 2009).

Supplementary Material
Supplementary figures S1–S7 and tables S1–S4 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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