
Origin, inheritance, and gene regulatory consequences
of genome dominance in polyploids
Margaret R. Woodhousea,1,2, Feng Chenga,b,1, J. Chris Piresc, Damon Lischa, Michael Freelinga,2,3, and Xiaowu Wangb,3

aDepartment of Plant and Microbial Biology, University of California, Berkeley, CA 94720; bInstitute of Vegetables and Flowers, Chinese Academy of
Agricultural Sciences, Beijing 100081, China; and cDivision of Biological Sciences, University of Missouri, Columbia, MO 65211

Contributed by Michael Freeling, February 11, 2014 (sent for review October 21, 2013)

Whole-genome duplications happen repeatedly in a typical flow-
ering plant lineage. Following most ancient tetraploidies, the two
subgenomes are distinguishable because one subgenome, the
dominant subgenome, tends to have more genes than the other
subgenome. Additionally, among retained pairs, the gene on the
dominant subgenome tends to be expressed more than its re-
cessive homeolog. Using comparative genomics, we show that
genome dominance is heritable. The dominant subgenome of one
postpolyploidy event remains dominant through a subsequent
polyploidy event. We show that transposon-derived 24-nt RNAs
target and cover the upstream region of retained genes preferen-
tially when located on the recessive subgenome, and with little
regard for a gene’s level of expression. We hypothesize that small
RNA (smRNA)-mediated silencing of transposons near genes causes
position-effect down-regulation. Unlike 24-nt smRNA coverage,
transposon coverage tracks gene expression, so not all transpo-
sons behave identically. We propose that successful ancient tet-
raploids begin as wide crosses between two lines, each evolved
for different tradeoffs between transposon silencing and nega-
tive position effects on gene expression. We hypothesize that
following a chaotic wide-cross/new tetraploid period, genes ac-
quire their new expression balances based on differences in trans-
poson coverage in the parents. We envision patches of silenceable
transposon as quantitative cis-regulators of baseline transcription
rate. Attractive solutions to heterosis and the C-value paradox
are mentioned.

Brassica | epigenetics

Whole-genome duplications (WGDs) have occurred in many
eukaryotic lineages, particularly plants (1). Twenty-four

ancient plant polyploidies have been documented within plant
genomes as of January 2014 (http://genomevolution.org/wiki/index.
php/Plant_paleopolyploidy). In maize, some crucifers, and perhaps
all new plant polyploids, fractionation (loss of duplicated genes)
and diploidization (return to diploid meiotic behavior) happen
within a few million years of the WGD (2). In the grasses, both
fractionation and diploidization are relatively rapid (3). The
general mechanism of fractionation is known for the most recent
tetraploidy in the maize var. B73 lineage (4) and the paleohex-
aploidy in the Brassica rapa var. Chiifu lineage (5, 6); this mech-
anism is deletion following intrachromosomal recombination.
It is useful to partition post-WGD genomes into subgenomes

when discussing fractionation. By doing so, it has been found that
subgenomes generated upon ancient WGD in both the Arabidopsis
(7) and maize (4) lineages do not behave in the same way: One of
the two subgenomes loses significantly more genes than the other.
This phenomenon, called fractionation bias (7), has been gener-
alized to all eukaryotes (8, 9). In studies comparing gene expres-
sion from genes retained as pairs (homeologs, also known as
syntenic paralogs) in maize (10) and B. rapa (11), subgenomes
that had fewer genes (more highly fractionated) are enriched for
genes that were expressed at relatively lower mRNA levels com-
pared with their homeologs; these two studies explain how sub-
genomes are logically assembled like a puzzle with a unique so-
lution. This whole-subgenome inverse correlation of expression
level with gene loss defines genome dominance. Most ancient

polyploidies (probably allopolyploids) demonstrate genome domi-
nance (i.e., this inverse correlation), but some (probably autopo-
lyploids) do not (12).
Although functional DNA in maize was deleted preferentially

from the recessive homeolog, nonfunctional DNA (e.g., trans-
posons, nonconserved intron sequence) was deleted from the
two subgenomes at the same frequency, leading to a working
hypothesis: Genes expressed less than their homeologs are easier
to delete because their removal is less likely to lower fitness,
so they escape purifying selection (10). Maize genes with a doc-
umented phenotype tend to be on the dominant subgenome (13),
and conserved noncoding sequences are preferentially deleted
from the recessive subgenome of maize (14) and B. rapa (6). Plant
allotetraploids happening less than 1 Mya express genome domi-
nance (15–17), but data from synthetic allotetraploids are am-
biguous (18, 19). Genome dominance may take many generations
to stabilize epigenetically, like inbreeding depression (20).
The gene expression component of genome dominance is usu-

ally determined using RNA-sequencing (RNA-seq) data from the
shoot, a particularly complex organ system composed of many
organs, developmental times, and cell expression end points.
Among suitable plant polyploids with sequenced genomes, maize
(Zea mays var. B73) RNA-seq data are the richest (http://qteller.
com/qteller3/); maize RNA-seq data best separate out gene ex-
pression into specific end points. SI Appendix, Fig. 1 compares
expression [fragments per kilobase of transcript per million
mapped fragments (FPKM)] between a homoeologous pair of
maize genes retained from the most recent WGD, using 37
expression datasets generated by seven different laboratories.
This figure illustrates a general rule: Homeolog expression
is often biased, and that bias tends to be reflected at every
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end point (http://qteller.com/qteller3/scatter_plot.php?name1=
GRMZM2G057973&name2=GRMZM2G004140&xmax=80&
ymax=80&info). This result is the most accurate definition of
gene dominance. Because the dominant gene of a pair tends to
reside on a particular subgenome, cases of gene dominance
accumulate into an argument for genome dominance. Another
homeolog expression plot has been published by Tang et al. (5).
Implied here is that rates of transcription and rates of turnover
have been more or less stable in all developmental end points
since the polyploidy stabilized.
B. rapa, the focus of this study, has three subgenomes com-

pared with its fellow crucifer, Arabidopsis (Arabidopsis thaliana)
(Fig. 1), with one subgenome dominant over the other two
subgenomes (5, 11, 21). Gene dominance is also observed in
B. rapa, but the RNA-seq data for B. rapa afford poor resolution.
We have a reasonable expectation: A gene should have a vari-
able resistor, a rheostat ( ), that is gene-specific rather than
developmental end point-specific, and this element should set
the default balance of this gene’s expression compared with
other genes in a coregulated network. Of course, genetic di-
versity in many other components of a gene influence specific
expression levels in specific times, places, and cells.
A clue to the nature of this metaphorical “rheostat” came

from the laboratory of Brandon Gaut (22, 23), comparing the
genomes of two reference Arabidopsis species, A. thaliana and
A. lyrata. These workers found a negative correlation between (i)
small RNA (smRNA)-mediated methylation of transposons near
the transcriptional unit and (ii) mRNA levels (22, 23). The
general conclusion was that silenced transposons near genes
exert a whole-genome, negative effect on gene expression. They
also found that the effect was more pronounced in A. thaliana
than in A. lyrata, suggesting that silencing may be more efficient
in this smaller genome species relative to that of A. lyrata. They
derived the hypothesis that there is a fitness tradeoff between
keeping transposons controlled and the mRNA level of adjacent
genes; small genomes like A. thaliana, those more efficient at
transposon silencing, maintain relatively low levels of mRNA in
comparison to the larger, more highly expressed A. lyrata. The
work of Gaut’s laboratory (22, 23) inspired us to think of whole-
genome position effects and how biased fractionation and ge-
nome dominance might originate. The classic genetic phenomenon
of position effect (24) and the position effects on transgenes in
plants (16), where euchromatic genes are sometimes silenced
when translocated near the silent transposons of heterochromatin,
inform the results of Gaut’s group (22, 23). The silenced trans-
posons may act as islands of heterochromatin, as will be discussed
elsewhere in this paper and as this laboratory has hypothesized
previously (20).
Given this tradeoff hypothesis, we postulated that genome

dominance occurs because genes from different parental genomes
brought their smRNA-modulated transposon islands (hetero-
chromatin) along with them into the tetraploid; one genome had
a larger transposon load than the other, so its genes tended to be
relatively suppressed by position effect. This report provides data
testing this hypothesis.

What we found, potentially, is a solution to a more general
question: What is the mechanism used by plants (or eukaryotes)
to change quantitative balances of gene expression rapidly? Not
surprisingly, relatively rapid changes in transposon content play
the starring roles in our genome dominance mechanism.

Results
Gene Retention in the Dominant B. rapa and A. thaliana Subgenomes
Suggests Heritable Biased Fractionation. Approximately 20–40 Mya,
the ancestor of both A. thaliana (Arabidopsis) and B. rapa un-
derwent a WGD event called “alpha” (α) (Fig. 1). After Arabidopsis
and Brassica diverged, the B. rapa lineage underwent another
whole-genome triplication event 5–9 Mya (21) (Fig. 1), giving rise
to a hexaploidy. Therefore, although Arabidopsis has a maximum
of two copies for each ancestral, pre-α gene, Brassica has up to six
copies of each ancestral, pre-α gene (Fig. 1). We asked if, fol-
lowing the hexaploidy event, there were a difference in gene re-
tention between the less fractionated, dominant α-subgenome, α1,
and the more fractionated, recessive α-subgenome, α2, as defined
in the Introduction. We selected only retained duplicate pairs of
Arabidopsis α, where both genes had at least one retained B. rapa
ortholog. Because we chose to follow only α-retained pairs, the
Brassica lineages descending from each of these paired genes are
expected to behave the same; decedents into Brassica are expected
to retain genes at a ratio of 1:1, and this was not the case. There
were more triplets of retained homeologs than expected in the α1
subgenome lineage (Table 1), whereas there were fewer than
expected retained posthexaploidy triplets in the α2 subgenome
lineage (P = 0.004) (Table 1). Doublets of posthexaploidy home-
ologs showed a similar trend (P = 0.162). Lastly, there were more
singly retained genes in the α2 (recessive) subgenome lineage than
in the α1 subgenome lineage (P = 0.213). Altogether, these data
are consistent with the hypothesis that the fractionation bias set
up post-α may be heritable through the paleohexaploidy event
(5) in the Brassica lineage and has influenced the gene content
of B. rapa.

Genome Dominance Post–α-Tetraploidy Is Heritable Through the
Brassica Paleohexaploidy. Because fractionation occurs in both
nondominant subgenomes in the Brassica lineage (Table 1), we
asked if genome dominance, as reflected by differences in
mRNA levels, was heritable. Using the α-pairs of Table 1, we
obtained Arabidopsis leaf RNA-seq data from the Short Read
Archive (GEO accessions in SI Appendix,Methods) and rendered
them into FPKM using the qTeller pipeline (http://qteller.com/
arabidopsis/faq.php) as described in SI Appendix, Methods. For
B. rapa var. Chiifu gene expression, we examined leaf, root, and
stem RNA-seq data generated in the laboratory of one of the
authors (X.W.) (11), and also rendered these data using the
qTeller pipeline. We measured genome dominance in two ways.
First, we ran strict horse races between homeologs, where a win
was declared no matter how close the race (Table 2, rows 2–4.)
Then, we modified the horse race so that we only counted wins
that were significant at P < 0.05. Of course, this modification
reduced the number of qualifying races (Table 2, rows 5–7). For
consistency, we focused on the retained genes in the less frac-
tionated (dominant) B. rapa subgenome (LF) (Fig. 1). On av-
erage, α1 genes are expressed more than α2 genes. When a gene
in α1 is expressed more than its α2 homeolog in Arabidopsis
(i.e., α1 > α2 in Table 2), the B. rapa LF orthologs of α1 post-
hexaploidy (LF1) tend to be expressed more than the post-
hexaploid orthologs of α2 (LF2) (LF1 > LF2: rows 2 and 5 of
Table 2). Similarly, whenever Arabidopsis α2 is expressed more
than Arabidopsis α1 (α1 < α2), B. rapa LF orthologs of α2 tend to
be expressed more than the orthologs of α1 (LF2 > LF1).
Together, these data show that genome dominance, monitored

as either gene fractionation or expression amount, is heritable
through multiple rounds of genome duplication through nearly
30 My of crucifer evolution. Horse races that only include wins
by a significant margin did not change outcome.

Fig. 1. Phylogeny of genome polyploidy events in the crucifers. Both
Arabidopsis and B. rapa share the α-tetraploidy event (black star) that oc-
curred 20–40 Mya, after which Brassica underwent a hexaploidy event 5–9
Mya (black starburst), giving rise to up to six copies of every pre-α ancestral
gene. Synonymous substitutions per synonymous site (Ks) values are be-
tween homologous genes.
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Twenty-Four–Nucleotide smRNAs Preferentially Target the More
Fractionated Subgenomes in B. rapa. Because genome dominance
is heritable, there must have been some original signal that dif-
ferentiated subgenomes when they were first formed, as well as
a heritable signal that is passed down to differentiate the sub-
genomes. This heritable signal must be somehow connected to
the original event that differentiated α1 from α2. Identification
of such a heritable tag does not mean that this tag was the initial
cause of the differences between subgenomes. Here, we focus on
the involvement of smRNA-directed DNA methylation. The
reason for this was described in the Introduction (22, 23). We
asked first if smRNAs preferentially target near genes on the
more fractionated, less expressed subgenomes of B. rapa. We
sequenced smRNAs extracted from three seedling organs: leaf,
stem, and root from B. rapa var. Chiifu (taking mRNA for RNA-
seq from the same preparations). First, we looked at the distri-
bution of each size class of smRNAs flanking B. rapa genes.
After removing adaptor sequence and low-quality reads, we
aligned filtered reads to transposable element (TE) sequences
(i.e., all sequence in the genome except transposon sequence was
masked) and non-TE genomic sequences separately (SI Appen-
dix, Methods). Only unique, perfectly mapped reads were repor-
ted, and stacks of identical RNA molecules were removed as
outliers (box pile outliers in SI Appendix, section 1 and Methods).
The number of nonredundant smRNAs upstream and downstream
of each gene was then averaged in a 100-bp sliding window moving
in 10-bp increments. To observe the mapping status of reads
around B. rapa genes, we first defined the flanking regions of genes
as the 5-kb sequences upstream of the transcription start site (+1)
at the 5′UTR of genes and also as the 5-kb sequences downstream
of the 3′ UTR (SI Appendix, Methods). By looking at the smRNAs
of different lengths, we found that 24-bp smRNAs targeted much

more to TEs than to non-TE genomic sequences in flanking
regions. There was also significant enrichment of smRNAs as-
sociated with TE sequences in the 2-kb flanking B. rapa genes,
especially in the 5′ upstream region (Fig. 2A). The 23-nt RNAs
showed similar results but were much less abundant than 24-nt
RNA, and RNAs of other lengths were not as significantly tar-
geted to TEs as the 24-nt RNAs (SI Appendix, Fig. 2). This indi-
cates that the 24-nt RNAs are associated with TEs and are found
preferentially upstream of the 5′ UTR.
We next looked at the relationship between TE-derived

smRNAs of all lengths and the subgenomes in B. rapa. Because
24-nt RNAs are the predominant smRNA associated with TE
sequence in B. rapa and were the main class that showed sub-
genome differences, we focused on the 24-nt RNA size class for
the remainder of this study. In B. rapa, the LF subgenome
undergoes less fractionation than the other two subgenomes (21)
[but the recessive more fractionated B. rapa genome (MF1) is
dominant over MF2] and LF’s posthexaploidy retained genes
tend to maintain higher mRNA levels than do its homeologs in
the two recessive subgenomes (11). Using a 100-bp window
moving in 10-bp steps across the flanking regions of genes, we
calculated the average number of our unique TE-derived 24-nt
RNA reads for all genes for each subgenome. The flanking
sequences of genes from the dominant subgenome LF had fewer
TE-derived, 24-nt smRNAs targeting than did those of the MF
(more recessive) subgenomes, with 5′ upstream showing the most
targeting (Fig. 2B). Genes marking the dominant subgenome LF
are targeted less for 24-nt RNAs than are genes in the MF1 and
MF2 recessive subgenomes.
Table 3 displays the relationship between TE-derived, 24-nt

smRNA density when aligned to our genes, located to sub-
genome, and the influence of the relative expression levels on
these data. We focused on 24-nt smRNAs mapping uniquely to
−1 to −500 bp upstream from the transcription start site, because
those are in the peak of the smRNA distribution over the
composite genes of Fig. 2. We studied cases in B. rapa where two
of the three posthexaploidy homeologs were retained (doublets),
one of them being from the dominant LF, with the homeolog
being either MF1 or MF2. For the three B. rapa var. Chiifu
organs with smRNA data, we now use the corresponding
mRNA-seq data. For each doublet, we performed an RNA-seq
FPKM horse race, where the winner is the gene that is most
expressed (SI Appendix, section 1 and Fig. 2). We performed
another horse race on these pairs to find out which gene in a pair
was more highly targeted by TE-derived, 24-nt smRNA reads.
Examining Table 3, row 1, of the 2,174 LF/MF doublets in
B. rapa, the MF gene is significantly (P by χ2 = 0.0006) more
targeted with smRNAs than is the LF gene, by a margin of 13%.
This is true even when we only count races where, contrary to
expectations, MF wins the race (Table 3, row 5), and it is espe-
cially true when MF wins definitively (Table 3, row 7). It matters
little how overexpressed LF is compared with MF. Does this
targeting of the MF subgenome doublets reverse when, contrary
to expectations, the MF gene expresses more than the LF gene?
No, genes on the MF subgenome always win (Table 3, all rows
with winners). However, when LF genes overexpress MF genes
most definitively (Table 3, row 4), the MF win is damped to
below the 5% level of significance. We thus conclude that when
the degree of 24-nt RNA targeting is quantified, the most tar-
geted genes of a doublet are located on the recessive subgenome,
with some small regard for the history of RNA expression. Data
for the Arabidopsis α-subgenomes (SI Appendix, Table 1A; RNA-
seq data from the Gene Expression Omnibus contributed by four
different laboratories) are similar but less dramatic, with more
“no winner” rows. Again, the degree of 24-nt smRNA targeting
on Arabidopsis retained pairs tags the recessive (α2) subgenome.
Removing either simple or low-complexity sequences (using

WindowMasker) (25) did not alter either gene or genome domi-
nance (SI Appendix, Fig. 4) in any horse race.

Table 1. Inheritance of fractionation dominance, as measured
by gene counts per subgenome [α1 (dominant) and α2] from
retained homeologous pairs of the α-tetraploidy through the
Brassica lineage hexaploidy into B. rapa singlets, doublets,
and triplets

Posthexaploidy in
B. rapa homeologs

B. rapa genes
from α1 lineage

B. rapa genes
from α2 lineage P* (exp. 1:1)

Triplet 298 232 0.004
Doublet 717 665 0.162
Singlet 923 977 0.215
Total Brassica genes 1,938 1,874 0.300
Total retained α 2,374 2,374 —

*Because the number of genes per retained α-pair is 1:1, we expect that the
ratio of gene retention posthexaploidy would also be 1:1 if genome domi-
nance were not heritable.

Table 2. Inheritance of mRNA levels per gene marking
subgenome from the α-paleotetraploidy through the
hexaploidy, as measured in B. rapa

Horse race
type LF* (Br)

α1 > α2
(At)

α2 > α1
(At) P by χ2 (exp. 1:1)

Any margin LF1 > LF2 290 126 9E-16
Any margin LF2 > LF1 150 270 45E-09
Any margin Total LF 440 396 0.13
P < 0.05 only† LF1 > LF2 131 22 1E-18
P < 0.05 only LF2 > LF1 30 118 5E-13
P < 0.05 only Total LF 161 140 0.23

Total retained α 2,374 2,374 —

At, Arabidopsis thaliana; Br, Brassica rapa.
*LF1 is the dominant B. rapa ortholog of Arabidopsis α1; LF2 is the dominant
B. rapa ortholog of Arabidopsis α2.
†The lower threshold of significance required to record these horse races.
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TE Targeting Is Correlated with Both the Nondominant Genome and
Gene Expression. Perhaps it is not so much the degree of 24-nt
RNA targeting but whether or not there is at least one smRNA
for the targeted transposon that matters. To test this idea, we
measured 24-bp smRNA coverage in the 500-bp upstream region
in both B. rapa (Table 4) and Arabidopsis (SI Appendix, Table
1B). This “one smRNA may be as useful as many” idea seems to
be correct. The MF subgenome is tagged by either of these
measures and, for most genes, about equally well. There does
seem to be an exaggeration of the margin of the MF win in those
few genes where, contrary to expectations, MF expresses more
than LF (Table 4, last 3 rows). However, the glaring result is that
both measures of 24-bp smRNA action, degree of targeting

(Table 3), and coverage (Table 4), tag genes located on the re-
cessive subgenome (MFs) with only modest regard for the rela-
tive expression of those genes.
The 24-bp RNAs are derived from the transposon sequence

(Fig. 2B); thus, perhaps transposon coverage in the 500-bp up-
stream region will also tag the recessive subgenome.
The average number of base pairs covered by TEs in the 500-

bp region upstream of the median B. rapa gene is 131 bp. Table 5
displays these TE coverage data for B. rapa doublets. TE (Table 5,
row 1) coverage indeed tags the recessive subgenome with a 19%
margin of win for the “no limit” horse races (horse races not
modified to require some significance to be a win). However,
that margin of win is fully dependent on differences in gene
expression. In those cases where expression win is the opposite of
expected (MF > LF for the doublet), the MF subgenome tag
disappears in the unmodified horse race (Table 5, row 5, no
limit) and is reversed to an LF tag when modified horse races
demand a more definitive win (Table 5, rows 6 and 7). Although
there appears to be an underlying genome dominance, overlaid is
a major sensitivity to gene expression that was not seen when
smRNAs (Tables 3 and 4) were evaluated as subgenome tags.
Because 24-nt smRNAs are associated with transposon sequence
does not mean that they target every transposon that affects gene
expression, as will be discussed.
TE coverage data for Arabidopsis (SI Appendix, Table 1C) are

consistent with these B. rapa data, but less dramatic.

Discussion
Genome dominance, as defined by both fractionation and mRNA
level differences in the tetraploid, once established, may be in-
herited and reinforced through subsequent polyploidies spanning
tens of millions of years (Fig. 1 and Tables 1 and 2). The second
paragraph of the Introduction defines genome dominance. We
show that the genome dominance relationships of an earlier poly-
ploidy (α) have a clear influence on the later Brassica hexaploidy.
There is a tendency for the genes on the dominant subgenome to
become even more dominant after the second paleopolyploidy,
but genome dominance is inherited over tens of millions of years.
We show that unique sequence 24-nt smRNAs targeting the

B. rapa genome have almost zero homologies when known TEs
are hard-masked (Fig. 2B) and that 24-nt RNAs are able to target
preferentially, in unique reads (exact definitions of our units are
provided in SI Appendix, section 1), regions flanking genes on the
recessive subgenome (Fig. 2B). They then use these data to pick
a 500-bp window upstream of the start of transcription to use in
our horse race experiments.
Because 24-nt smRNAs are amplified from transposons and

because smRNA coverage, presumably to transposons, tags the
gene on the recessive subgenome even when that gene is, unex-
pectedly, expressed more than its homeolog, perhaps transposon
coverage is the real driver of genome dominance. The TE cov-
erage data of Table 5 disprove this supposition. Transposon
coverage is able to pick the dominant and recessive subgenomes,
but when gene expression is unexpectedly reversed, transposon
coverage reverses as well. That is, TE coverage tracks gene ex-
pression, and thus gene dominance, to a greater degree than it

Fig. 2. Twenty-four–nucleotide smRNAs were enriched in TEs flanking LF B.
rapa genes. In the y axis, the number of unique, perfectly mapped 24-nt
RNAs was averaged in a 100-bp sliding window moving in 10-bp increments
through each flanking region of B. rapa genes. All genes have an Arabi-
dopsis ortholog. In the x axis, kilobytes from the start and end of tran-
scription are shown; the dashed line indicates excluded gene space. (A)
Overall targeting level distribution of 24-nt RNA molecules to flanking
sequences of the average B. rapa gene, with (green) and without (red)
known transposons being hard-masked. (B) Overall targeting level distri-
bution of 24-nt RNA molecules to flanking TE sequences outside of the gene
(everything but TEs masked) of B. rapa genes, with subgenome location of
these genes differentiated by LF (red) or MFs (blue, MF1 and MF2). Genes
from subgenome LF and MFs were calculated separately.

Table 3. Two-gene horse race experiment comparing the 500-bp upstream region of B. rapa doublet genes per
subgenome as a target for 24-nt RNA reads

24-nt smRNA reads No. of doublets P by χ2 of win* LF winner MF winner P by χ2 of 1:1 Margin of win, %

All doublets (gene pairs) 2,174 No limit 1,039 1,194 0.0004 MF 13
LF expressed > MF 1,198 No limit 567 648 0.02 MF 13
LF expressed > MF 608 <0.05 280 328 0.05 MF 15
LF expressed > MF 365 <0.001 175 190 0.4 No winner
MF expressed > LF 976 No limit 432 502 0.03 MF 14
MF expressed > LF 456 <0.05 196 260 0.003 MF 25
MF expressed > LF 267 <0.001 116 151 0.03 MF 23

*The lower threshold of significance for FPKM, smRNA, or TEs required to record these horse races.
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does genome dominance. We are now able to differentiate gene
dominance from genome dominance; thus, the complicated
definition of genome dominance presented in the Introduction
may now be retired. Based on the data in Tables 3 and 4, either
degree of uniquely mapping 24-nt smRNA targeting (Table 3) or
coverage (Table 4), within the 500-bp window upstream of B. rapa
doublets, unambiguously defines dominance for any subgenome.
Data suggest that this biased RNA silencing is maintained by both
the Pol V interactor DEFECTIVE INMERISTEM SILENCING
4 and the RNA-dependent RNA polymerase enzyme RNA-
DEPENDENT RNA POLYMERASE 2 (SI Appendix, Fig. 5),
both of which are involved in TE silencing via the RNA-directed
DNA methylation pathway (26, 27; reviewed in ref. 28).
One result absolutely differentiates genome dominance from

gene expression (or “gene dominance”). An unexpected result
occurred during our horse race experiments following 24-nt
RNA degree of targeting and coverage (Tables 3 and 4, last 2
rows of data for each). These data follow those special reversed
doublets where the MF gene is expressed to higher mRNA levels
in shoots than is the LF homeolog. These data are for the
modified horse races that follow the no limit horse race; modi-
fied races record a win only if the win is above a set threshold of
significance. The results of these modified horse races are re-
peatable, significant, and incompletely understood: (i) Understood
is that these data prove unequivocally that genome dominance is
apart from gene expression and that both measures of 24-nt RNA
track the recessive subgenome, and not low gene expression, and
(ii) not understood is how ever higher significance of the reversed
races (MF beats LF) correlates with more smRNA targeting and
more smRNA coverage. Perhaps transposons near genes are not
always down-regulators. When this situation exists, such genes may
be more resistant to the effects of genome dominance. This result
should spur continued research.
Almost all species contain mechanisms to silence TEs. TE

insertion precedes the smRNA mechanisms that silence TEs.
Because the two subgenomes of an allotetraploid originate from
two different genomes existing tens of millions of years ago, each
with what must have been different transposon populations,
bloom histories, distributions, and levels, we hypothesize that
a differential load of TEs in the parental lines is a sufficient
explanation for the origin of subgenome dominance. Hollister

et al. (22) provided strong evidence that TE silencing represents
a tradeoff between the primary selection to reduce transposon
expression and the consequent reduction in levels of gene ex-
pression for genes near transposons via a position effect whereby
the silencing of the transposon spreads to an adjacent gene’s
promoter. In the words of evolutionary biology, the tendency to
lower adjacent gene expression (the position effect) is a spandrel
of positive selection for TE control, which was stronger in the
A. thaliana lineage than in the A. lyrata lineage in the Gaut
laboratory studies (22). We hypothesize that when two genomes
come together in an allotetraploid, one genome has invariably
made compromises to a different level than the other based on
differences in transposon bloom-and-purge history and the de-
gree of selection against TE amplification. SI Appendix, section 2
theorizes a wide cross between very different genomes and fol-
lows it into the new polyploid population where new tradeoffs
are made, resulting in, we hypothesize, genome dominance. In
short, the parental genome with the greater TE content will tend
to have genes with higher transposon coverage in the upstream
positions and will become the recessive subgenome in the sta-
bilized allotetraploid. This model is taken step by step in SI
Appendix, section 2. It follows that an ancient autotetraploid
should not display genome dominance, and there is evidence for
this (12).
Once genome dominance is established during the initial in-

breeding generations following the polyploidy event itself, genes
on one subgenome tend to express less than genes on the other.
We predict that this essential inequality begins a cascade of
mutational differences based on nothing more profound than
“a less expressed gene is easier to mutate” or alter by recombi-
nation. A gene’s lineage might have begun by being on a recessive
subgenome but subsequently accumulates mutations that lower
expression further (e.g., various enhancer deletions, less efficient
splice joints, point mutations in the core promoter), including
continued accumulation of TE insertions and the mutations caused
upon TE excisions. It seems fortunate that we could even mea-
sure genome dominance as separate from gene expression.
Consider the initial wide hybrid as being between two lines of

the same species that exhibited a heterotic phenotype somehow
because of the many differences between alleles. The tetraploidy
makes permanent the “heterozygosity” (but perhaps not the

Table 4. Two-gene horse race experiment comparing the 500-bp upstream region of B. rapa doublet genes per
subgenome as a target for 24-nt RNA coverage (base pairs)

24-nt smRNA coverage, bp No. of doublets P by χ2 of win* LF winner MF winner P by χ2 of 1:1 Margin of win, %

All doublets (gene pairs) 2,238 No limit 1,035 1,203 0.0004 MF 14
LF expressed > MF 1,217 No limit 556 661 0.003 MF 16
LF expressed > MF 765 <0.05 355 410 0.05 MF 13
LF expressed > MF 563 <0.001 265 298 0.2 No winner
MF expressed > LF 937 No limit 437 500 0.04 MF 13
MF expressed > LF 560 <0.05 252 308 0.003 MF 18
MF expressed > LF 402 <0.001 180 222 0.04 MF 19

*The lower threshold of significance for FPKM, smRNA, or TEs required to record these horse races.

Table 5. Two-gene horse race experiment comparing the 500-bp upstream region of B. rapa doublet genes per
subgenome as a target for TE coverage

TE coverage, bp No. of doublets P by χ2 of win* LF winner MF winner P by χ2 of 1:1 Margin of win, %

All doublets (gene pairs) 2,813 No limit 1,257 1,556 2.00E-18 MF 19
LF expressed > MF 1,515 No limit 586 929 0 MF 37
LF expressed > MF 996 <0.05 350 646 7.00E-21 MF 46
LF expressed > MF 773 <0.001 267 506 8.00E-18 MF 47
MF expressed > LF 1,217 No limit 628 589 0.3 No winner
MF expressed > LF 777 <0.05 417 360 0.04 LF 16
MF expressed > LF 574 <0.001 311 263 0.05 LF 18

*The lower threshold of significance for FPKM, smRNA, or TEs required to record these horse races.
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heterosis). Might allelic diversity within breeding populations
further contribute to the initiation of genome dominance? Cer-
tainly, but we must keep in mind that genome dominance is
a characteristic, so far, of ancient polyploids rather than synthetic
polyploids, presumably because synthetic polyploids have not
had a chance to monitor their transposons and reestablish the
tradeoffs between gene expression and transposon silencing that
precede stability. Resolving different alleles, rather than just
genes on subgenomes, will be a challenge.
One explanation, and the only one we can now envision, for

the differences between smRNA coverage [that tags subgenomes
but is nearly insensitive to gene expression (Tables 3 and 4)] and
TE coverage [genome dominance exists but is obscured by large
sensitivity to gene expression (Table 5)] is that not all B. rapa
transposons are functionally identical. Some apparently affect
gene expression but are not silenced via the smRNA pathway.
Transposon families may not be equally represented in the 500-
bp windows, or the position relative to the TSS matters for po-
sition-effect down-regulation, or orientation with respect to the
direction of transcriptional regulators. Maize data indicate that
different transposons down-regulate nearby genes differently
(29). SI Appendix, Table 2 provides a summary of how various
transposon classes cover B. rapa genes differentially depending
on subgenome. Preliminary results are that MuDR and helitron
TEs may be more effective than average at predicting subgenome.
A premier conclusion from our results on the origin of ge-

nome dominance is that a TE cluster acts as variable resistor, or
rheostat ( ), of a typical eukaryotic gene, as diagrammed in
SI Appendix, Fig. 6; we put the rheostat in the approximate
position of our 500-bp window, just upstream of the core pro-
moter, but there may not be any exact position. Fig. 1 and its
explanation in the Introduction argue for the existence of a
quantitative cis-regulator capable of upward or downward quanti-

tative changes in mRNA levels that operate the same in all
organs and inductive conditions. The rheostat is this element.
For setting and adjusting balance between homeologs or

among networked genes, we see TE coverage as the balancing
mechanism supported by our data, as discussed. If two genes are
balanced by a ratio of, say, 2:1 of transposons in the rheostat
position of the gene, then the balance between these two genes
will be set no matter how much silencing takes place. The bal-
ance of gene products, per se, has been proved to be under se-
lection (30).
SI Appendix, section 3 describes how the gene balance mech-

anism supported here, using transposon bulk as ballast (to set
balances), suggests testable solutions to both heterosis and the
C-value paradox.

Methods
Detailed methods can be found in SI Appendix. Briefly, for all smRNA-seq
studies, reads were mapped using the Bowtie program (31). Only unique and
perfectly mapped reads were included; no mismatches were allowed. We
used the coverageBed script from BEDTools (32) to find smRNA and TE
coverage 500 bp upstream of the 5′ UTR for the genes in this study. For
mRNA-seq studies, mRNA reads were mapped using the qTeller method
described in http://qteller.com/arabidopsis/faq.php, with units in FPKM.
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