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Abstract
The importance of whole-genome multiplication (WGM) in plant evolution has long been recognized. In flowering plants,
WGM is both ubiquitous and in many lineages cyclical, each round followed by substantial gene loss (fractionation). This
process may be biased with respect to duplicated chromosomes, often with overexpression of genes in less fractionated
relative to more fractionated regions. This bias is hypothesized to arise through downregulation of gene expression
through silencing of local transposable elements (TEs). We assess differences in gene expression between duplicated
regions of the paleopolyploid cotton genome and demonstrate that the rate of fractionation is negatively correlated with
gene expression. We examine recent hypotheses regarding the source of fractionation bias and show that TE-mediated,
positional downregulation is absent in the modern cotton genome, seemingly excluding this phenomenon as the primary
driver of biased gene loss. Nevertheless, the paleo subgenomes of diploid cotton are still distinguishable with respect to TE
content, targeting of 24-nt-small interfering RNAs and GC content, despite approximately 60 My of evolution. We
propose that repeat content per se and differential recombination rates may drive biased fractionation following
WGM. These data highlight the likely importance of ancient genomic fractionation biases in shaping modern crop
genomes.
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Introduction

tend to have lower levels of gene expression, such that for
any given syntenic paralog pair, the gene with the highest
expression is likely to reside on the genomic segment that
has experienced less gene loss. Similarly, more recent polyploids also experience nonequivalence of gene expression between subgenomes, for example, cotton (Flagel et al. 2008;
Hovav et al. 2008), coffee (Bardil et al. 2011), and Tragopogon
(Buggs et al. 2010). These observations have led to the hypothesis that following WGM, differences in gene expression
between duplicated regions drive differential gene loss
(Freeling et al. 2012). This process is suggested to be accompanied by selection, where underexpressed genes contribute
less to fitness than do their overexpressed homoeologous
counterparts, and therefore are more likely to become dispensable (Freeling et al. 2012). The hypothesis is an attractive
one in that nascent or evolutionarily young polyploids often
exhibit biased homoeolog expression (Grover et al. 2012) suggesting that WGM, especially in allopolyploids (Garsmeur
et al. 2013), may establish the initial conditions that set in
motion biases in gene expression and potentially gene loss.
Importantly, earlier work (Hollister et al. 2011) demonstrated that in Arabidopsis lyrata and A. thaliana, there is a
negative correlation between small interfering RNA (siRNA)mediated methylation of TEs and expression of local genes.
These observations led Woodhouse et al. propose a mechanistic underpinning for differences in gene expression between duplicate subgenomes; Brassica homoeologous
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Whole-genome multiplication (WGM or polyploidy) is ubiquitous and cyclical in flowering plants and is thought to have
played important roles in angiosperm diversification and the
success of crop plants (Paterson et al. 2000, 2004; Bowers et al.
2003; Blanc and Wolfe 2004; Leitch et al. 2008; Soltis et al.
2009; Jiao et al. 2011, 2012; Renny-Byfield et al. 2014). The
realization that all flowering plants are paleopolyploid indicates that, over time, a process of diploidization operates to
return polyploids to a diploid-like condition (Wolfe 2001;
Clarkson et al. 2005; Mandakova et al. 2010; Renny-Byfield
et al. 2013), a transition that involves the large-scale loss of
duplicate genes (Langham et al. 2004; Woodhouse et al. 2010,
2014; Schnable et al. 2011; Tang et al. 2012; Garsmeur et al.
2013). This process may lead to differential loss of duplicated
genes from homoeologous genomic regions, a phenomenon
termed biased fractionation (Langham et al. 2004; Thomas
et al. 2006). This can have long-lasting ramifications and
recent work has demonstrated that the biases in gene loss
following the ancient WGM event shared by Arabidopsis and
Brassica were propagated through a further WGM in the
Brassica lineage (Woodhouse et al. 2014). Thus, Woodhouse
et al. showed that biases in gene loss were heritable through
multiple rounds of WGM.
Recent analyses in maize (Schnable et al. 2011) and
Brassica (Cheng et al. 2012; Woodhouse et al. 2014) indicate
that homoeologous regions experiencing greater gene loss
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regions experiencing greater gene loss were enriched for mapping of 24-nt siRNAs to transposable elements (TEs) surrounding resident genes, and these genes typically had
lower expression compared with their homoeologous counterparts, providing a corollary for the earlier observations of
Hollister et al. Given that at the time of WGM subgenomes
may contain variable TE content (e.g., as in allopolyploidy)
Woodhouse et al (2014) suggested that differential positionaleffect, downregulation by local TEs may be variable between
the two coresident subgenomes and that this may drive
differences in gene expression between duplicate regions, potentially providing an explanation for biased fractionation.
The recent release of a cotton reference genome (Paterson
et al. 2012) provided clear evidence of an ancient WGM in
diploid cotton (Gossypium raimondii). Importantly, this
WGM is unusual in comparison to other ancient WGM in
that many duplicated regions appear to exist in five or six
copies, all of similar ages (~60 Ma). This led Paterson et al.
(2012) to suggest that the cotton WGM represented either a
single 5- to 6-fold ploidy increase or multiple temporally
closely adjacent events.
Here we examine fractionation, utilizing the ancient WGM
in the cotton lineage, extend the temporal window for studying biased fractionation, and demonstrate that the genomic
footprints of the process persist despite 60 My of evolution.
We assess differences in gene expression between duplicated
regions and demonstrate that the rate of fractionation is
negatively correlated with gene expression. We examine
recent hypotheses regarding the source of fractionation bias
and show that TE-mediated, positional downregulation is
absent in the modern cotton genome, seemingly excluding
this phenomenon as the primary driver of fractionation bias.
We present evidence of other genomic features that distinguish the most fractionated (MF) and least fractionated (LF)
components of the genome and suggest how these characteristics might drive differential gene loss. Our observations
indicate that the impact of biased fractionation extends well
beyond the time-scale over which it was originally identified,
10 Ma in maize (Schnable et al. 2009, 2011) and 20 Ma in
Brassica (Wang et al. 2011; Cheng et al. 2012; Tang et al. 2012).

Results
Chromosome Reconstruction, Biased Fractionation,
and Gene Expression
Using the SynMap tool of CoGe (https://genomevolution.org/
CoGe, last accessed July 7, 2014), we identified blocks of genes
in synteny between G. raimondii (diploid cotton) and its relative Theobroma cacao (cacao; SynMap output in supplementary file S1, Supplementary Material online).
Importantly, comparative genome sequence data indicate
that relative to cacao, the lineage that gave rise to modern
diploid cotton experienced a 5- to 6-fold ploidy increase
approximately 60 Ma (Paterson et al. 2012). Accordingly, we
identified duplicate regions in the cotton genome resulting
from the cotton-specific WGM (supplementary figs. S1 and
S2, Supplementary Material online). The relative antiquity of
WGM in cotton, however, makes identification of duplicate
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regions challenging compared with efforts in paleopolyploids
where WGM, although still ancient, has occurred much more
recently. Indeed, the genome of cotton is substantially
rearranged relative to cacao (supplementary figs. S1 and S2,
Supplementary Material online), and in some regions five or
six duplicate segments per haploid cacao genome are evident
in cotton. It was not possible to reconstruct all sets of chromosomes, as has been possible in maize (Schnable et al. 2011)
and Brassica (Tang et al. 2012). We were, however, able to
reconstruct a subset of the chromosomes, in the same
manner as in Schnable et al. (2011); we restricted further
analyses to those genes and genomic regions covered by
the whole chromosome reconstructions (highlighted green
in supplementary fig. S1, Supplementary Material online).
In total, we were able to reconstruct at least two ancestral
cotton chromosomes for six of the ten preduplicated cacao
chromosomes (Chromosomes 2, 6, 7, 8, 9, 10; table 1), allowing for comparisons of gene loss between homoeologous
regions in the cotton genome (table 1 and supplementary
fig. S1, Supplementary Material online). As the duplicated
regions of the cotton genome originate from either a single
event, or several temporally closely spaced events, the null
expectation is that each duplicate chromosome should have
the same (or almost the same) number of genes following
duplication. We estimated gene loss by comparing the
number of genes in each cotton reconstruction that share
syntenic orthologs in the chocolate genome. Thus, our
calculations are similar to those performed previously
(Schnable et al. 2011), do not rely on aggregate gene content,
and exclude gene insertions following the ancient WGM.
The hypothesis of gene retention equivalence among
homoeologs was evaluated using Pearson’s chi-square test
(table 1). Importantly, all tests indicate statistically significant deviation from random (equivalent) gene loss, providing strong evidence for biased gene fractionation between
duplicate regions in the cotton genome. Thus, we are able to
detect the signatures of chromosome-wide-biased fractionation following WGM on time-scales of approximately
60 Ma, far in excess of those previously reported in
Brassica (Cheng et al. 2012; Tang et al. 2012; Woodhouse
et al. 2014) and maize (Schnable et al. 2011).

Fractionation and Expression of Duplicate Genes
We binned chromosome reconstructions such that, for each
preduplicated ancestral chromosome, the least fractionated
of the postduplicated (cotton) reconstructions was designated LF and all others were grouped together and designated
as MF. These classifications were used to group retained paralogous as belonging to LF or MF fractions of the genome. We
then examined gene expression levels in three tissues and
compared expression of syntenic paralogs residing in LF and
MF fractions. In this case we took the most conservative approach and discarded any genes that lacked a suitable paralog
for comparison, or genes that did not have a corresponding
syntenic ortholog in the chocolate genome. Despite such a
restrictive set of comparisons, this analysis revealed that genes
on LF chromosomes are generally more highly expressed than
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Table 1. Biased Fractionation in Cotton Following an Ancient (60 Ma) WGD.
Theobroma Cacao
Chromosome
2
6

7
8
9

10

Gossypium raimondii
Chromosome
5
8
6
9
10
2
13
5
9
4
9
13
9
11

Observed Number
of Genes
929
642
147
580
227
420
225
236
608
343
981
400
397
170

Predicted Number of
Genes (equivalent loss)
785.5
785.5
334
334
334
325.5
325.5
422
422
575
575
575
283.5
283.5

v2

P Value

52.43

4.5  1013

333.86

<1  1015

58.95

1.6  1014

163.96

<1  1015

433.79

<1  1015

90.88

<1  1015

NOTE.—A chi-square test was used to investigate nonequivalent gene loss in duplicated regions of the cotton genome. Reconstructed regions (chromosomes) are described by their position in Theobroma cacao and the corresponding region of the cotton genome (circled green in supplementary fig.
S1, Supplementary Material online). We estimated the number of genes in each cotton region with syntenic orthologs in chocolate (observed number
of genes), and compared these with the predicted number of genes based on equivalence of gene loss between duplicate regions within the cotton
genome (as in Tang et al. 2012). All comparisons differ significantly from equivalent loss.

FIG. 1. Gene expression in LF and MF fractions of the genome. Syntenic paralogs were binned according to residency on LF or MF chromosome
reconstructions, and compared for gene expression levels in three tissues, petal, leaf, and seed. Three biological replicates were used in each tissue
comparison. (A) The number of genes more highly expressed in each category is given; significance deviation from an equal number of genes being more
highly expressed in each category was examined using a cumulative binomial distribution with the odds of an LF gene being more highly expressed at
0.5. (B) Density plots comparing gene expression values for syntenic paralogs on LF and MF fragments of the genome. The white line in each plot
indicates a 1:1 relationship and equal expression of syntenic paralogs.

those on MF (fig. 1); of the 1,064 paralogous gene pairs compared, LF genes were more highly expressed in 559–589 cases,
depending on the tissue. To test for statistically significant
deviation from a random number of upregulated genes in
each group (LF or MF), we used a cumulative binomial distribution with the probability of LF being more highly expressed at 0.5. This result was statistically significant for
expression data for both leaf and seed tissue, but not for
petals (fig. 1). To examine the robustness of the bias, we restricted our analysis to those syntenic paralogs that varied in
expression by greater than 2-fold (supplementary fig. S3A,
Supplementary Material online). In this case, the bias was

greater and statistically significant in all tissues examined.
Furthermore, bias remained evident even when considering
only syntenic paralogs exhibiting statistically significant differential gene expression and fold-change greater than 2, confirming previous results (supplementary fig. S3B,
Supplementary Material online). Thus, the data indicate
that genes on LF chromosomes are typically expressed at
higher levels than their MF counterparts.

Local TE Density
Using TE annotations from the cotton reference genome
(Paterson et al. 2012), we identified TEs near each gene and
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excessive numbers of target siRNAs, we capped the number
of mapped reads at a given locus to 10 (fig. 3B), thus eliminating the impact of such outliers. This new analysis rendered
LF and MF fragments even more readily distinguishable than
with no capping of read numbers.

TE Proximity and Gene Expression

FIG. 2. TE density flanking genes in LF and MF fractions of the genome.
Annotations from the cotton reference genome were used to identify
TEs, and the proportion of base pairs annotated as TE-derived was
calculated over sliding windows of 5,000 bp (10-bp increments), either
side of transcription start/stop sites. Mean density for LF and MF genes
is displayed separately. The dashed line indicates the start/stop site and
the intervening genic region is excluded from the plot.

used sliding windows to calculate the average TE density in
regions surrounding genes (fig. 2). Unsurprisingly, TE density is
low close to transcription start/stop sites and increases further from genes. Importantly, a comparison of the local TE
density for genes on LF and MF chromosomes revealed that
TE density is higher in MF chromosomes (Wilcoxon’s paired
sum rank test, V = 502,503, P  0.0001; fig. 2). In addition,
genes residing on MF chromosomes generally have more internal TE insertions (supplementary fig. S4, Supplementary
Material online) than do genes on LF fragments. Using the
same sliding windows, we observed that GC content in both
LF and MF fractions steadily decreases toward transcription
start/stop sites and gradually increases following transcription
start/stop sites (supplementary fig. S5, Supplementary
Material online) and the GC content of LF chromosomes is
significantly higher than that of MF 5,000 bp either side of
genes models (Wilcoxon’s paired sum rank test, V = 0,
P  0.0001).

All 37,000 cotton gene models were binned according the
distance to the nearest TE, taking into account both upand downstream insertions. Using RNA sequencing (RNAseq) data from petal, leaf, and seed of diploid cotton
(Renny-Byfield et al. 2014), we examined the relationship
between TE proximity and gene expression. Importantly, expression was relatively uniform across all bins and across all
tissues (fig. 4A). However, correlation analysis revealed a statistically significant negative correlation between TE proximity and expression (Pearson’s correlation coefficient = 0.03,
df = 111,667, t = 10.166, P  0.001). Although statistically
significant, the effect is minimal and in the opposite direction
of expectation and indicates that TE proximity is likely to have
only a small impact on levels of local gene expression.
Furthermore, linear modeling revealed an R2 value of less
than 0.001, indicating that TE proximity explains only a very
small fraction of variation in gene expression. We broadened
our analysis to consider local TE density, rather than the
nearest TE insertion (supplementary fig. S6, Supplementary
Material online). Interestingly, in this case, local TE density
seems to be more strongly negatively correlated with expression of nearby genes (Pearson’s correlation coefficient = 0.125, df = 116,637, t = 42.003, P  0.001,
R2 < 0.001); nevertheless, and similarly to TE proximity, only
a very weak correlation was observed.
We separately binned genes into two pools based on the
presence or absence of local siRNA-targeted TEs and compared the impact of TE proximity on gene expression in the
two groups (fig. 4B). Analyses using linear modeling and analysis of variance (ANOVA) indicate that presence of siRNAs
has little impact on the expression of nearby genes (supplementary table S1, Supplementary Material online).

Enrichment of Mapped siRNAs on MF Chromosomes

Discussion

The higher density of TEs surrounding MF genes prompted us
to ask whether those same regions upstream and downstream of genes on MF chromosomes are enriched for TEderived, 24-nt siRNAs. We mapped 24-nt siRNAs from leaves
of G. raimondii to the cotton reference genome, averaging the
number of uniquely mapped reads along sliding windows
near genes of interest. Surrounding regions of MF genes
have higher proportions of TE-derived siRNAs (Wilcoxon’s
paired sum rank test, V = 327,477, P  0.0001; fig. 3). In addition to enrichment of siRNAs, the MF fraction of the genome
also exhibits a sharp increase in siRNAs mapping approximately 200 bp upstream and approximately 800 bp downstream of the transcription start/stop site, a pattern absent
in the LF fraction of the genome (enlarged in fig. 3A). To
examine whether preferential targeting is a general characteristic of MF genes, rather than the result of a few outliers with

The extensive occurrence of episodically recurrent WGM in
the history of flowering plants has only recently become evident (Paterson et al. 2000, 2004; Bowers et al. 2003; Blanc and
Wolfe 2004; Leitch et al. 2008; Soltis et al. 2009; Jiao et al. 2011,
2012; Renny-Byfield et al. 2014). This legacy of genome multiplicity is exemplified by the genome of modern cotton,
which in addition to experiencing more ancient WGM
events, underwent a 5- to 6-fold ploidy increase near the
start of the Tertiary, well after its divergence from cacao
(Paterson et al. 2012). A universal attribute of WGM is the
loss of duplicated genes (Langham et al. 2004), with many
returning to single copy status through deletional processes,
be they biased or unbiased with respect to homoeologous
chromosomes. Examples of the former are phylogenetically
widespread among angiosperms, as documented in recent
analyses of maize, Brassica, Arabidopsis, and poplar
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FIG. 3. Enrichment of 24-nt siRNAs mapped to TEs that flank MF genes. (A) All genes in LF and MF categories were assessed for uniquely mapped
siRNAs, allowing no mismatches, 5,000 bp either side of transcription start/stop sites. In order to limit mapping of TE-derived siRNA, non-TE-derived
genomic sequences were masked. The vertical dashed line indicates the start/stop site and the intervening genic region is excluded from the plot. The
panel in the top left is a zoomed-in section of 1,250 to 1,250 bp showing a spike in 24-nt-siRNA abundance immediately up- and downstream of
genes. (B) The same as in (A) except with the number of reads mapped to a given site capped at 10 in order to diminish the influence of a few highly
targeted regions (i.e., outliers).

FIG. 4. TE proximity, siRNAs, and gene expression. (A) Boxplot of a
transcriptomic analysis of 37,200 cotton genes examined for expression
level and binned according the proximity to the nearest TE. Gene expression levels are given for each of three tissues. Boxes indicate 95%
confidence intervals for median gene expression (solid black lines),
mean expression is indicated by solid diamonds, and outliers are indicated with solid circles. (B) Expression of genes grouped into those with
local siRNA producing TEs (siRNA+) and genes lacking local siRNAinducing TEs (siRNA). Linear modeling and ANOVA revealed that
the presence or absence of siRNAs mapping to nearby TEs had no
statistically significant effect on gene expression (supplementary table
S1, Supplementary Material online).

(Salina et al. 2004; Woodhouse et al. 2010; Schnable et al. 2011;
Sankoff and Zheng 2012; Tang et al. 2012; Garsmeur et al.
2013).
By reconstructing ancestral chromosomes of cotton, often
in multiple copies, we demonstrate that this fractionation
process has acted differentially on what initially were homoeologous chromosomes. Furthermore, this bias has occurred
at the whole-chromosome level, and is evident in every chromosomal comparison we performed (P < 0.0001; table 1).
Despite the antiquity of the genome multiplication in the
cotton lineage, and the extensive genome rearrangement
that has occurred between the genomes of modern cotton
and cacao, we show here that fractionation in the cotton
lineage remains evident after approximately 60 My of evolution (supplementary figs. S1 and S2, Supplementary Material
online; table 1). This result extends our understanding of the
scale, scope, and temporal depth of the diploidization processes and reveals the signatures of biased fractionation are
evident far beyond the time-frame reported for other genomes; around 20 Ma in Brassica (Tang et al. 2012), 10 Ma
post-WGM in maize (Schnable et al. 2011), and a few million
years in Arabidopsis (Thomas et al. 2006). Considering that
most paleopolyploid genomes appear chromosomally and
functionally diploid it is noteworthy that such signatures, as
well as differentiation of genomic content, remain evident
after approximately 60 Ma. By extension, we deduce that
the process of biased fractionation has a long-lasting legacy,
raising a myriad questions regarding the functional and adaptive implications of biased fractionation over vast evolutionary timescales.
One of the primary correlates of biased fractionation in
plants is differential expression of the duplicated genes that
are retained on homoeologous segments. In maize and
Brassica, biased fractionation is associated with
overexpression of genes on the homoeologs experiencing
less gene loss (Schnable et al. 2011; Tang et al. 2012;
Woodhouse et al. 2014). We report similar results here, that
is, that genes on LF chromosomes generally are more highly
1067
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expressed than their counterparts on MF chromosomes (fig. 1
and supplementary fig. S3, Supplementary Material online),
demonstrating the same correlation between fractionation
and gene expression in the cotton lineage as in other
recent examples from plants. Remarkably, this quantitative
difference in homoeolog expression levels remains detectable
despite many tens of millions of years of evolution since
WGM (fig. 1). It warrants mention here that although we
can detect lower levels of expression in MF genes relative to
LF, we have only a small sample of tissues from which to draw
inference. Therefore, it remains possible that expression patterns (i.e., high levels of expression) in other tissue or time
points may drive gene maintenance in both LF and MF
fractions.
The correlation between biased fractionation and gene
expression has led to a novel hypothesis regarding causation,
that is, that selection has favored retention of the homoeolog
with higher expression (Schnable et al. 2011). Under this hypothesis, conditions established at the time of genome
merger (hybridization) and doubling (polyploidization), or
those derived following autopolyploidization, generate widespread differences among homoeolog expression levels. These
differences are commonly observed in cotton diploid hybrids
and neoallopolyploids (Adams et al. 2003, 2004; Hovav et al.
2008; Yoo et al. 2013), showing that initial conditions may be
sufficient to set in motion subsequent selective forces operating on gene expression. Moreover, in modern allopolyploid
cotton, which traces to a hybridization event 1–2 Ma
(Wendel and Cronn 2003), gene expression levels among
linked genes on homoeologous segments may be correlated
(Flagel et al. 2009). Collectively, these data indicate that
homoeolog expression level differences may be established
on temporal scales ranging from immediate, accompanying
genome merger, to evolutionary timescales encompassing
millions of years.
The question arises as to the proximate driver of expression level differences between MF and LF regions. An important insight in this respect stems from the work of
Woodhouse et al. (2014), who noted that in Brassica, regions
experiencing greater gene loss were enriched for mapping of
24-nt siRNAs to TEs near genes. This observation, in conjunction with the earlier demonstration (Hollister et al. 2011) that
gene expression may be downregulated by positional effects
associated with TEs, led to the suggestion that positionaleffect downregulation drives differences in gene expression
between duplicate regions, thus providing a potential explanation for biased fractionation.
Here we also show that 24-nt siRNAs are enriched in MF
compared with LF regions (fig. 3), extending the scope of this
phenomenon to other taxa. Thus, one might expect that
genes residing near TEs are generally expressed at lower
levels, particularly when close to TEs subject to siRNA silencing. Our data, however, show only a weak relationship between TE proximity and gene expression in cotton (fig. 4A).
Furthermore, there is a slight negative correlation between
gene expression and TE proximity, a trend that is opposite to
expectations. Importantly, we observe a significant and better
correlation between local TE density and gene expression
1068
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(supplementary fig. S7, Supplementary Material online).
This observation may reflect the contrasting genomic environments of heterochromatin (high TE prevalence and low
gene expression) and euchromatin (low TE prevalence and
high gene expression). Nevertheless, the presence of local TEs
that are targeted by siRNA pathways has no apparent impact
on local gene expression levels (fig. 4B). Yet, the correlation
remains between homoeolog expression levels and fractionation bias (fig. 1 and table 1, respectively). Thus, siRNAmediated, positional downregulation may not be the primary
driver of biased gene loss, at least in cotton.
The foregoing observations raise the question as to
whether homoeolog expression level differences are a consequence, rather than a driver, of biased fractionation. Others
have previously predicted that differential TE load between
subgenomes might be a determinant of LF and MF; that is, the
subgenome with the lowest TE density would be less fractionated and overexpressed (Woodhouse et al. 2014). Our
data generally support this notion, in that several genomic
characteristics differentiate LF and MF genome fractions:
Local TE density is higher in MF than LF chromosomes
(fig. 2), whereas GC content is lower (supplementary fig. S5,
Supplementary Material online).
Although our data do not support the notion that siRNA
TE-mediated downregulation of genes is currently a driver of
biased gene loss, it remains a possibility that such processes
may be of crucial importance during the first flush following
ancient WGM. Several processes, however, may obscure earlier patterns of siRNA-mediated silencing, including: 1)
Inactivation of TEs such that siRNA-mediated silencing is
no longer required (and thus is absent in the modern
cotton genome); 2) the inability to identify divergent TEs,
thus affecting our ability to associate TE presence with
downregulation of genes; and 3) apparent TE content
among homoeologous regions may be due to invasion of
TE sequences postpaleopolyploidy, and are not reflective of
conditions at the time of WGM. The latter process has almost
certainly occurred, as previous work has implicated bursts of
TE activity 0.5–2 Ma (Hu et al. 2010; Paterson et al. 2012), tens
of millions of years after WGM. Such recent bursts of transposition may obscure signals of more ancient processes, such
that it might be difficult to identify ancient patterns of
TE-mediated downregulation of gene expression based on
contemporary analysis of TEs and siRNAs.
With these caveats in mind, our observations, coupled
with data showing that TE proximity appears to be decoupled
with expression levels (fig. 4), we suggest the possibility that
some other genomic feature associated with increased TE
density content between subgenomes might drive differentiation in rates of gene loss following WGM.
In the present context, irrespective of the deletional mechanism, we forward the hypothesis that elevated TE density
may have triggered a greater fixation of gene losses in MF
chromosomes through indirect effects on recombination
rate. In the case of allopolyploidy the subgenomes of a polyploid derive from independent species which at the time of
unification may have quite distinct TE content (e.g., modern
allopolyploids of cotton [Wendel et al. 2009] and Nicotiana
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[Leitch et al. 2008]). Indeed, Garsmeur et al. (2013) suggested
that biases in gene loss could be instigated by allopolyploidy,
but that ancient WGMs where biased gene loss is absent are
more likely to be derived from autopolyploidy. Furthermore,
recombination rate has been shown to be negatively correlated with TE prevalence (Rizzon et al. 2002; Fontanillas et al.
2007) and GC content can be positively correlated with recombination rate (Birdsell 2002). Therefore, higher TE density
and lower GC content in MF hint at a history of reduced
recombination relative to LF, perhaps due to variable TE load
and/or GC content at the time of unification. If true, this has
important implications; selection is weaker in regions of low
recombination (Hill and Robertson 1966), leading to the possibility that mildly deleterious gene deletions in LF fragments,
where selection can operate strongly, are less likely to be fixed
compared with similar deletions in MF fractions, where selection is weaker. Moreover, at the time of WGM, effective population size is likely to be very small, in which case, in the
absence of effective selection on MF fragments, deletions
could be fixed through drift. Although speculative, it seems
to us possible that TE load (or perhaps some other determinant of recombination rate) may be a proximate evolutionary
force responsible for the genesis of LF and MF genomic
compartments.

Materials and Methods
Biased Fractionation
We examined gene fractionation following the cotton-specific
WGM using the reference genome sequences for G. raimondii
(Patersonet al.2012)anditscloserelative,T.cacao(Argoutetal.
2011). The SynMap function of the online tool CoGe (https://
genomevolution.org/CoGe, last accessed July 7, 2014) was used
to identify blocks of syntenic orthologs using BLASTN, relative
gene order, and the following parameters: -D 50, -A 10, the
Quota Align function to merge syntenic blocks, -Dm 80, and
a ratio of syntenic depth of 6:1 (G. raimondii:T. cacao).
We further reconstructed ancestral chromosomes (fig. 1),
according to the logic of Schnable et al. (2011). Briefly,
rearrangements on the same chromosome are presumed to
be more frequent than exchanges between different chromosomes. Thus, segments of the cotton genome that reside on
the same chromosome and are orthologous to the same
chromosome of the cacao genome are assumed to originate
from an ancestral chromosome in the common ancestor of
the two species. Furthermore, under the assumption that
gene loss and chromosomal rearrangements are more likely
after than before a WGM event (Kasahara et al. 2007), we
took gene content and gene order in the outgroup T. cacao to
be representative of the ancestral model of the preduplicated
cotton genome, as has been done previously (Schnable et al.
2011). We selected those reconstructions for which we had
the greatest confidence of a full-length reconstruction, provided there was a homoeologous reconstruction of comparable quality with which to compare. We subsequently
limited our analyses of fractionation to these selected regions
(highlighted green in supplementary fig. S1, Supplementary
Material online). Assuming that the number of genes on

duplicated chromosomes is initially equal following duplication, we assessed differences in the numbers of remaining
genes. Importantly, we only included genes with appropriate
syntenic orthologs in the chocolate genome, and thus our
analysis does not include genes that have inserted following
the cotton WGM. We subsequently binned chromosome
reconstructions such that, for each ancestral chromosome,
the least fractionated homoeolog was designated as LF and all
other reconstructions were designated as MF and used a
Pearson’s chi-square test to investigate biased fractionation
between reconstructed cotton chromosomes as in Tang et al.
(2012).

Gene Expression in LF and MF
We determined the overlap in gene content between reconstructions and compared the relative expression of syntenic
paralogs on LF and MF fractions. In detail, we restricted our
expression analysis to those genes with paralogs on both MF
and LF fractions. We further restricted those genes under
consideration by using only syntenic paralog pairs that had
a corresponding syntenic ortholog in the unduplicated (relative to cotton) chocolate genome. We used gene expression
data from petal, leaf, and seed, previously published in RennyByfield et al. (2014). Briefly, RNA-seq reads were filtered for
quality using the program sickle (https://github.com/najoshi/
sickle, last accessed July 7, 2014), and mapped to the cotton
reference genome (Paterson et al. 2012) using GSNAP (http://
research-pub.gene.com/gmap/, last accessed July 7, 2014).
Mapped reads were sorted and indexed using SAMtools
(http://samtools.sourceforge.net, last accessed July 7, 2014)
and coverage of each gene annotation was calculated using
custom perl scripts and normalized using reads per kilobase
per million. We compared paralogs on LF and MF reconstructions using methods similar to Schnable et al. (2011) and
Woodhouse et al. (2014), where for each comparable paralog
pair the gene with the highest expression was declared the
winner. In cases where there were three reconstructions
(table 1) we compared expression of LF genes with their
syntenic paralogs on either, or both of the MF homoeologs,
depending on whether a syntenic paralog was present on
each MF reconstruction. We tested for differential gene expression of syntenic paralogs using a student’s t-test, correcting P values for a false discovery rate of 0.01 using the method
of Benjamini and Hochberg (1995). Using a cumulative binomial distribution function we assessed the chances of observing the number of wins in LF, given a random chance of LF
being more highly expressed for each gene (i.e., the probability
of LF being more highly expressed for a given comparison
is 0.5).

Mapping of siRNAs
Small RNA libraries, previously published in Gong et al. (2013)
and produced from seedling leaves of G. raimondii, were
analyzed (deposited in NCBI SRA database SRP017133).
From this data set we extracted 24-nt siRNAs and mapped
these to the cotton reference genome using bowtie 0.12.7
(Langmead et al. 2009). In order to determine the precise
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TE from which a given siRNA derived, we restricted mapping
to those reads to those with perfect and unique alignments.
All 24-nt siRNAs were mapped to TEs with all non-TE-derived
nucleotides masked. For each gene, sliding windows of 100 bp
in size (moving by increments of 10) were used to characterize
the siRNA distribution 5,000 bp up- and downstream of the
transcription start/stop sites. Coverage of siRNAs was characterized by counting the number of mapped reads inside each
window.

Local TE Density and GC Content
For each gene, we assessed the local GC content 5,000 bp
either side of the transcription start/stop site in sliding windows of 100 bp, moving by increments of 10, using BEDtools
(http://bedtools.readthedocs.org/en/latest/, last accessed July
7, 2014). We then grouped genes according to their status
with respect to MF and LF and separately plotted average GC
content over each window. We examined whether mean GC
content in LF and MF groups was different using a Wilcoxon’s
sum rank test. Similarly, for each protein gene, the TE density
(the proportion of TE-derived base pair) within each sliding
window was estimated using BEDtools. We examined differences in TE density between LF and MF groups using
Wilcoxon’s sum rank test.

TE Density, Proximity, and Gene Expression
Repetitive DNA annotations from Paterson et al. (2012) were
used to identify TEs. Using the “closest” functionality of
BEDtools we ascertained the nearest TE to each gene, allowing
for TEs inside gene models. Using the same expression data as
above, each of the global set of approximately 37,200 gene
annotations was assessed for expression level using three biological replicates. Genes were subsequently binned according to distance to nearest TE and expression was compared
between bins using boxplots. The statistical relationship between TE proximity and the log of expression was examined
using Pearson’s correlation coefficient and linear modeling. All
statistical analyses were performed in the statistical package R.

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