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ABSTRACT

Gene loss following whole genome duplication (WGD) is often biased, with one subgenome retaining more

ancestral genes and the other sustaining more gene deletions. While bias toward the greater expression of

gene copies on one subgenome can explain bias in gene loss, this raises the question to what drives

differences in gene expression levels between subgenomes. Differences in chromatin modifications and

epigenetic markers between subgenomes in several model species are now being identified, providing

an explanation for bias in gene expression between subgenomes.WGDs can be classified into duplications

with higher, biased gene loss and bias in gene expression between subgenomes versus those with lower,

unbiased rates of gene loss and an absence of detectable bias between subgenomes; however, the origi-

nally proposed link between these two classes and whether WGD results from an allo- or autopolyploid

event is inconsistent with recent data from the allopolyploid Capsella bursa-pastoris. The gene balance

hypothesis can explain bias in the functional categories of genes retained following WGD, the difference

in gene loss rates between unbiased and biased WGDs, and how plant genomes have avoided being

overrun with genes encoding dose-sensitive subunits of multiprotein complexes. Comparisons of gene

expression patterns between retained transcription factor pairs in maize suggest the high degree of

retention for WGD-derived pairs of transcription factors may instead be explained by the older

duplication-degeneration-complementation model.
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INTRODUCTION

It has long been known that polyploidy is common among

extant plant species, with estimates of the proportion of poly-

ploid flowering ranging from 30% (Grant, 1963) to 80%

(Masterson, 1994). Polyploids can be divided into two classes:

autopolyploids, which carry more than two copies of the

genome of a single species, and allopolyploids, which carry

multiple copies of genomes from two or more distinct species.

Over evolutionary time scales, the subgenomes of a polyploid

can be rearranged through inversions, translocations, and

chromosome fusions, masking the initial cytological marks of

polyploidy. However, to date, large blocks of retained

homeologous genes with conserved gene order (synteny) have

been detected in almost every plant genome assembled to

the pseudomolecule level, an indication of multiple rounds

of whole genome duplication (WGD) resulting from polyploidy.

Ancient polyploidy appears to be ubiquitous in the

evolutionary history of flowering plants, with many lineages

experiencing numerous reduplications (as reviewed by Wendel

et al. [2016]) (Figure 1).
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Genome doubling in polyploids can produce functionally distinct

subgenomes. In some ancient polyploids, duplicate genes are

lost preferentially fromone copy of duplicated genomic segments

(biased fractionation) (Thomas et al., 2006; Woodhouse et al.,

2010; Cheng et al., 2012; Renny-Byfield et al., 2015). In the

same ancient polyploids, expression tends to be biased

between retained gene pairs (homeologs), with gene copies in

regions where gene loss is less common tending to show

greater mRNA abundance than the homeologs of those same

genes in the corresponding genomic regions where gene loss is

more common (Schnable et al., 2011b; Cheng et al., 2012;

Garsmeur et al., 2013; Renny-Byfield et al., 2015). This pattern

is referred to as genome dominance. While genome

dominance, combined with the gene balance hypothesis, may

explain biased fractionation (Figure 2), the origin of genome

dominance, along with why some ancient polyploids fail to
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Figure 1. Placement andBiasWGDsClassi-
fication of Whole Genome Multiplications
(Including Duplications, Triplications, and
Complex or Unresolved Events) in the
Flower Plant Lineage.
Subscript numerals next to each WGD on the

phylogenetic tree indicate citations supporting

the existence of that particular event. (1) Jiao et al.

(2011); (2) Tang et al. (2010); (3) Schnable et al.

(2011b); (4) Ibarra-Laclette et al. (2013);

(5) Paterson et al. (2004); (6) Ming et al. (2015);

(7) Garsmeur et al. (2013); (8) D’hont et al. (2012);

(9) Bowers et al. (2003); (10) Lightfoot et al. (2017);

(11) Zhang et al. (2017a); (12) Olsen et al. (2016);

(13) Reyes-Chin-Wo et al. (2017); (14) Iorizzo et al.

(2016); (15) Tomato Genome Consortium (2012);

(16) Velasco et al. (2010); (17) Doyle and Egan

(2010); (18) Cannon et al. (2010); (19) Tuskan et al.

(2006); (20) Wang et al. (2012); (21) Li et al. (2015);

(22) Moghe et al. (2014); (23) Tiley et al. (2016);

(24) Myburg et al. (2014); (25) Wang et al. (2014);

(26) Lan et al. (2017).

Definition Box

Homeology: a special case of paralogy describing the

relationship between genes or genomic regions that diverged in a
WGD event; these genes or genomic regions are referred to as

‘‘homeologous’’. Homeologous gene pairs are variously referred

to in the literature as ‘‘homeologs’’, ‘‘syntenic paralogs’’,

‘‘ohnologs’’, or ‘‘paleologs’’. For further details on the origin of
this term and how homeologous relationships are inferred, see

Glover et al. (2016).
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exhibit either genome dominance or biased fractionation, has

remained unclear.

The predictions of the gene balance hypothesis are consistent

with types of gene pairs that tend to be retained or lost following

both WGDs and single gene duplications (Birchler and Veitia,

2012). However, recent evidence from expression analysis of

transcription factors (a type of gene frequently retained as

duplicate pairs following WGDs) suggests that the retention of

this particular set of genes may be the result of the older

duplication-degeneration-complementation model (Pophaly

and Tellier, 2015). There is widespread interest in identifying

cases of either subfunctionalization or neofunctionalization

between homeologous gene pairs (Hughes et al., 2014; Li

et al., 2016). Though duplicate genes arise through a range of

mechanisms, homeologous gene pairs created through WGD

are unique in that, in principle, both copies should initially be
Molecular Plant 11, 38
associated with the same regulatory

sequences and chromatin environments.

As expected, greater correlations in gene

expression are observed between gene

pairs resulting from WGD compared with

duplicate genes of equivalent age

resulting from other types of duplication

(Casneuf et al., 2006; Wang et al., 2011b).

Thus, differences in the pattern of gene-

gene regulation between WGD-derived

homeologous gene pairs should largely

reflect changes in regulatory sequence

or chromatin environment that occurred

following WGD, a process sometimes

referred to as fractionation mutagenesis

(Freeling et al., 2012). However, divergence

in regulation between orthologous genes

in the parental species of an

allopolyploid can confound such analysis

(as reviewed by Buggs et al. [2014]).

Initial reports suggest that variation in

regulation patterns between different

haplotypes within a single species, as
well as orthologous genes in closely related species,

can accumulate rapidly (Naito et al., 2009; Makarevitch

et al., 2015; Waters et al., 2017; Zhang et al., 2017b),

presenting significant challenges to studies of regulatory

sub- or neofunctionalization in polyploids or ancient

polyploids.
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Figure 2. Biased Fractionation and Genome Dominance.
In the Biased Fractionation box, ancient and derived gene pairs are shown

using the same color scheme, with arrows connecting homeologous gene

pairs. The red Xs indicate genes lost through fractionation. In the Genome

Dominance box, the similarly colored bars correspond with the genes in

the Biased Fractionation box. The relative size of the colored bars in the

Genome Dominance box indicates the relative amount of mRNA pro-

duced by each gene copy.

Co-orthologous: the shared relationship between two or more

homeologous genes or genomic regions in a polyploid species to

a single gene or genomic region in a diploid outgroup species.

Fractionation: the loss of redundant genes and/or noncoding

regulatory elements from a genome following a whole-genome

duplication.

Biased fractionation: a phenomenon observed in some, but not

all, ancient WGDs where gene loss occurs unevenly between
duplicated genomic regions, with one copy of a given region

retaining many more ancestral genes than the other.

Subgenome: a set of genomic regions within a recent or ancient
polyploid species derived from one parental species. A

subgenome within a polyploid species is orthologous to the

entire genome of diploid relatives; however, fractionation after

polyploidy often results in significantly lower total gene content in
subgenomes of polyploid species than in the genomes of diploid

relatives.

Genome dominance: a bias toward greater transcript abundance

of gene copies from one subgenomewithin a polyploid or ancient

polyploid species compared with the homeologous copies of the

same genes on another subgenome within the same species.
The term originated in Flagel andWendel (2010) and is used here,

though the synonym ‘‘homeolog expression bias’’ has been

proposed and is also used in the literature (Grover et al., 2012).

Ka/Ks: the ratio of the non synonymous substitution rate to syn-

onymous substitution rate for a given protein coding sequence.
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SUBGENOME-WIDE DIFFERENCES IN
ANCIENT AND RECENT POLYPLOIDS

One of the first reported subgenome-wide patterns of divergence

was bias in the pattern of gene loss followingWGD (Thomas et al.,

2006). WGD creates genetic redundancy for essentially all genes

in the genome simultaneously, and inmany cases one copy of the

redundant gene pairs is lost from the genome through short-to

medium-sized sequence deletions resulting from nonhomolo-

gous recombination (Woodhouse et al., 2010). In many species,

this loss is biased between duplicated segments, with one

region retaining a greater proportion of its ancestral gene

content and the other region losing a greater proportion of its

ancestral gene content (Thomas et al., 2006). While this

observation was initially limited to individual duplicated

segments of the genome (Thomas et al., 2006; Woodhouse

et al., 2010), work in maize using a sorghum outgroup

(Schnable et al., 2011b) and in Brassica rapa using an

Arabidopsis outgroup (Wang et al., 2011a; Cheng et al., 2012)

showed that this biased gene loss (biased fractionation) was

consistent across entire reconstructed ancestral chromosomes,

even after these sequences had been broken up and

redistributed among the genome through inversions and

translocations. Explaining this result requires either a model

where fractionation is biased at a whole subgenome level, or

where fractionation is biased at a whole-ancestral-chromosome

level but where the ancestral subgenome that would be

over- or under-fractionated is assigned stochastically on a

chromosome-by-chromosome basis. While the former has

generally been treated as the more parsimonious of the two
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explanations, it should be noted that the latter model has yet to

be conclusively disproved.

The use of biased fractionation as a mark enabled the provisional

division of some ancient polyploid species into two or more puta-

tive subgenomes (Wang et al., 2011a; Schnable et al., 2011b;

Tang et al., 2012; Murat et al., 2013; Renny-Byfield et al., 2015).

Other functional differences have been shown to segregate

with biased gene loss across the genome. The earliest of these

was bias in expression between duplicate genes retained on

multiple subgenomes. Bias in gene expression between

retained duplicate genes on different subgenomes was reported

in small sets of genes from recent allopolyploid cotton and

resynthesized F1 crosses (Flagel and Wendel, 2010), along with

the recent allopolyploid species Arabidopsis suecica (Chang

et al., 2010). The correlation between genome dominance and

biased fractionation was observed on a subgenome-wide scale

in maize (Schnable et al., 2011b) and rapidly confirmed in B rapa

(Cheng et al., 2012). The same correlation has since been

reported in additional species, including cotton (Renny-Byfield

et al., 2015). Recent support for the subgenome-wide model of

bias in expression, and thus bias in gene loss, came from an

analysis of resynthesized and natural monkeyflower Mimulus

peregrinus populations that demonstrated that bias toward one

parental subgenome was observable even in the first generation

of the wide cross between the two parental species (Mimulus

guttatus and Mimulus luteus), although the bias increased in

subsequent generations (Edger et al., 2017).

While many ancient WGDs exhibit both biased gene loss and

genome dominance, in several cases, including the most recent

WGDs in poplar and soybean, little or no bias in patterns of

gene loss or gene pair expression levels is observed between

duplicated genomic segments (Garsmeur et al., 2013). These

unbiased WGDs also retain many more duplicate gene pairs

than WGDs of equivalent age in other lineages. The soybean

(Glycine max) genome retains �15 500 duplicate gene pairs

from its most recent WGD (Schmutz et al., 2009), while the
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maize genome, with a most recent WGD of equivalent age based

on Ka/Ks ratios, retains �4000 duplicate gene pairs (Schnable

et al., 2009). The increased frequency of duplicate gene

retention in polyploids that lack genome dominance is

consistent with the gene balance hypothesis. More genes will

show sensitivity to the loss of 50% of total gene product

caused by the deletion of one copy of an equally expressed

gene pair than to the loss of a minority of total gene product

caused by the deletion of the less expressed copy of the gene

pair where expression is biased.

When these two classes of ancient WGDs were identified, it was

initially speculated that they represented the differences between

duplication events resulting from allopolyploid and autopolyploid

(Garsmeur et al., 2013). However, subsequent work has shown

that recent allopolyploids can exhibit either pattern. The recent

allopolyploid Tragopogon miscellus exhibits bias toward greater

expressed duplicate gene copies from one parental diploid

species (Buggs et al., 2010) and �8% of a set of duplicate

genes characterized fractionated within 40 generations (Buggs

et al., 2012). The �200 000-year-old allotetraploid Capsella

bursa-pastoris shows evidence of neither significant bias

toward a greater expression of gene copies of either diploid

parent nor rates of gene loss from either subgenome that

exceed the rates of gene loss in diploid Capsella species

(Douglas et al., 2015). Thus, results from more recent

allopolyploid species where both diploid progenitors are known

and extant also identify two classes of WGD and recapitulate

the link between genome dominance and biased fractionation;

however, the reported lack of biased expression and biased

and/or rapid gene loss in Capsella is inconsistent with biased

WGDs originating from allopolyploidies and unbiased WGDs

originating from autopolyploidies.

It must be noted that one of the most widely studied recent

polyploids, hexaploid bread wheat (Triticum aestivum), has been

inconsistently classified in the literature as either exhibiting

genome dominance or not, perhaps a result of the special

challenges faced by researchers trying to assign transcripts to

homeologous gene copies when working with incomplete

genome assemblies or genome assemblies from diploid or tetra-

ploid relatives. Different studies have reported that expression is

unbiased (Wang et al., 2017), biased toward greater expression

of A and B homeologs at the expense of D genome homeologs

(Li et al., 2014), and biased toward greater expression of the D

genome (Leach et al., 2014). Other reports have found bias

toward expression of gene copies from different subgenomes in

different chromosome intervals (Harper et al., 2016). In contrast,

gene loss data appear to clearly point to the D genome being

dominant, with A intermediate and B experiencing the highest

rate of gene loss (Pont et al., 2013). Overall subgenome-level

analysis in wheat remains a complex challenge, although the

continued improvement of the bread wheat genome assembly

should address some of these issues (Zimin et al., 2017).

The observed correlation between biased gene loss and biased

expression has spurred interest in identifying a mechanism,

such as a chromatin mark, linking these two traits that might

segregate between subgenomes. Consistent with the model of

a chromatin mark being responsible for bias in gene expression

between subgenomes, biased expression between retained
duplicate genes was found to be reduced or abolished in pollen

(Chettoor et al., 2014) where large-scale changes in chromatin

also release many transposons from epigenetic silencing

(Slotkin et al., 2009). Moderate differences in CG methylation

were reported between subgenomes in Brassica oleracea

(Parkin et al., 2014). The histone mark H3K4me3 has been

reported to be significantly more common per megabase on

the D subgenome of cotton than the A subgenome (Zheng

et al., 2016), while the histone marks H3K4, H3K9, and

H3K27me3 did not show significant bias between retained

genes in the two maize subgenomes (Makarevitch et al., 2013;

Renny-Byfield et al., 2017). Eichten et al. (2011) compared

patterns of gene body methylation between retained duplicate

genes in maize and found no significant differences between

subgenomes; however, significant differences in methylation

have been reported in upstream promoter sequences of genes

retained in both maize subgenomes (Renny-Byfield et al., 2017)

and B rapa subgenomes (Chen et al., 2015). Both repetitive

sequence content and 24-nt small RNAs were found to be

enriched on the non-dominant subgenomes of B rapa and cotton

relative to retained copies of the same genes on the dominant

subgenome (Woodhouse et al., 2014; Renny-Byfield et al.,

2015; Cheng et al., 2016).

Genes on the dominant subgenome are under greater selective

constraint as quantified by Ka/Ks ratios (Pophaly and Tellier,

2015; Yang et al., 2016). Gene pairs that exhibited biased

expression toward one gene copy were twice as likely as other

gene pairs to be targets of selection for domestication-related

traits in Brassica juncea (Yang et al., 2016). This has led to

speculation that the subordinate (less expressed) subgenome

may have greater freedom to neofunctionalize and/or serve as

a reservoir of phenotypic variation. Genes with retained

duplicates from the maize WGD have been shown to be more

frequently identified by GWAS hits in a meta-analysis of

41 different phenotypic datasets (Wallace et al., 2014), while

genes on the dominant subgenome of maize have been shown

to explain a greater proportion of total phenotypic variation than

their retained duplicates on the subordinate subgenome

(Renny-Byfield et al., 2017). A similar pattern of bias toward

greater phenotypic effects for dominant subgenome genes was

also observed for syntenic single-copy genes retained in only

one subgenome (Renny-Byfield et al., 2017). In analyses of

genes where one copy is retained and the other lost through

fractionation, the use of an outgroup species is essential in

separating retained syntenic genes from non-syntenic genes

that were inserted into their present locations after the WGD

being analyzed. Non-syntenic genes are much less likely to be

assigned any Gene Ontology category annotations (Schnable

et al., 2012a), tend to be transcribed at much lower levels (if at

all), are significantly less likely to be translated into proteins

when transcribed (Walley et al., 2016), and are much less likely

to be the causal genes underlying mutations mapped and

cloned using forward genetics (Schnable and Freeling, 2011).
CAUSES OF FRACTIONATION
RESISTANCE among WGD GENE PAIRS

The genes retained as duplicate pairs or triplets following WGD

are a nonrandom subset of the overall gene complement of the
Molecular Plant 11, 388–397, March 2018 ª The Author 2017. 391



Figure 3. Predictions of Different Evolutionary Scenarios for
the Expression Patterns forWGDDerivedDuplicateGene Pairs.
Predicted outcomes for the patterns of expression across four tissues for

a duplicate gene pair retained following WGD as the result of three

different mechanisms: gene balance constraint, subfunctionalization, and

neofunctionalization. In each scenario the absolute height of the bar in-

dicates the total expression of the gene pair in that tissue, while light and

dark colors indicate the relative contribution of each gene copy to total

gene pair expression in that tissue. In the ancestral state, both copies of

the duplicated gene are initially expressed in three tissues (or cell types, or

environmental contexts). Under the gene balance hypothesis, combined

gene pair expression levels retain the same approximate ancestral levels.

In both sub- and neofunctionalization, combined gene pair expression

deviated from the ancestral state, and individual gene copies tend to be

highly expressed in some tissues and expressed at low levels or not

at all in others. Importantly, while the outcomes of sub- and neo-

functionalization cannot be distinguished from each other without

knowledge of the ancestral state, both produce different predicted out-

comes from that of the gene balance hypothesis.
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preduplication species. Genes retained as duplicate pairs

followingWGDs are disproportionately likely to encode transcrip-

tion factors and subunits of multiprotein complexes (Blanc and

Wolfe, 2004; Seoighe and Gehring, 2004; Maere et al., 2005).

This pattern of biased gene pair retention has been explained

as a consequence of the gene balance hypothesis, with WGD

acting as a ratchet, enabling the duplication of otherwise dose-

sensitive genes that are then unable to fractionate back to

single-copy status without creating unfavorable changes in rela-

tive protein dosage (Birchler and Veitia, 2012). This model also

predicts that genes retained following WGD should be under

greater selective pressure to maintain constant levels of

expression across different alleles within the same species and

orthologous genes in related species. This prediction was

recently validated across seven species in the genus Glycine

(Coate et al., 2016). While repeated WGDs can result in long-

term drive toward a greater abundance of certain types of genes

in the genome over time (Freeling and Thomas, 2006), this is

mitigated by mechanisms that allow repeatedly duplicated

genes to escape from relative gene dosage constraints. Bias in

gene expression level has been shown to be inherited across

multiple sequential WGDs in grasses and crucifers, allowing the

loss of one or both duplicate copies of gene pairs in the

modern genome derived from a subordinate copy of a
392 Molecular Plant 11, 388–397, March 2018 ª The Author 2017.
duplicate gene pair in an intermediately duplicated genome

(Schnable et al., 2012b). In Arabidopsis, genes retained from a

more recent WGD showed patterns of functional enrichment

more consistent with the gene balance hypothesis than did sets

of genes retained from an older WGD (Bekaert et al., 2011).

The gene balance hypothesis also predicts that, like gene copy

number, gene expression pattern should be conserved between

WGD-derived gene pairs. Analysis of expression patterns for

retained duplicate gene pairs in modern species often shows

significant divergence: less than 50% of retained Arabidopsis

gene pairs from its most recent WGD showed significantly corre-

lated expression patterns (Blanc and Wolfe, 2004). Similar

results were reported by WGD-derived duplicate gene pairs in

rice (Throude et al., 2009; Yim et al., 2009) and cotton (Renny-

Byfield et al., 2014). Pophaly and Tellier (2015) used data from a

set of maize reproductive tissues (Davidson et al., 2011) to

demonstrate that retained WGD-derived duplicates in maize

could be divided into two broad categories: gene pairs that

retained largely correlated patterns of expression and genes with

largely uncorrelated patterns of expression. The former category

included many genes in macromolecular complexes, while the

latter category was disproportionately enriched in transcription

factors (Pophaly and Tellier, 2015). Conservation of correlated

patterns of expression for both members of a homeologous

gene pair is consistent with the retention of that gene pair as a

result of dosage constraints. Uncorrelated expression across

tissues would not support the conclusion that a particular

gene pair was retained as a result of dosage constraints. The

observations of (Pophaly and Tellier, 2015) therefore suggest

that, unlike large protein complex subunits, other classes of

genes, such as transcription factors, are preferentially retained

following WGD for reasons other than dosage constraint, even

though transcription factors are known to engage in protein-

protein interactions. Transcription factors tend to be associated

with large amounts of conserved regulatory sequence, creating

the potential for regulatory subfunctionalization. Genes associated

with larger amounts of conserved regulatory sequence are more

likely to be retained as duplicate gene pairs following whole-

genomeduplication, evenwhen controlling for the separate effects

of protein function (Schnable et al., 2011a). The duplication,

degeneration, complementation (DDC) model (Force et al., 1999;

Lynch and Force, 2000) (Figure 3) predicts much less correlation

between retained duplicate gene pairs than does the gene

dosage balance hypothesis.
CIS-REGULATORY DIVERGENCE
BEFORE AND AFTER WGD

One of the implicit assumptions in the interpretation of compari-

sons of WGD-derived duplicate pairs is that these genes start

with equivalent complements of regulatory sequences as well

as equivalent patterns of expression and diverge through loss-

of-function mutations of specific enhancers or regulatory ele-

ments (Freeling et al., 2012). Examples of exceptions to this

assumption of equivalent expression levels and patterns

between orthologous genes in the diploid progenitor of

allopolyploid species date back to early isozyme analysis of

recent tetraploid species (Gottlieb, 1982; Ford and Gottlieb,

1999). Changes in the absolute level of gene expression
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between different haplotypes in a single species (Hollister and

Gaut, 2009) and orthologous genes in related species (Hollister

et al., 2011) appear to be relatively common and may be the

result of spreading of repressive chromatin marks from nearby

transposon insertions (Hollister and Gaut, 2009; Hollister et al.,

2011). The high degree of correlation in the expression pattern

observed between duplicate genes in functional categories

known to be dose sensitive suggests that, for these genes,

patterns of transcriptional regulation are indeed subject to

selective constraint (Pophaly and Tellier, 2015). However, work

in both maize and Capsella has shown a high frequency of cis-

regulatory variation across different alleles of the same genes in

both species (Paschold et al., 2014; Josephs et al., 2015;

Waters et al., 2017). A similar analysis comparing patterns of

stress-responsive regulation for orthologous genes in maize

and sorghum also concluded that the majority of stress-

responsive patterns of gene regulation were lineage specific

(Zhang et al., 2017b). These fast-accumulating changes in gene

regulation may be the result of transposon insertions (Naito

et al., 2009; Makarevitch et al., 2015; Steige et al., 2017). If

many changes in gene regulation are neutral and fast-evolving

character states driven by transposon insertions (Josephs

et al., 2015; Zhang et al., 2017b), new gain-of-function regulatory

variation may accumulate in each copy of duplicate gene pairs,

resulting in incorrectly broad inferred ancestral patterns of

expression. It is therefore likely that the sum of the tissue- and

context-specific expression patterns of a duplicate gene pair is

not a good estimator of the ancestral expression domain of the

same gene prior to WGD.

Expression analysis of diploid progenitors and in silico combina-

tions of the two can provide a point of comparison for the analysis

of gene expression in allopolyploid species. Changes predicted

by the in silico analysis are assumed to reflect divergence in

gene regulation between the parental diploid species, while

changes observed in the allopolyploid but not in the combined

analysis of the diploid progenitors are considered to reflect either

consequences of allopolyploidization itself or changes in cis or

trans regulation that occurred after the genomes of the two

diploid progenitors were combined into a single nucleus. This

parents-plus-progeny approach assumes the direct diploid

progenitors of a given allopolyploid are known and extant;

however, even for many well-characterized recent allopolyploids,

‘‘the diploids that we treat as ‘parents’ in our studies are not the

actual parents, but closely related diploid lineages’’ (Buggs et al.,

2014). The problem of identifying true parents and not close

relatives is exacerbated when substantial cis-regulatory

variation is present and segregating within individual species

(Josephs et al., 2015; Waters et al., 2017). Both divergence in

gene regulation between related species and divergence in

gene regulation between haplotypes in the same species will

result in overestimating the degree of regulatory change

associated with the formation and early evolution of polyploid

species. One approach to reduce this overestimation would be

to focus on only those patterns of gene regulation that appear

to be under selective constraint through comparison of patterns

of regulation for different haplotypes within a single species

(Waters et al., 2017) or orthologous genes across multiple

closely related species (Zhang et al., 2017b). While aspects of

gene regulation subject to selective constraint may still

diverge between orthologous genes in related species, these
cases should be significantly less common, reducing the bias

toward overestimating the regulatory changes associated with

allopolyploidization.

The degree of observed correlation or divergence betweenWGD-

derived duplicates may also depend on the types of expression

dataused. Themajority of evidence for rapiddivergence incis-reg-

ulatory variation between haplotypes within the same diploid spe-

ciesor orthologousgenes in related speciesusesdata fromabiotic

stress treatments (Waters et al., 2017; Zhang et al., 2017b). The

majority of evidence for gain-of-function changes in gene regula-

tion resulting from transposon insertions also uses data from

abiotic stress datasets (Naito et al., 2009; Makarevitch et al.,

2015). An analysis in tetraploid Capsella identified the binding

sites of the cold-responsive transcription factor CBF as one of

the most common motifs appearing de novo in the proximal

promoter of one member of a homeologous gene pair, but in

neither orthologous gene copy in the diploid parental species

(Kasianov et al., 2017). A comparison of regulation patterns

across different floral tissues in grasses found an overall high

degree of correlation in expression pattern between syntenic

orthologous genes in related species (Davidson et al., 2012).

Comparison of expression of syntenic orthologous genes in

floral tissues of Arabidopsis and wild radish Raphanus

raphanistrum (Figure 1) found that decreases or losses of gene

expression by individual members of homeologous gene pairs or

triplets were significantly more common than expression gains

(Moghe et al., 2014), a result consistent with loss-of-function mu-

tations in regulatory sequences beingmore common than gain-of-

function mutations.
CONCLUSIONS AND FUTURE
PERSPECTIVES

Although biased fractionation was first identified more than a

decadeago, theprocesses responsible forcreatingbiased fraction-

ation and other associated phenomena, such as genome domi-

nance, remain incompletely characterized. A range of chromatin,

epigenetic, and transposon-associated marks have been shown

to segregate between subgenomes where biased fractionation

and genome dominance are observed (Zheng et al., 2016;

Woodhouse et al., 2014; Renny-Byfield et al., 2015, 2017), but

testing for causality between these correlations can be

challenging. The existence of a second class of ancient WGD

lacking biased fractionation, genome dominance, and with much

slower rates of gene loss may prove a vital control case for testing

epigenetic marks and other features thought to be associated

specifically with biased fractionation and genome dominance. If

data from C. bursa-pastoris indicating that this allopolyploid

species is indeed unbiased are replicated in other recent

allopolyploids, the conceptual model where biased ancient

polyploids correspond with allopolyploids and unbiased ancient

polyploids correspond with autopolyploids will be falsified. To the

best of our knowledge, alternative conceptual models to explain

why ancient polyploids appear to fall into distinct biased and

unbiased categories have not been proposed, but alternative

models to explain this phenomenon are clearly needed.

While the gene balance hypothesis continues to explain many

traits of both recent and ancient polyploid species, it may be
Molecular Plant 11, 388–397, March 2018 ª The Author 2017. 393
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the case that a subset of genes under complex regulatory control,

particularly transcription factors, are retained through regulatory

subfunctionalization consistent with the DDC model of duplicate

gene evolution (Pophaly and Tellier, 2015). The study of

regulatory subfunctionalization in polyploid species is

complicated by the rapid emergence of cis-regulatory variation

between haplotypes and orthologs (Naito et al., 2009;

Makarevitch et al., 2015; Waters et al., 2017; Zhang et al.,

2017b). Paired gene expression datasets from multiple

outgroup species or large populations within a single species

may significantly aid this area of investigation through the

classification of features within the patterns of regulation for

individual genes as functionally constrained or largely neutral.
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