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Allopolyploidization (hybridization and whole-genome duplication) is a
common phenomenon in plant evolution with immediate saltational effects
on genome structure and gene expression. New technologies have allowed
rapid progress over the past decade in our understanding of the consequences
of allopolyploidy. A major question, raised by early pioneer of this field
Leslie Gottlieb, concerned the extent to which gene expression differences
among duplicate genes present in an allopolyploid are a legacy of expression
differences that were already present in the progenitor diploid species.
Addressing this question necessitates phylogenetically well-understood
natural study systems, appropriate technology, availability of genomic
resources and a suitable analytical framework, including a sufficiently detailed
and generally accepted terminology. Here, we review these requirements and
illustrate their application to a natural study system that Gottlieb worked on
and recommended for this purpose: recent allopolyploids of Tragopogon
(Asteraceae). We reanalyse recent data from this system within the conceptual
framework of parental legacies on duplicate gene expression in allopolyploids.
On a broader level, we highlight the intellectual connection between Gottlieb’s
phrasing of this issue and the more contemporary framework of cis- versus
trans-regulation of duplicate gene expression in allopolyploid plants.

1. Introduction

‘Little is known about the level of enzyme expression in polyploids or whether differ-
ences in the regulation of their diploid genomes are maintained when they are present
together in a common tetraploid nucleus’ Gottlieb ([1], p. 378)

‘.. it may be that some differences in organ-specific transcript levels reflect a legacy

from the true progenitors’. Gottlieb ([2], p. 91)

A common phenomenon in plant evolution is the hybridization of two diploid
species, accompanied by whole-genome duplication, to produce an allotetraploid
species with two homoeologous sub-genomes (see contributions by Soltis et al.
[3], Ramsey & Ramsey [4], Vanneste et al. [5], Jiao & Paterson [6]). New allotetra-
ploids contain duplicate copies of every gene that was present in both their
parents. Tracing the fate of these duplicated genes over time, with respect to
both DNA sequence evolution and gene expression patterns, is key to under-
standing the short- and long-term consequences of allopolyploidization. A
particularly interesting question is the extent to which allopolyploid formation
causes novel patterns of gene expression, which may affect fitness. Given that allo-
polyploidization has given rise to many crop species, and evidence suggests that
all extant seed plant lineages have experienced whole-genome doubling events,
this is an important research area. It is more important, in fact, than any scientist
realized when Leslie Gottlieb began to draw attention to this subject in the 1970s.
As noted repeatedly in this issue, Gottlieb was an early pioneer in gel electrophor-
esis of proteins as a tool for the study of plant evolution [7]. After his initial
application of this technique to diploid speciation and phylogenetics [8,9], he
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turned his attention to protein expression in allopolyploids,
first in Stephanomeria elata [10], then in Tragopogon miscellus
[11,12] and later in Clarkia gracilis [13—15].

2. Leslie Gottlieb’s question about parental
legacies of gene expression

In his work on allopolyploid gene expression, Gottlieb empha-
sized the importance of considering the legacies of the diploid
parental species on their descendent allopolyploids. When he
saw a difference between the two homoeologous genomes of
an allopolyploid, whether in the genomes themselves or in
their expression, Gottlieb wanted to be sure that this was not
due to retention of a previously evolved difference between
the parental diploids, before he would consider that it was
due to novel changes upon, or subsequent to, allopolyploidiza-
tion. A brief review of Gottlieb’s own experimental work on
this topic, and his interpretation of his results and others’,
will show why he considered this to be important, and how
he placed emphasis on it.

Gottlieb’s opening contribution to the field of gene
expression in allopolyploids was a study of glutamate oxalo-
acetate transaminase in S. elafa, a species which he discovered
during his graduate research to be an allotetraploid derived
from the diploids Stephanomeria exiqua and Stephanomeria
virgata [16]. He showed that allotetraploid individuals possessed
multiple fixed enzyme variants that were identical in their elec-
trophoretic mobility to those variants in the diploid parents,
resulting in much higher levels of population heterozygosity
in the tetraploid than in the diploids [10]. This was the first
study in a wild plant species to show this ‘additive’ pattern of
homoeologue expression (fixed heterozygosity), albeit non-
quantitatively, where all gene copies expressed in diploid
parents are expressed in their allopolyploid descendants [10].
Gottlieb’s first discovery in this field was thus an intact legacy
from parental diploids in an allopolyploid.

Gottlieb and his graduate student Mikeal L. Roose began
to work on the recently formed, natural allopolyploids T. mis-
cellus and Tragopogon mirus in the mid-1970s. They analysed
13 enzyme systems in 23 populations of the two tetraploid
species and their three parental diploid species [11]. They
found fixed heterozygosity at many loci in the tetraploids,
but contrary to their initial expectations, a few tetraploid indi-
viduals were homozygous at these loci. This homozygosity
could have been a parental legacy if the parental diploids
were harbouring undetected polymorphisms at these loci.
After rigorous checks of diploid populations, Roose and
Gottlieb became convinced that these results were not a
parental legacy, but instead reflected loss of homoeologous
loci, possibly due to recombination among the parental
sub-genomes within the tetraploids.

Roose & Gottlieb [12] followed up this study on presence/
absence of homoeologue expression with an elegant series of
experiments to quantify the protein expression of alcohol dehy-
drogenase (ADH3) in the seeds of allopolyploid T. miscellus
and its diploid progenitors Tragopogon dubius and Tragopogon
pratensis. Using densitometry, they showed that the diploid
parents differed in their levels of ADH3 expression: there was
twice as much ADH3 protein in T. pratensis as in T. dubius.
They also showed that T. miscellus had a total ADH3 abun-
dance intermediate to that of the two parental diploids.
Furthermore, because the ADH3 genes of the two parental

diploids encode isozymes of different mobility, the protein [ 2 |

expression levels of the two parental forms of ADH3 within
the allotetraploid could be measured; the expression levels of
the two forms were unequal and were proportional to their
expression levels in their respective diploid progenitors.

In discussing their results, Roose & Gottlieb were careful to
point out that ‘differential expression of ADH3 genes results
from the inheritance of differentially expressed genes from its
diploid progenitors and is not to be interpreted as an example
of an adaptive difference selected since its origin’ ([12], p. 1083).
As Gottlieb [1] later summarized in Science: ‘the relative
expression of the ADH gene in each of the diploid genomes
is not influenced by the presence of the other genome’
(p. 378). Today, we might interpret this as evidence that
trans-regulatory effects were not equilibrating the expression
of both forms of ADH between the sub-genomes, but rather
that cis-factors predominated (see further discussion of
cis- and trans- effects below). Roose and Gottlieb noted: “To
our knowledge this is the first study of isozyme expression in
an allopolyploid and its diploid progenitors in which the
diploid genomes specify different amounts of enzyme. It
thus initiates studies of the extent to which divergent diploid
genomes interact in determining the molecular characteristics
of an allopolyploid” ([12], p. 1081).

In Clarkia, Holsinger & Gottlieb [13] used isozyme studies to
determine the parentage of tetraploid C. gracilis, concluding that
one parental species was Clarkia amoena subsp. huntiana and the
other parental species was extinct. Ford & Gottlieb [14] sub-
sequently studied the expression of cytosolic phosphoglucose
isomerase (PgiC) in this allotetraploid using reverse-transcrip-
tion polymerase chain reactions and sequencing and found
that two copies of PgiC1 were expressed, but only one copy
of the paralogue PgiC2 was expressed. While it might have
been tempting to assume silencing of one homoeologue of
PgiC2 subsequent to allotetraploidization, Ford and Gottlieb
found that this gene was commonly silenced in the diploid
relatives of the allotetraploid and concluded: ‘C. gracilis
expresses all the PgiC loci inherited from its diploid progeni-
tors and there is no evidence of subsequent gene silencing’.

In a later study, Ford & Gottlieb [15] examined the allote-
traploids Clarkia delicata and Clarkia similis, whose diploid
parental species had previously been identified conclusively
and which were extant. Previous isozyme work by Smith-
Huerta [17] suggested that silencing of half of the PgiC
copies had occurred in both allotetraploids. Ford & Gottlieb
[15] showed that one of the four gene copies of PgiC had
been disrupted in both of the allotetraploids, with different
mutational events occurring in each one. However, they
argued that this silencing could not be proved to be due to
tetraploidy per se and ‘may have more to do with the peculiar
properties and history” ([15], p. 706) of the PgiC loci: one
paralogue had also been silenced in some diploids and
retained in duplicate in allotetraploid C. gracilis (see above
[14]). Though the true sequence of events remains unknown,
this emphasizes the importance that Gottlieb placed on
parental legacies.

3. Challenges in evaluating parental legacies in
allopolyploids

The concept of parental legacies in allopolyploid gene expres-
sion is simple, but obviously parental legacies need to be
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Figure 1. Lineages in the evolution of an allopolyploid. Two diploid progeni-
tors speciate at time 7y and hybridize to form an allopolyploid at time T,. The
two genomes within the allopolyploid then have independent evolutionary
trajectories from the diploid genomes of the parental species. Experiments
on gene expression in natural allopolyploids take place at the present,
time T,, and patterns of gene expression in the diploid sister genomes are
used as surrogates for the patterns of gene expression in the parental diploid
species at time T,

assessed before we can make inferences about the effects of allo-
polyploidization on gene expression patterns. As Gottlieb
noted, however, there are several considerations and challenges
that merit attention when assessing the extent of parental lega-
cies. Given that we still face some of the same challenges that
affected Gottlieb’s work despite huge methodological advances
in transcriptomics, we outline the key considerations below.

(a) Available natural study systems
The biggest challenge in studying allopolyploid gene expres-
sion is finding individuals that are truly representative of the
original diploid parents of an allopolyploid. This may be
impossible due to evolution of the diploid lineages subsequent
to the allopolyploidization event (figure 1). As Stebbins had
pointed out in 1971:
One cannot assume that the diploid ancestor or ancestors of a
modern polyploid species still exist in their original form, unless
good evidence for their existence has been obtained. Extinction
or cytogenetic modification of diploid ancestors since they partici-
pated in the origin of a polyploid are likely possibilities that must
always be taken into account. ([18], p. 140)
Gottlieb was acutely aware of this issue in his own research,
applying this insight to gene expression patterns. Of his study
systems, S. elata, C. delicata and C. similis were of unknown
age, and in the case of C. gracilis, one diploid progenitor species
appeared to be extinct. Gottlieb’s early discoveries of continuity
in gene expression between diploid progenitors in Stephano-
meria and Tragopogon led him to emphasize and thereby draw
attention to the legacy of diploid progenitors when studying
allopolyploid gene expression. He considered that in many allo-
polyploid study systems, it is not possible to directly study
the parents even if the progenitor species remain extant: the
diploids that we treat as “parents’ in our studies are not the
actual parents, but closely related diploid lineages (figure 1).
Gottlieb was very rigorous about this in his own research and
also in commenting on the research of others. When Adams
et al. [19] showed for the first time organ-specific reciprocal
silencing in an allopolyploid (in cotton), which they suggested
was a consequence of polyploidy, Gottlieb commented in
Heredity ([2], p. 91):
An alternate hypothesis that the difference in expression patterns
was a legacy from the diploid progenitors was rejected by the
finding that transcripts were present in all of the tested organs

of plants representing both diploid progenitors. However,
the tested plants are more than a million years away from the

progenitors of cotton and it may be that some differences in n

organ-specific transcript levels reflect a legacy from the true pro-
genitors. An analysis similar to the one carried out by Adams
et al. should now be carried out on very recent allotetraploids
with extant and identified diploid parents. [11,12,15,20]

With this comment, Gottlieb was showing a very high level of
stringency. He was suggesting that reciprocal organ-specific
gene silencing could have occurred in the two diploid parents
of the natural allotetraploids and then been convergently lost
in the two diploid lineages since allotetraploidization, while
remaining unchanged in the allotetraploid over the same
time-frame. This is a less parsimonious explanation for the
data than that proposed by Adams et al. [19], especially
when we consider that loss of expression of a gene in a
diploid involves zero expression of that gene in a tissue,
whereas silencing of a homoeologue in an allopolyploid
still allows expression of one copy of that gene in a tissue.
Such was Gottlieb’s emphasis on the legacy of parental
diploids that he wanted this null expectation to be rigorously
tested before he was convinced that differential expression
among homoeologues in an allopolyploid was due to
changes upon or subsequent to allopolyploidization.

Gottlieb sought to solve this problem, as he implied by
the choice of papers he cited at the end of the quote from
[2] above (i.e. [11,12,15,20]), by working on a natural allopo-
lyploid of very recent origin. When he and Roose began to
work on the Tragopogon system, they argued that it provided
an exceptional opportunity in this respect, writing:

The only unambiguous examples of the recent natural origin of
allotetraploid plant species are the two tetraploid species of Tra-
gopogon, T. mirus and T. miscellus, which were discovered and
elegantly described by Ownbey [20]. The original populations
of both species described by Ownbey are nearly all still extant,
and T. miscellus has become one of the most common weeds in
vacant lots in and around Spokane, Washington, and to the
east. These species provide crucial evidence about the initial gen-
etic and biochemical consequences of allotetraploidy because
they originated during the present century and it is likely that
their genomes have undergone little if any modification since
their origin. ([11], p. 819)

Today, several additional recent natural allopolyploids have
been found that can be used for such studies: Mimulus peregri-
nus [21,22], Spartina anglica [23], Cardamine schulzii [24,25] and
Senecio cambrensis [26]. However, both M. peregrinus and
S. cambrensis have formed via crosses between diploids and
tetraploids. Moreover, even in a very recent natural polyploid,
we cannot be sure of the exact individuals that acted as parents,
and populations of diploids will contain polymorphisms and
differences in gene expression patterns that can be hard to
take into account [27].

In the absence of a very recent origin, the ideal model
system for assessing parental legacies in allopolyploids
would need to possess a well-understood phylogenetic fra-
mework and have available sufficient genomic and
transcriptomic data to permit detailed gene expression analy-
sis. Many genera meet the latter requirement, including
Arabidopsis, Gossypium, Triticun and Glycine, genera that
have proved to be useful models for the study of allopoly-
ploidy. These genera, and others, also offer the advantages
of being experimentally facile and provide the opportunity
to study artificially produced F; hybrids and allopolyploids.
In addition, some genera, such as Glycine, Oryza and Nicoti-
ana, contain multiple allopolyploids of different parentage
and/or greatly different ages, thus providing a window
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into the long-term effects of allopolyploidization on gene
expression. Notwithstanding the many important insights
derived from these model systems, the major solution to
the essential difficulty of accurately assessing diploid legacies
continues to be Gottlieb’s approach of studying very recent
allopolyploids, especially if new high-throughput methods
allow broad surveying of polymorphism and gene expression
differences within diploid populations.

(b) Technological issues

In the last 10 years, progress in technology has greatly enhanced
our ability to study allopolyploid gene expression, permitting,
in some cases, genome-wide comparisons of homoeologous
gene expression within allopolyploids to those of their parental
genes. Ideally, experiments like Roose & Gottlieb’s [12] on ADH
in T. miscellus, where they made absolute measurements of
protein expression of both homoeologues and their progenitor
genes, are needed on a genome-wide scale.

Initial progression from Gottlieb’s studies based on single
proteins came in the form of examining RNA transcripts from
single genes, for example by cDNA-single-stranded confor-
mation polymorphism in Gossypium [19] and by cDNA
cleaved amplified polymorphic sequences (CAPSs) in Tragopo-
gon [28,29]. Both of these methods can distinguish between
homoeologues, but are gel-based and therefore not fully quanti-
tative in the measurement of expression levels. At the same time,
anonymous surveys of many genes were carried out using
cDNA amplified fragment length polymorphism gels in, for
example, Brassica [30,31], Tragopogon [29], Triticum [32,33] and
Arabidopsis [34].

The first quantitative genome-wide studies of gene
expression in allopolyploids compared to their parents were
undertaken using microarrays that were unable to distinguish
between homoeologous variants of genes. This meant that
within allopolyploids, only the overall expression of a parti-
cular gene could be measured, but without knowledge of
how each homoeologous copy was being regulated. Thus,
the only measure of parental legacies was whether or not over-
all expression was equal to or different from the ‘mid-parent
value’ (MPV), the mean expression of the two parental species
(often represented by sister genomes of the allopolyploid sub-
genomes; figure 1) at that locus. Such studies were conducted
on several allopolyploids, including Arabidopsis [35], Gossypium
[36,37], Senecio [26,38], Brassica [39], Triticum [40-42] and
Spartina [23,43].

For a better understanding of parental legacies in allopoly-
ploid gene expression, genome-wide methods that distinguish
between homoeologues are needed. One method is homoeolo-
gue-specific microarrays, as used in Gossypium [37,44,45].
Another is quantitative SNP assays, such as the Sequenom
MassARRAY, as used in Tragopogon [46,47] and Gossypium
[48]. A third is high-throughput RNA sequencing, as used in
Arabidopsis [49], Gossypium [50], Nicotiana [51], Glycine [52],
Brassica [53,54] and Coffea [55] allopolyploids. These methods
provide the most comprehensive data that we have so far on
allopolyploid gene expression, though in general they measure
gene expression relative to other genes rather than in an absol-
ute sense (but see [56]), and post-transcriptional regulation can
result in levels of protein expression that may not reflect RNA
levels in the transcriptome [57,58].

In addition to these RNA-based methods, studies of allo-
polyploid gene expression have gone full circle and started to

return to the protein level. Gel electrophoresis of proteins has n

been carried out in studies of Brassica [59], Citrus [60] and
Musa [61] allopolyploids, though these methods are not
fully quantitative and can only distinguish between homoeo-
logues if they differ in amino acid sequence in a manner that
affects gel migration. Mass spectroscopy studies have been
carried out in Arabidopsis [62], Brassica [63,64], Gossypium
[65—-67] and Tragopogon [68] allopolyploids; these studies
are quantitative when isobaric tags for relative and absolute
quantification are used [62,66-68] and can distinguish
between homoeologues if they differ in mass.

(<) Multiple comparisons and their terminology

New data from these experimental approaches have yielded
rapid progress in our knowledge of the patterns of gene
expression in allopolyploids, but have also generated termino-
logical complexity because different methods have measured
slightly different aspects of gene expression. These various
phenomena have sometimes been referred to by similar
terms. Thus, terms essential to discussion of parental legacies,
such as ‘genome dominance’, ‘additivity’ and ‘"MPV” have been
used in several ways. Much of the resulting confusion relates to
whether we are measuring the expression of the two homoeo-
logues relative to each other, or their combined expression
levels relative to those of their diploid parents.

Many studies have detected the ‘dominance’ of one par-
ental genome within an allopolyploid over the other parental
genome. In studies that measure the relative expression of
each homoeologue, dominance refers to the homoeologue
from one parent being expressed at a higher level than the
homoeologue from the other parent [45,69,70]. In studies that
measure overall levels of expression of genes without dis-
tinguishing between homoeologues, dominance refers to the
overall expression level of the gene mimicking the expression
level of one diploid parent and not the other [71]. Only recently
have RNA-seq methods come into use that can measure both of
these forms of dominance simultaneously and hence relate
them to one another biologically [50]. A suggested terminology
to distinguish these two forms of genome dominance has been
developed [50,72,73]. “Expression-level dominance’ refers to
patterns of overall gene expression (termed ‘genome domi-
nance’ in [71]), and ‘homoeologue expression bias’ refers to
patterns in the ratio of homoeologous expression (referred
to as ‘genome dominance’ in [70]). A summary of how these
terms can be used to describe various patterns of gene
expression is shown in figure 2. Expression-level dominance
could in principle co-occur with any value of homoeologue
expression bias (though Yoo et al. [50] showed that in Gossypium
it most commonly occurs by alteration of the expression level of
the homoeologue from the parent not being mimicked) and in
some cases, expression-level dominance could co-occur with
additive homoeologue expression.

In the context of this review, we emphasize that
expression-level dominance cannot be detected without
measurements of expression levels in the progenitors. On
the other hand, homoeologue expression bias is not defined
in terms of parental expression levels and can be detected
in the absence of parental expression data, as long as the par-
ental alleles can be identified. In some cases, homoeologue
expression bias is caused by a parental legacy, but in many
cases it is not. Hence, as illustrated in figure 2, extra adjectives
are needed to describe whether or not homoeologue
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Figure 2. Patterns of gene expression in allopolyploids and their diploid parents. In row (a), example levels of gene expression for three sets of homologous genes in two
diploids are shown. Row (b) shows six example patterns of gene expression in an allotetraploid formed from the two diploids, with the contribution of the two homo-
eologues shown in red and blue: (1) Additive patterns of gene expression, both in terms of absolute level of expression and in terms of their expression ratio of
homoeologues towards one another, (2) expression-level dominance by the A sub-genome at all loci, with equal expression of homoeologues at each locus, (3)
expression-level dominance by the B sub-genome at all loci, with additive expression of homoeologues at each locus in terms of their expression ratio towards one
another, (4) expression-level dominance by the B sub-genome at all loci, with homoeologous expression bias in favour of the B sub-genome, (5) expression-level dom-
inance by different sub-genomes at different loci, and homoeologous expression bias in favour of the A sub-genome at all loci and (6) no expression-level dominance, and
homoeologous expression bias differing among loci. (Adapted from [72], pp. 9798, with permission from Nature Publishing Group.)

expression bias is a parental legacy: if it is, it is often
described as ‘additive’. In this context, additive means that
relative levels of expression of each homoeologue in an allo-
polyploid are the same as the relative levels of expression in
the two diploid progenitors.

However, this is not the only way in which the word
‘additivity” is used in the context of allopolyploid gene
expression. It should not be used to describe just any case
that has equal expression of two homoeologues, because
when parental diploids differ in levels of expression of a
gene, unbiased (equal) expression of its two homoeologues
in an allopolyploid is a non-additive pattern of gene
expression. A common, legitimate but different use of the
word ‘additive’ is to describe a situation where the combined
expression of both homoeologues is equal to the mean of the
levels of expression of that locus in both diploid parents
[35,38,40-42,69,74]. In Roose & Gottlieb’s [12] quantitative
experiment on ADH3 in T. miscellus (see above), we see a pat-
tern of gene expression that was additive both in terms of
absolute expression levels and also in terms of relative
expression of each homoeologue. However, a pattern of
homoeologue expression can be additive in one sense but
not another. For example, in figure 2b, example 3, levels
of homoeologue gene expression are additive in terms of
being proportional to the relative expression levels of each
gene in the parental diploids, but non-additive in terms of
absolute levels of gene expression, because the absolute
level of expression of both genes is lower than those of the
diploid parents, owing to expression-level dominance. If we
think in terms of absolute levels of expression of each homoe-
ologue, additivity and expression-level dominance cannot
co-occur at one locus.

To further complicate matters, Gianinetti [75] expresses
the opinion that additivity must be measured in terms of
absolute levels of gene expression per cell. In most studies
published thus far, absolute levels of gene expression per
cell or per unit of tissue mass have not been measured ([56]
but see, for example, [68]). Microarray studies, while they
measure overall expression levels at a locus, usually start
with exactly the same amount of total RNA from each

sample being tested, and all measurements are relative to the
expression levels of other genes or to total transcription per
cell (termed ‘transcriptome-normalized expression’ in [56]).
If total transcription per cell (i.e. transcriptome size) differs
between a polyploid and its diploid progenitors, then a gene
that is ‘additive’ for transcriptome-normalized expression
may demonstrate expression-level dominance in terms of
expression per cell or vice versa (figure 3). Transcriptome
size has been shown to vary between a recently formed allote-
traploid and its diploid progenitors [56], as well as between
growth conditions or disease states within ploidy levels
[76,77], yet few studies have considered additivity in such an
absolute sense.

How we think about additivity affects another term fre-
quently used when investigating parental legacies of gene
expression: ‘MPV’. This term originates from heritability
studies on quantitative phenotypic traits, referring to a trait
in an offspring whose value is the mean of the value in the
two parents. In studies of allopolyploid gene expression,
the MPV is usually (e.g. [35,38,40-42,69,74]) used to refer
to an additive pattern of gene expression, when additivity
is measured in terms of overall expression of both homoeolo-
gues (i.e. the MPV is calculated by summing expression of the
two parents at a given locus before dividing by two). As well
as defining additivity in terms of absolute expression levels,
as opposed to relative measures of expression of homoeolo-
gues used in most allopolyploid gene expression studies
[56], Gianinetti’s recent critique [75] of the use of the MPV
in allopolyploid gene expression studies also argues that
because allopolyploids contain two copies of each parental
genome, absolute additivity should be a sum, not a mean;
he calls this the ‘summed parent value’ (SPV). He bases this
on the assumption that absolute levels of gene expression cor-
relate with absolute copy numbers of genes in cells; thus, the
null hypothesis is twice as much gene expression in a tetra-
ploid cell as in a diploid cell [78]. This might seem a
mistaken assumption if availability of energy and metab-
olites, rather than gene copy number, is the limiting factor
determining overall gene expression levels in a cell. Differ-
ences in gene expression due to copy number are most
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Figure 3. The effect of differences in total transcription (transcriptome size) on the interpretation of additivity and expression-level dominance. (a) Expression levels
in an AABB tetraploid and its diploid progenitors (AA and BB) for a gene exhibiting additive overall expression (combined expression of homoeologues in the
tetraploid is equal to the mid-parent value of the diploids). As in all standard transcript-profiling experiments, expression levels for individual genes are normalized
to total transcription or transcriptome size (e.g. in an RNA-Seq experiment, expression is reported as reads per kilobase per million reads (RPKM)). (b) Relative
transcriptome sizes, with the AABB tetraploid having 1.5-fold more transcripts per cell than in either diploid. () After adjusting for differences in transcriptome size
(multiplying expression per transcriptome by transcriptome size), the gene shown in panel (a) exhibits expression-level dominance by the B sub-genome on a per-
cell basis. Expression levels of the individual homoeologues are not shown and could show homoeologue expression bias in either direction, or equal expression.

likely when segmental duplications of genes lead to a differ-
ent partitioning of resources among particular genes [79,80].
Indeed, it was shown that fewer than 20% of genes exhibited
a doubling of expression with a doubling of gene copy
number in a Glycine allotetraploid, and total transcription
per cell was only 1.4-fold higher in the tetraploid than in
models of its diploid progenitors [56]. Gianinetti admits
that this hypothesis is not generally upheld by experiments,
which show MPV to be common and SPV rare (though
there are exceptions, particularly when cell size increases
[78,81]). Despite this, his hypothesis is an interesting
thought-experiment that emphasizes that each gene copy in
an allopolyploid tends to be less expressed than its homol-
ogue in a diploid parental species, and we do need to think
about why this is the case.

It is also worth noting that in practical terms, MPVs have
been estimated in at least two ways in the polyploidy litera-
ture. They can be calculated either by measuring gene
expression levels in the parents separately, and taking an
average [35,38,42,69,74], or by physically mixing total RNA
from both parents and measuring gene expression levels in
the mix [40,41,46]. Both methods have shortcomings: the
former relies on accurate normalizations and may fail to
factor in the effects of different affinities of different gene var-
iants for microarray baits or PCR primers. The latter method
relies on accurate measurements of total RNA concentrations
and volumes.

(d) Conclusion regarding challenges

The study of allopolyploid gene expression has greatly bene-
fited from the rigour and stringency of Leslie Gottlieb as an
early pioneer. Owing to new technologies, we can now gener-
ate huge volumes of data, but data volumes alone cannot solve
every difficulty associated with thorough understanding of
the evolution of gene expression patterns in allopolyploids.
We still need careful experimental designs and good biological
understanding of the histories of the study systems we use.
Communication and synthesis of results from a variety of
study systems and experimental methods will be facilitated
by a generally accepted set of terms to describe patterns
of gene expression evolution, which to some extent relies

upon a shared theoretical understanding of the underlying
biological processes involved.

4. The case study of Tragopogon allopolyploids

As noted above, Gottlieb argued [2,11] that recent allopoly-
ploids such as T. miscellus and T. mirus could help shed light
on diploid parental legacies in allopolyploid gene expression.
Since Gottlieb’s experiments on these species, experiments
have been done using CAPS analyses on DNA reverse-
transcribed from RNA; this method assays for single nucleotide
differences between homoeologous gene copies at restric-
tion enzyme cut sites [46,82]. Subsequent experiments used
Sequenom MassARRAY technology, which can give relative
measures of the expression of each homoeologue in an allopo-
lyploid [46]. Though these studies mention the influence of
parental gene expression patterns on allopolyploid gene
expression, this was not a major focus of the analyses. Below,
we re-examine the data from these studies in an effort to quan-
tify more precisely the legacy of parental patterns of gene
expression, to seek one answer to Gottlieb’s question. As
noted above, this is not the only system from which such
answers can be, or have been, sought, but we use it here as a
good case study, being the system that Gottlieb advocated
and was most familiar with.

(a) Tragopogon mirus

Expression of 13 genes was examined using CAPS, in up to
seven tissues, in 10 plants of T. mirus and two plants of each
of its diploid parental species, T. porrifolius and T. dubius, ran-
domly sampled from local natural populations [82]. For 11 of
these genes, expression was found in all tissues of the parental
diploid species. In the allopolyploid T. mirus plants, 1518
plant x gene x tissue x homoeologue combinations were
assayed. Of these, 85% showed the parental pattern of gene
expression (i.e. both homoeologues expressed), and 15% of
assays showed silencing of a homoeologue that could have
arisen since hybridization. However, 12% showed silencing
of a homoeologue in all tissues of a plant, which is most
likely to indicate loss of that homoeologue from the genome
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Figure 4. The legacy of diploid parents in T. mirus. Tissue-specific expression of homoeologues in T. mirus (Mir) for two genes, peroxisomal MD and PA, that show
tissue-specific expression in diploid parental species T. dubius (Dub) and T. porrifolius (Porr), as reported in [82].

(as shown in other studies in Tragopogon allopolyploids
[28,29,83-85]). This leaves 3% of assays that showed novel
changes in the control of homoeologue expression subsequent
to allopolyploidization.

For two of the 13 genes in the T. mirus study [82], perox-
isomal NAD-malate dehydrogenase (MD) and peroxidase
(PA), tissue-specific silencing was observed in the diploid
parental species. It is these cases that would have been of par-
ticular interest to Gottlieb as they could give a legacy of
tissue-specific homoeologue silencing in allopolyploids that
could be spuriously attributed to gene expression changes
since allopolyploidization if the parental gene expression
patterns were not known. Figure 4 shows the expression of
these two genes in parents and allopolyploids. Working out
which patterns of gene expression are a legacy from parental
diploids is complicated by the fact that gene expression
patterns are polymorphic within the diploid species, and
none of the cases of gene silencing is found in both individ-
uals of each species. In total, there are 276 plant x gene x
tissue x homoeologue combinations in the study for these
two genes. If we make the assumption that homoeologue
silencing is a legacy from a parental diploid if the same
tissue was silent for that gene in either one of the two individ-
ual plants assayed within each parental diploid species, then
of the 276 assays, 221 (80%) show patterns of homoeologue
gene expression that could have been inherited from parental
species, and 55 (20%) show novel silencing. In eight T. mirus
individuals, the T. porrifolius homoeologue of gene MD is
silent in all tissues, which could be due to homoeologue
loss from the genome. If it is, then 25 cases of novel silencing
could be due to homoeologue loss, leaving only 20 cases

(7.2% of all assays) of novel silencing due to lack of
expression of a gene that is present in the genome. These
figures may overestimate the diploid parental legacy, because
they assume that a silencing event is parental if it is found in
any one individual assayed within each parental species.
However, as the authors noted, one conclusion, which
Gottlieb would have heartily endorsed, is clear:
These studies caution us against attributing all patterns of tissue-
specific expression in allopolyploids to processes arising after
cross-fertilization between the parental diploids, if the diploids
are not known or not examined: genes that show tissue-specific
expression in diploids may be likely to do the same in polyploids.
([82], p. 182)
Taking all 13 of the genes in this study of T. mirus together,
there are 72 cases of tissue-specific gene expression in the allo-
polyploids, where one homoeologue is expressed and one is
not, of which 18% might be due to a legacy of tissue-specific
gene silencing from diploid parents (table 1).

(b) Tragopogon miscellus

A larger gene expression study was carried out on T. miscellus
[46] and its diploid parental species, using both CAPS and
Sequenom methods. The main emphasis of the paper present-
ing these data was on the high level of tissue-specific gene
expression in diploid progenitors and in natural approximately
40-generation-old allopolyploids, and the apparent relaxation
of the tissue-specific patterns observed in the diploid parents
in F; hybrids and synthetic (S;) allopolyploids. The discovery
of high levels of tissue-specific gene expression in the parental
diploids is of course in agreement with Gottlieb’s emphasis on
the legacy of diploid parents in allopolyploid gene expression.
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Table 1. Summary of the frequency of tissue-specific silence (TSS) of homoeologues in the allopolyploids . mirus and T. miscellus and its attribution to diploid  [JEJj}
parental legacies versus novel changes, based on CAPS and Sequenom data in [82] and [46]. See main text for further details.

T. mirus T. miscellus long-
CAPS liguled CAPS
total assays 1794 2016
e geneloss186223
st h'o'rﬁoeo'lvogué” S
R parentallegacy . 13(18%) o 29(53%) o
. 'évpp'a'rehtly'hovelﬂ R (82%) . 26(47%) ......... .

Here, we seek to use the data from this earlier study [46] to
quantify the possible contribution of the diploid legacy in the
natural allopolyploids.

The CAPS study [46] examined 18 genes in up to seven
tissues of three individuals of the two diploid parental
species (T. dubius and T. pratensis), five first-generation
diploid (F;) hybrids, three first-generation synthetic allopoly-
ploids (S;), 10 natural long-liguled allopolyploids (formed
from a cross with T. dubius as the maternal parent) and
10 natural short-liguled allopolyploids (formed from a cross
with T. dubius as the paternal parent). Only one gene,
TDF72 (a putative adenine-DNA glycosylase), displayed
tissue-specific expression in the diploid progenitors, with
expression only in the leaves of T. dubius. Unlike genes MD
and PA in the T. mirus study, the pattern of expression of
TFD72 was the same in all three individuals of T. dubius
studied. Gene TDF72 showed no expression of the T. dubius
allele in any of the tissues of any of the F; and S; plants,
but in the natural allopolyploids, 15 of the 20 individuals
assayed showed expression of the T. dubius homoeologue in
leaf tissue (we present a new diagram of this in figure 5),
and occasional tissue-specific expression in other tissues.
Analysing these results, we find that of the 234 assays of
this gene in natural T. miscellus, 209 (89%) showed parental
patterns of gene expression, and 25 (11%) showed non-
parental patterns. Of the 25 assays showing non-additive par-
ental patterns, four may have been due to homoeologue loss
from the genome. Results for all 18 of the genes analysed in
this study of T. miscellus are given in table 1, showing that
53% of the assays showing tissue-specific expression in
long-liguled T. miscellus might be attributed to parental
legacy, and 55% in the short-liguled form.

An experiment using quantitative Sequenom MassARRAY
allelotyping assays [46] followed a similar design, but exam-
ined more genes and more F; and S; individuals. It assayed
the diploids as in vitro "hybrids’ (i.e. equimolar mixed tran-
scriptomes from two diploid individuals of different species).
Heat map visualizations of the 126 genes assayed showed
some genes to have patterns that could be discerned by eye
as legacies of diploid parental gene expression patterns. The
more striking of these are shown in figure 5. Some of these
show parental patterns maintained through the F; and S, gen-
erations as well as in natural populations (such as 08428_719
and 31924_322). Other genes show a gradual diminishing in
the occurrence of parental patterns, either by a reduced fre-
quency of occurrence in natural populations (28476_597) or a
reduced difference between expressions of homoeologues
within the tissues (28117_519). Others showed a loss of par-
ental patterns of tissue-specific expression in the F; hybrids,

T. miscellus short- T. miscellus short-

T. miscellus long-

liguled CAPS liguled Sequenom liguled Sequenom
1906 13196 9516
" (45%) e (59%).... 36'9”(7'2%)' R

but a recovery of these patterns in the S; allopolyploids and
natural allopolyploids (15567_808).

In analysing the entire Sequenom dataset, the authors
found that those genes that lack expression of parental homo-
eologues in specific tissues (termed tissue-specific silence
(TSS) by the authors) in the natural allopolyploids tended to
fit patterns in the diploid parents more than those of F; hybrids
and S; allopolyploids. They describe this pattern as follows:

We then asked whether the same genes showed TSS in the diploid

in vitro "hybrids,” F, hybrids, S; allopolyploids, and natural allopo-

lyploids. There was a significant correlation between the
percentage of TSS shown by individual genes in the diploid in
vitro ‘hybrids’ and in the natural allopolyploids (R* = 0.307, F =

48.23, p < 0.0001), for 111 genes assayed using Sequenom, which

were expressed in at least one tissue in every diploid in vitro

‘hybrid.” There was a weaker correlation between F;s and natural

allopolyploids (R*=0.097, F =11.73, p < 0.0009) and between S;s

and natural allopolyploids (R*=0.106, F=12.92, p < 0.0005).

Therefore, the same genes tended to show TSS in the diploid in

vitro ‘hybrids’ and natural allopolyploids despite loss of TSS

upon hybridization. It must be emphasized that in the diploids

TSS involves total non-expression of that gene in a tissue,

whereas in allopolyploids exhibiting TSS, the expression of one

homoeologous gene copy is retained. ([46], p. 553)
For the purposes of this review, we have reanalysed the data
from this experiment to assess the proportion of TSS in natural
populations of T. miscellus that could be attributed to inactivity
in the parents. For 111 genes assayed using Sequenom, which
were expressed in at least one tissue in every diploid in vitro
‘hybrid’, there were 13 196 working assays (i.e. plant x gene x
tissue x homoeologue combinations) for long-liguled natural
T. miscellus, and 9516 for short-liguled T. miscellus. Of these
working assays, there were 357 (2.7%) cases of TSS in which
one homoeologue was not expressed in long-liguled T. miscellus
that could not be attributed to homoeologue loss from the
genome, and 515 cases in short-liguled T. miscellus (5.4%). Of
these cases of TSS, 41% in long-liguled and 28% in short-liguled
T. miscellus represented TSS of a homoeologue corresponding to
a gene that was also not expressed in the same tissue in at least
one diploid individual (for example, the T. dubius-derived
homoeologue in a T. miscellus plant was silent in pappus
tissue, and at least one T. dubius diploid individual showed
lack of expression of that gene in pappus tissue); thus, the lack
of expression of a homoeologue in T. miscellus potentially
represents a legacy from the diploid parents (table 1).

(c) Conclusions from work on Tragopogon allopolyploids
The results outlined above, and in table 1, suggest that a
significant fraction (18-55%) of cases of tissue-specific
homoeologue silencing in natural populations of both
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Figure 5. The legacy of diploid parents in T. miscellus. Tissue-specific relative expression of gene copies derived from T. dubius (Td) and T. pratensis (Tp) in diploid
in vitro ‘hybrids’, F, hybrids, S; synthetic allopolyploids and natural populations of T. miscellus. Results for seven gene pairs (ID numbers given correspond to those in
the original paper) are shown, measured using CAPS or Sequenom analysis. Columns represent tissues, and lines represent plants. Columns are grouped by gene, and
rows are grouped by plant types. Tissue abbreviations are as follows: P, phyllary; S, style; T, stigma; O, ovary; A, pappus; C, corolla; L, leaf. Colours show relative
tissue-specific expression of Td and Tp gene copies (see legend). Cells joined by diagonal grey lines represent groups of tissues that were assayed together. This
figure is derived from figs. 2 and S2 in [46], plus a new representation of TDF72 results.

T. mirus and T. miscellus may be attributed to the legacy of
parental diploid patterns of tissue-specific gene expression
(noting, however, that these results are based on only a
very small fraction of the genes in the genome). These are
maximum estimates of the parental legacy, as they assume
that a pattern seen in an allopolyploid is derived from a par-
ental diploid even if that pattern was seen in only one of
several diploid individuals. In only a few cases, where a
tissue-specific pattern for a particular gene was fixed in all
diploids sampled, can we be certain that a pattern was inher-
ited from diploid ancestors. These results therefore show that
some patterns of tissue-specific homoeologue expression are
vertically inherited from diploid parents and show with
greater certainty that many tissue-specific patterns of homo-
eologue expression in allopolyploids are actually novel.
Parental legacies do not explain the majority of cases of
tissue-specific gene expression in allopolyploids in these
experiments: saltational changes in gene expression do
occur either upon allopolyploidization, or in the first 40 gen-
erations of allopolyploidy. One limitation of the experiments
reviewed above is that some patterns of gene expression that
are present in some of the allopolyploids might be found in
unsampled diploid plants, though it should be noted that
the diploids are not as abundant as the allopolyploids in
the areas where the allopolyploid have formed.

5. Parental legacies and cis- versus
trans-requlation

A more contemporary way of looking at the issue of parental
legacies of gene expression in allopolyploids may invoke the
conceptual framework of cis- versus trans-regulation of gene
expression. As mentioned above, Roose & Gottlieb’s discov-
ery [12] that differential expression of ADH3 homoeologues
in T. miscellus is a legacy of differentially expressed genes in
its diploid progenitors may be interpreted as the maintenance
of cis-regulation of the two gene copies, without interference
from trans-factors. This topic is of current interest both with
respect to the relative prevalence of cis- versus trans- controls
of duplicate gene expression in allopolyploids, and in the
related topic of evolutionary divergence among closely
related species. The latter topic is an active area of interest
in both plants and animals [48,49,74,86—-89], and both cis-
[86] and trans- effects [87] have been reported to predominate
in the causes of divergence among diploids.

This conceptual framework is important to the interpret-
ation of duplicate gene expression at the allopolyploid level. If
homoeologue expression levels quantitatively mimic those of
the parental diploids, this may be interpreted as cis-regulation
in the allopolyploid derivative, due to cis- differences that
evolved during diploid divergence. If, on the other hand,
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duplicate gene expression in the allopolyploid diverges from
those of the parental diploids, trans-regulatory evolution may
be invoked. Chaudhary et al. [48] studied homoeologue
expression levels for 63 gene pairs in 24 tissues in naturally
occurring allopolyploid Gossypium, a synthetic allopolyploid
of the same genomic composition, and models of the diploid
progenitor species. They reported that most gene expression
alterations are caused by cis-regulatory divergence between
the diploid progenitors. Similarly, Yoo et al. [50] used
RNA-seq to explore patterns of duplicate gene expression for
about 30000 gene pairs in diploid and allopolyploid species
of cotton, as well as in synthetic F; hybrids and allopoly-
ploids, showing a complex mix of cis- and frans-regulation
characterizing allele-specific expression in diploid hybrids
and homoeologue expression in allopolyploids. Shi et al. [49]
used Illumina sequencing to compare expression levels in Ara-
bidopsis thaliana autotetraploids (2n =20), and Arabidopsis
arenosa autotetraploids (2nn = 32). They reported that 19% of
the expression differences were associated with cis- effects, 8%
exhibited trans- effects and a further 5% were associated with
both cis- and trans- effects.

One potential cause of ‘expression-level dominance’ could be
that trans-regulatory phenomena overwhelm any cis- differences
that may have evolved between the diploid parents; that is, once
the two divergent promoter regions are united by allopolyploidy
and placed in a common regulatory environment, trans-acting
factors generate equivalent levels of transcription of both
homoeologues (a contrasting possible cause of expression-
level dominance is shown in figure 3). It may also be, for
example, that de-repression of genes in new allopolyploids, as
in Arabidopsis [74] and Tragopogon [46] allopolyploids, may
represent examples of trans-regulatory control.

We might hypothesize that cis-regulation is most likely to
be maintained, and trans-regulation avoided, in an allopoly-
ploid if the two parental genomes are divergent at the
nucleotide level. The more similar the genomes, the more
likely it is that the transcription factors of one genome might
be compatible with transcription factor binding sites on the
other genome. Hence, it could be that legacies of divergent par-
ental gene expression are more likely to be maintained in
allopolyploids with parents that are less genomically similar,
or ‘wide” hybrids. In recent years, there has been growing inter-
est in the effect of parental divergence on the establishment and
success of polyploids [90-95], but as far as we are aware the
possible effects of parental divergence on the maintenance of
divergent patterns of gene expression among homoeologues
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has not yet been explored. A possibly fruitful avenue for
future research would be to explore the extent and relative
rates of cis- and trans- divergence among diploids, and the
relationships among these phenomena and levels of duplicate
gene co-regulation in a broad spectrum of allopolyploids. It is
also useful to remind ourselves that, because distinguishing cis-
and trans- effects relies on identifying species-specific patterns
of expression [86], inferences about the regulation of gene
expression in allopolyploids are complicated by the same con-
siderations concerning polymorphisms in progenitor species
and divergence subsequent to polyploid formation that
Gottlieb recognized as important constraints on evolutionary
hypotheses based on isozyme data.

6. Conclusion

Most reviews of allopolyploid gene expression in the last 10 years
have emphasized novel and variable patterns of gene expres-
sion [96-102], due to multiple recent discoveries of alteration
of gene expression patterns [23,26,4546,103] and variation
among tissues and progenies of similar allopolyploids [50,104].
In this review, we have concentrated on the converse: continuity
among allopolyploids and their diploid progenitors, inspired by
the early insights of Leslie Gottlieb in this field. While accurate
assessment of parental legacies is a prerequisite for the documen-
tation of novel patterns of gene expression in allopolyploids, it is
not straightforward to measure or to describe. Despite this,
results from Tragopogon allopolyploids, a study system com-
mended by Gottlieb, show us that, while making an important
contribution, parental legacies of gene expression are often not
the causes of expression differences among homoeologues in
allopolyploids. These studies and others indicate that gene
expression evolution at the allopolyploid level is far more
complex than mere inheritance of a parental legacy, and that
effects are nonlinear, in many cases being caused by interacting
cis- and frans-factors whose interactions and stoichiometric
responses to hybridization, genome doubling and environmental
conditions are rapid and highly complex.
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