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Insights from paleogenomic and
 population studies into the
consequences of dosage sensitive gene expression in plants
James A Birchler
Classical studies of plant phenotypes of individuals with whole

or partial genome dosage changes led to the concept of

genomic balance. Subsequent studies of gene expression in

ploidy and aneuploidy series showed a greater number of

modulations in aneuploid plants than with whole genome

changes leading to the idea that gene expression processes

were modulated by stoichiometric changes of interacting

regulatory factors. Recent studies of genomic sequences and

copy number variants in populations reveal different fates of

duplicate genes depending on whole genome or segmental

duplication. Following polyploidy formation, members of

macromolecular complexes persist in the evolutionary lineage

longer than random genes and a complementary pattern is

found for segmental duplications in that there is an

underrepresentation of members of macromolecular

complexes. These and other studies described suggest there

are negative fitness consequences when an imbalance occurs

for members of macromolecular complexes including

regulatory functions.
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Introduction
In recent years, several studies in plants have revealed a

cyclical pattern of polyploidy formation during evolution

with subsequent progression toward a more diploid state

[1,2]. With the loss of genes over time, there are trends of

gene retention that indicate a nonrandom elimination

based on gene function [1]. In particular, the classes of

genes that have greater retention times tend to be

involved in macromolecular complexes and highly con-

nected in the interactome. By contrast, examination of

the classes of genes that tend to be retained as segmental

duplications reveal a generalized complementary pattern,
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namely that highly connected genes are underrepre-

sented. In this review, this pattern of the differential fate

of gene copies depending on the mode of duplication will

be discussed in relation to gene expression studies in

polyploidy and aneuploidy series and the implications for

the evolution of patterns of gene expression.

Gene expression in whole genome and
segmental dosage series
Gene expression patterns in ploidy series have been

determined in many species of plants. Depending on

the particular study, haploid, diploid, triploid and tetra-

ploid individuals were examined with one, two, three and

four copies of the whole genome, respectively [3–9]. With

such a whole genome dosage series, the cell size typically

increases proportionally with the increase in the number

of genomes present [9]. The overall stature of the plants

in a ploidy series will depend in large measure on the

degree of heterozygosity [7,9,10]. Above the diploid level,

many plant species decline in stature with increasing

ploidy when maximally homozygous but increase in sta-

ture with maximal heterozygosity. A generalization across

studies is that the relative expression of most genes does

not change in a major way. However, with the realization

of a change in the cell size with ploidy, there is an

apparent proportional increase in expression per cell with

the number of copies of the genome present.

There are fewer studies of segmental changes in dosage

in plants. Some decades ago, molecular studies of trisomic

plants were conducted to examine issues of gene dosage

effects or to use molecular markers to classify aneuploid

individuals [3,11–17]. In these studies there were numer-

ous changes in gene expression that were noted. Most

studies examined trisomics because of their prevalence

and ease of manipulation. The most typical changes in

expression found were reductions in expression relative

to the normal diploid. Gene products encoded on the

varied chromosome could exhibit a gene dosage effect or

dosage compensation. Studies using maize allowed the

examination of monosomic individuals with only one

copy of selected chromosome arms [3,14]. These studies

revealed that there were often negative correlations of

gene expression through the one, two and three dose

series, although reductions in expression were also com-

mon in the monosomics. Although not studied in depth,

increasing amounts of the genome varied in dosage

together caused more extensive but not necessarily addi-

tive changes in gene expression [3]. These types of

dosage modulations could be reduced to the action of
www.sciencedirect.com
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Figure 1
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Genomic balance effects on the phenotype of maize. Plants are shown

from left to right: haploid, haploid plus the long arm of chromosome 1

(1L), normal diploid and diploid plus 1L. All individuals are in the inbred

background of W22. Note that the addition of 1L to a diploid genotype

has a much less detrimental effect than addition to a haploid. The

doubling of the whole genome from haploid to diploid compared to

doubling only 1L in an otherwise haploid illustrates the negative impact

of changing the stoichiometry or balance of a portion of the genome.

This comparison also illustrates that a two fold dosage change in only a

portion of the genome can severely affect plant stature and much more

than changing the whole genome by the same magnitude. A meter stick

is included for scale. Photo by Fangpu Han.
single genes, which include transcription factors, signal

transduction components and chromatin proteins [18].

When the results from aneuploidy and ploidy were com-

pared, overall there were more modulations of expression

from aneuploidy than for ploidy changes. This compari-

son led to the idea that changing the stoichiometry of the

regulatory factors was responsible for the trans-acting

dosage effects [3,18]. Below, we will relate this difference

between whole and segmental genomic effects to the

evolutionary patterns of gene retention.

Reoccurring polyploidy events in plant
evolution versus copy number variants
The sequence of the baker’s yeast genome revealed the

presence of an ancient genome duplication that would

account for numerous duplicate copies of genes [19].

Shortly thereafter, a similar phenomenon was recognized

for Arabidopsis [20–24]. Based on the patterns of synon-

ymous and non-synonymous base substitutions in the

gene pairs, the whole genome duplications could be

classified into alpha, beta and gamma events going back

in time from the present [23]. The alpha event has a larger

number of genes retained than beta, which in turn has a

greater number than gamma. (Eventually two earlier

additional events were documented [2].) When the func-

tion of the genes retained was examined, those involved

with molecular complexes such as the ribosome, protea-

some, transcription factors and members of signal trans-

duction cascades tended to be overrepresented [22,24].

With regard to regulatory factors, the classes of genes that

are preferentially retained for longer evolutionary periods

are the same as those that exhibit dosage effects similar to

the aneuploidy modulations [23–25]. As sequence data

became available from other species, related trends were

observed for independent polyploidization events and

gene number reductions [1,26].

These results were compared to the spectrum of gene

functions that exhibited segmental copy number dupli-

cations in several plant species [27,28,29�,30]. Some

classes of genes are overrepresented as multicopy, for

example, those involved with disease resistance. How-

ever, interestingly, the generalized trends of gene ontol-

ogy that are retained following whole genome duplication

are underrepresented in the segmental duplications.

Thus, there is a complementary pattern of retained genes

following whole genome versus those that persist as

segmental duplications.

Gene balance hypothesis
An explanation for the complementary pattern of dupli-

cates in WGD and CNV is that certain gene products are

in a particular stoichiometry or balance, otherwise nega-

tive fitness consequences ensue [25,27,32,33��]. Deletion

of certain classes of genes from WGD would be detri-

mental as well as the addition of them via CNV because

both dosage changes would alter the stoichiometry of
www.sciencedirect.com
connected genes. The idea of ‘balance’ traces back to the

early days of genetics which originated from the fact that

changes in dosage of a single chromosome have more

consequences for the phenotype than changes in ploidy

[34] (Figure 1). This concept was extended to explain the

greater number of modulations of gene expression in

aneuploids compared to euploids in particular with the

suggestion that the stoichiometry of regulatory factors

involved in multi-subunit complex impacted gene

expression [3,14,18]. Studies in baker’s yeast demon-

strated that the change in dosage of genes encoding

members of macromolecular complexes negatively

affected fitness with increasing connections in the inter-

actome [35]. Biophysical considerations of protein-

protein interactions support the same conclusion

[36–38]. Thus, the idea is that the balance or stoichi-

ometry of members of macromolecular complexes affects

the function of the whole and that these changes have a

negative fitness consequence.

The concept of balance can therefore be traced

through the classical phenotypic observations, the gene
Current Opinion in Plant Biology 2012, 15:544–548
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expression modulations in aneuploids and polyploids and

the differential retention of genes following WGD or

CNV [32,39]. Because the gene dosage parameters

involved with the latter are well defined, they provide

several implications for the constraints and consequences

of dosage modulation of gene expression. First, for indi-

vidual genes there is likely to be a reasonably linear

amount of expression between the copy number of the

gene and the amount of the gene product. While there are

examples in which this is clearly not the case, a study in

yeast indicates that the amount of gene product is reason-

ably well correlated with the dosage of the vast majority of

genes [40]. However, when we consider the dosage of

regulatory genes, they have a trans-acting dosage effect

that will modulate their target loci. Indeed, this fact is

probably a contributing factor to the negative fitness

associated with varying the dosage of the regulator.

Secondly, the fact that many types of transcription factors

and signal transduction components are retained follow-

ing whole genome duplication suggests that a mere

change in quantity of 25% will be selected against. This

is the case because there are four copies of a gene present

after the formation of a tetraploid and deletion of a single

copy back to three copies is apparently detrimental. An

extension of this realization is that natural variation in

regulatory factors even in diploids will be constrained so

that there will be very little change in magnitude of

expression for the variants that can persist in a popu-

lation. Indeed, studies of expression quantitative trait

loci for standard target genes reveals cis-acting variation

that is found less frequently but of greater magnitude

than the trans-acting regulatory variation that is multi-

genic and of lesser magnitude (e.g. [41]) if at all detect-

able. This pattern of variation is consistent with the

balance concept.

Another potential explanation for gene retention is that

the duplicate genes have changed function such that

different aspects of the progenitor are partitioned be-

tween the two new copies—the process of subfunctiona-

lization. This hypothesis, however, cannot account for the

complementary pattern of retention following segmental

duplication because one would expect equal opportunity

for divergence regardless of the mode of duplication [1].

Moreover, as noted above, most of the retained duplicates

from WGD eventually are lost as well. Subfunctionaliza-

tion involves mutational changes to subdivide gene func-

tions [31]. Thus, for this hypothesis to account for the

eventual loss of the evolutionarily temporally retained

genes would require back mutation of one copy of the pair

to re-establish the original functions of the progenitor

copy. This scenario is highly improbable. On the contrary,

the retention of regulatory factors in the evolutionary

lineage for longer periods of time than random genes

would provide greater opportunity for some cases of

subfunctionalization to occur. Thus, the combination of
Current Opinion in Plant Biology 2012, 15:544–548
balance based retention and subfunctionalization pro-

vides an extended opportunity for the evolution of new

genes via WGD.

Implications of dosage effects and
evolutionary data
The relationship of patterns of gene expression to the

phenotype is a complex one. Nevertheless, there is

clearly a connection. The facts that regulatory genes

have a trans-acting dosage effect [18] and that the evol-

utionary results indicate selection consequences of

dosage changes illustrate that the control of quantitative

phenotypic traits will be affected by multiple loci that

have dosage effects when the allelic variation affects the

quantity of gene expression. Indeed, classical studies of

quantitative traits have indicated that crosses between

parents of extreme phenotypes produce progeny with an

intermediate phenotype illustrating a cumulative semi-

dominant effect [42,43]. In natural populations, the vari-

ation for phenotypic characteristics will be affected by

multiple loci that are constrained in the magnitude of

each as a consequence of the detrimental effects of

changing the stoichiometry of the regulatory factors

involved.

Differential genomic expression in polyploids
The ‘paleogenomic’ studies also illustrate another inter-

esting feature of dosage effects in polyploids. As noted

above, the joining of two genomes together provides four

copies of every gene. When the two progenitor genomes

are slightly different, the same dosage issues are involved

but chromosome pairing parameters in meiosis are differ-

ent such that the two genomes are fixed and cannot

recombine. Interestingly, the average gene expression

from these two genomes is often recognizably different

[44,45,46��,47,48]. This difference in expression appears

to have an impact on the fractionation of genes back

toward the diploid level. The genome with lesser expres-

sion is preferentially the one with the greater number of

gene losses [44,49��,50��]. This difference has been

attributed to a lesser impact on the balance of gene

products when genes from the more weakly expressed

genome are deleted [44,49��].

Chromosomal balance is selected in newly
formed polyploids
Related results come from laboratory and population

studies of newly formed polyploids [51��,52��]. These

often exhibit variation in chromosome number in the

early generations. However, in successive generations

the related chromosomes from the two progenitor gen-

omes can shift in copy number so that the total remains

the same. Thus, for the gene repertoire the balance across

the genome is restored. These results illustrate from

another type of data that changes in gene dosage of

merely 25% can have detrimental effects and will be

selected against.
www.sciencedirect.com
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What next?
The evolutionary and population genomic studies have

produced a framework of how gene dosage affects fitness

and the types of genes that are involved. They point to

the need to understand on the molecular genetic level

how changing the dosage of regulatory genes impacts

their target loci and how dosage interactions among

regulators of various types does or does not affect gene

expression patterns. They also point to the need for

further study of the biophysical parameters of protein-

protein interactions among the components of macro-

molecular complexes in terms of how and why changes in

the stoichiometry of the members have the con-

sequences attributed to them from the evolutionary

and aneuploidy studies. It is also an interesting question

whether, because gametophytes would have greater

imbalance with gene copy number change, gametophy-

tically expressed genes have a greater effect on the

evolutionary trajectory of WGD and CNV. Further topics

in need of examination within the context of balance

phenomena include the role of microRNAs that modu-

late transcription factor levels posttranscriptionally and

the extent to which epigenetic modifications play a role

in regulatory stoichiometry.
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