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Introduction

Chromatin and gene regulatory molecules tend to operate in multisubunit complexes in the
process of controlling gene expression. Accumulating evidence suggests that varying the
amount of any one member of such complexes will affect the function of the whole via the
kinetics of assembly and other actions (1). In effect, they exhibit a “balance” among themselves
in terms of the activity of the whole (Figure 1). When this fact is coupled with genetic and
biological observations stretching back a century, a synthesis emerges that helps explain at
least some aspects of a variety of phenomena including aneuploid syndromes, dosage
compensation, quantitative trait genetics, regulatory gene evolution following
polyploidization, the emergence of complexity in multicellular organisms, the genetic basis of
evolutionary gradualism and potential implications for heterosis and co-evolving genes
complexes involved with speciation. In this article we will summarize the evidence for this
potential synthesis.

Aneuploidy versus ploidy on the phenotype level

The concept of “balance” in genetics traces back to the early days of genetics in studies of
chromosomal duplication in Datura (2) and of sex determination in the moth, Lymantria (3),
and the fruitfly, Drosophila (4). In Datura, the variation in copy number of individual
chromosomes (aneuploidy) was compared to variation for the whole genome (ploidy). In
insects, the determination of sex was influenced by a changing dose of the sex chromosome in
relation to the whole genome. The most extensive studies in the plant kingdom were performed
by Blakeslee and colleagues. They produced a whole set of extra chromosomes (trisomics) for
all of the twelve members of the karyotype of Datura, each of which produced a characteristic
change in phenotype from the normal type (5). In these studies, they also found extra
chromosomes that contain two copies of the same chromosome arm (isochromosomes,
secondary trisomics). These lines exhibited greater extremes of a subset of the altered
phenotypic characteristics found with the trisomics from which they were derived. Such
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aneuploid syndromes typically involve reduced stature, vigor and in some cases reduced
fertility.

In contrast, the production of a ploidy series with increasing doses of the whole genome, while
generating specific changes in phenotype, did not result in as extreme effects as found with
varying individual chromosomes or chromosome arms (5). Moreover, haploid plants were
found for Datura and the addition of an extra chromosome to this genotype produced a very
extreme deviant phenotype (6). These types of observations have been recapitulated in many
other plant species over the decades. The results indicate that there is a “balance” within the
genome that, if upset, will alter the phenotype (Figure 1). This balance has been interpreted
for many years as resulting from an altered level of expression of genes on the varied
chromosome relative to the remainder of the genome. Typically, the imbalance was considered
to involve gene products of housekeeping or metabolic processes. However, recent evidence
from studies of gene expression in aneuploidy and ploidy series and the identification of the
genes responsible for these effects (7), together with studies of the retention of regulatory genes
during the process of diploidization following multiple rounds of polyploidization in the
evolutionary lineage of the plant kingdom (8-10), would suggest that the balance is primarily
one involving regulatory molecules. This balance would affect the expression of the target
genes, which might cause the aneuploid syndromes by reductions in expression of critical
products regardless of whether there is an addition or subtraction of a chromosome from the
genotype (11-12).

Gene expression in aneuploidy and ploidy series

Studies of the expression of individual genes in aneuploidy and ploidy series, primarily
conducted in maize, indicate that changes in dosage of individual chromosomes or
chromosomal segments have global effects on gene expression and that these effects are more
numerous and extreme than what is generally found in studies on gene expression in a ploidy
series (11-12). In early studies, enzyme activities encoded by various genes located around the
genome were assayed in a dosage series of 1-4 copies of the long arm of chromosome 1 in
maize (11). Further, protein profiles were generated from dosage series of several chromosome
arm dosage series and compared to those from a ploidy series (12). The results from these
studies can be summarized as follows. Any specific chromosome arm dosage series will
modulate the expression of many genes located at various positions in the genome--in other
words the effects operate in trans. Second, any one gene could be modulated by several different
dosage series. Third, the modulations could be both positive or negative correlations with the
dosage of the varied chromosome arm, but the negative effects predominated. Finally, the
modulations of the same genes in a ploidy series were minimal in comparison. Together, these
results suggested a balance of regulatory factors controlling gene expression levels.

Dosage compensation

The trans-acting dosage effects that operate in aneuploid series not only affect the expression
of genes located elsewhere in the genome, but also modulate the expression of the genes present
on the same chromosome arm. Because the major type of effect is a negative correlation with
dosage, referred to as an “inverse dosage effect”, many cases of dosage compensation result
in an aneuploid dosage series (11-13). This compensation results because the target locus is
being varied in dosage as well. In other words, in a dosage series the target gene is increasing
as does the copy number of the chromosome arm, but the inverse dosage effect counteracts the
amount of expression from each allele present by an inverse increment. These two effects
cancel to produce about the same total amount of gene product from each chromosomal dose
in the series (Figure 2). This situation was first demonstrated for the Alcohol dehydrogenase
(Adh) gene in maize, which resides in the long arm of chromosome 1 (13). In the
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aforementioned dosage series, the total Adh expression is approximately equal for 1 to 4 copies
of the chromosome arm. However, if the chromosome arm is assayed for dosage effects in
smaller segments using some genetic tricks, the Adh structural gene dosage series produced a
positive correlation between the total expression and the copy number of the gene present.
When a separate portion of 1L was varied in 1-3 copies, but holding the dosage of Adh constant,
an inverse dosage effect was found on the level of ADH present. Thus, the two effects occurring
simultaneously cancel to produce dosage compensation. This type of mechanism has been
recapitulated for cases of dosage compensation in Drosophila (14-17) and recent evidence
suggests an involvement of balance in cases of dosage compensation in plants and for sex
chromosomes in Drosophila, C. elegans and mammals (18).

The changes in gene expression found in aneuploidy and ploidy series have also been
documented on the RNA level. The same types of effects, i.e. positive and negative with a
prevalence of the latter have been documented in embryo tissues of developing kernels of maize
(19). Cases of dosage compensation were also found. In a ploidy series, there is also less
modulation of RNA levels than expected from a cumulative effect from the aneuploidy results
(20). In the triploid endosperm tissues, there are also aneuploid effects, but of lesser magnitude
as might be expected from a balance relationship because the addition or subtraction of a
chromosome in a triploid genotype creates less imbalance.

What are the types of genes responsible for the dosage effects?

Over the course of two decades, single gene mutations were sought in Drosophila that would
mimic the types of effects that occur in the aneuploid dosage series in order to gain insight into
the molecular nature of the phenomenon (7,21). The approach was to mutagenize flies and
screen for heterozygous mutations that would produce a semidominant effect on the expression
of a leaky allele of the white eye color gene as a reporter. Such semidominant mutations, if
they result from a loss of function, would be equivalent to a one dose situation of the affected
gene relative to the normal two dose diploid. To date, there are 47 known genes that produce
such a dosage effect on the white reporter (7). As with the aneuploid dosage effects, there is a
mix of positive and negative effects with a prevalence of the latter. The molecular nature of
many of these modifiers is now known. The group is comprised of chromatin components,
transcription factors and members of signal transduction cascades (7).

An obvious question that arises is how a single target reporter could be affected by so many
regulatory genes. It has been proposed that an explanation for this result might lie in the fact
that regulatory hierarchies are known to occur and if each is composed of dosage dependent
members, then varying the dosage of any member within the hierarchy will pass along the
dosage effect at some magnitude to most of the targets (7). In other words, a dosage effect of
a regulatory gene at the top of the hierarchy, which might modulate a subsequent dosage
dependent regulator which in turn affects the expression of a target gene, will pass along the
effect to ultimately alter the expression of that target. Clearly, of course, each regulator
modulates the expression of multiple targets, which creates a complicated web of interactions.

Haplo-insufficiency

Recent studies from clinical medicine have indicated that many genetic syndromes in humans
result from a heterozygosity for a loss of function allele of transcription factors, oncogenes and
signal transduction components (1). Theoretical modeling has provided an underpinning of
how these effects can result from interactions and assembly of different subunits of
macromolecular complexes (1). From studies in yeast (22) and humans (23), genes that exhibit
a haploinsufficiency are strongly skewed toward those that are involved in molecular
complexes, suggesting the importance of stoichiometry of the various subunits. Thus, there are
parallels to the above-mentioned studies of dosage balance in aneuploidy/ploidy studies of
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regulatory genes. While other classes of genes than regulatory loci are involved with molecular
complexes and exhibit haploinsufficiency, we will focus on the fact that regulatory genes fall
within this category.

Parallels with quantitative trait loci

Retention

Quantitative traits are usually controlled by multiple loci each of which modulates the
phenotype in increments (24). They encompass a wide variety of aspects of the phenotype, so
generalizations are difficult to formulate, but some principles do emerge. Typically,
quantitative trait loci (QTL) show some level of semidominance between the two alleles being
examined at any one locus, namely the heterozygote is intermediate between the two parents
for the phenotype rather than identical to one of them (dominant/recessive) as often occurs
with qualitative traits. Multiple loci contribute to any one phenotype. Thus, there are parallels
with the impact of aneuploidy on the phenotype in that the effects are dosage sensitive and
there are several factors influencing any one characteristic (7,19).

The molecular definition of quantitative trait loci is still in its infancy, but some trends have
emerged from those examples that are now known, as previously summarized (7,25). For the
most part, QTL appear to have some type of regulatory function, particularly transcription
factors and members of signal transduction cascades. Some have a positive impact on the
phenotype, while others act in a negative dosage sensitive manner. It is also likely that genes
encoding the rate limiting step in biochemical pathways would contribute to quantitative
phenotypes and act in a dosage dependent manner (25).

Thus, from what is known to date, there appears to be a connection between the behavior of
aneuploid effects on the phenotype and the control of quantitative traits. This parallel not only
involves the multigenic nature of control and a dosage dependence, but also the molecular
nature of the genes involved.

of regulatory genes during diploidization

The availability of genomic sequences for Arabidopsis and rice has revealed that there have
been repeated cycles of polyploidization and diploidization in the evolution of the angiosperms
(8-10,26-28). Allotetraploids have occurred by the hybridization of related species followed
by chromosomal doubling. Because of the ploidy hybridization barrier in angiosperms (29),
the new polyploids usually become reproductively isolated from the diploid progenitor species.
Being tetraploid, they can tolerate the deletion of genes--at least certain classes of genes. As
this process continues over evolutionary time, there is a progression toward a diploid state
again. However, recent evidence indicates that there is a preferential retention of transcription
factors and signal transduction components as duplicates from the most recent respective events
of polyploidization and diploidization in both Arabidopsis and rice (8-10,28). Indeed, there is
evidence of purifying selection for the genes that are preferentially retained (10). By
comparison, studies of the types of genes present in segmental duplications, which increase
the copy number of only a small portion of the genome, provide a complementary picture,
namely, a relative dearth of transcription factors and signal transduction components (30).
These observations suggest there is usually a selection against creating a regulatory imbalance
by segmental duplication.

The sum of these results suggests that transcription factors and signal transduction components
that are duplicated during the tetraploidization events are resistant to deletion. In other words,
if one copy of a duplicate pair is removed from the genotype by random deletion processes,
this circumstance could mimic aneuploid effects and result in reduced reproductive fitness.
Thus, such events would be subject to purifying selection and cause the retention of the
duplicate pairs. For other types of genes, deletion of one pair might not have any consequences
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for fitness and would be reduced to the diploid level. As noted above, segmental duplications
that alter the balance of regulators would likely be selected against (30). Thus, duplications of
small parts of the genome are preferentially represented by housekeeping genes (30).

These results suggest that the concept of balance of regulatory genes extends to the finding of
evolutionary retention following polyploidization. The same general classes of genes are
involved in the processes of retention from whole genome duplication events and exclusion
from segmental duplication. Thus, regulatory genes, namely transcription factors and signal
transduction components, exhibit parallel and consistent behavior in studies of aneuploidy,
quantitative trait specification and their evolutionary fates following duplication.

Complexity drive?

Freeling and Thomas (28) have suggested that the duplication and retention of duplicate
regulatory factors following polyploidization could contribute to an increase in complexity
during the evolution of multicellular organisms. Whether such increase in complexity has
occurred during evolution has been a topic of debate for some time. The resistance to this idea
comes from the idea of “progress” in evolution, which is unlikely to occur. It is important to
realize however that “progress” and “complexity” are not necessarily synonymous. The new
suggestion is that complexity is driven by degenerative processes, such as mutation and
deletion, following polyploidization events within the context of regulatory balance and
selection. This proliferation of regulatory functions can foster greater complexity.

New variation in life comes from mutations and new genes from duplications. Numerous
examples are known of proliferation of genes by tandem duplication and divergence.
Accumulation of mutations in one copy of the duplicate results in divergence to a new function,
which is referred to as neofunctionalization. Alternatively, the two copies could diverge such
that each member of the pair performs separate aspects of the original function, which is called
subfunctionalization (31).

One explanation for the retention of duplicate regulatory genes during diploidization might be
that sub or neo functionalization (i. e. altered tissue specific expression or enzymatic action)
has occurred for one member of the duplicate pair so that deletion of either copy removes a
required function from the genotype which would be detrimental and thus selected against. To
some degree, this almost certainly occurs, but the evidence for purifying selection against
mutation accumulation for the retained classes of genes suggests otherwise for many genes
(10). Sub and neo functionalization of duplicates is apparently a slower process than once
thought. As pointed out by Freeling and Thomas (28), maintenance of balance of the regulators
isrequired immediately upon polyploidization and deletion of one member of a pair is predicted
to have detrimental consequences.

Therefore, one might envision the following scenario. The duplication of the genome would
increase the copy number of all genes. Regulatory factors are present in a balanced
stoichiometry that makes them resistant to loss. The retention over long evolutionary time
makes them available for potential mutational change that could lead to sub and neo
functionalization. However, in order for this to happen, they must escape from the balanced
stoichiometry. One might imagine that one way in which this could happen might be by the
deletion of specific target genes. This must occur in such a manner that only some targets of a
balanced regulatory system are removed at a time so that a detrimental situation is not created.
As a gradual deletion of multiple targets accumulate, selection pressure might occur to shift a
regulatory balance. Another possibility might be the occurrence of cis-dominant regulatory
lesions in critical target loci that would alter their expression in such a manner to allow a shift
in the balance of regulators (Figure 1). It is certain, however, that, in order for whole genome
duplication to contribute to an increase in complexity, divergence of duplicate regulators must
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occur at some point following the various rounds of polyploidization and diploidization during
plant evolution.

The principle proposed by Freeling and Thomas (28) is that with multiple whole genome
duplication events in the history of angiosperms, there has been a continual proliferation of
regulatory genes. They are held in the evolutionary lineage against deletion because of their
balance property. As a new balance is eventually found and divergence occurs, developmental
and metabolic processes will become more complex. Thus, on this hypothesis, complexity is
driven at least in part by the cycle of polyploidization and diploidization followed by random
degenerative mechanisms (deletion and mutations) that do not invoke “progress”.

Is there an involvement in hybrid vigor?

Hybrid vigor or heterosis is the phenomenon that hybrid individuals often show superior
phenotypes compared to their inbred parents for such characteristics as fertility, biomass and
flowering time. The genetic and molecular basis of heterosis has eluded a consensus (32).
However, recently an exhaustive study of introgression lines of overlapping portions of a wild
tomato genome into domesticated tomato has suggested that the heterotic response results from
so-called overdominant QTL (33). In other words, heterozygosity for the introgressed segment
of the genome produced a response that was superior to homozygous lines of the respective
introgressed line or of domesticated tomato itself. QTL for other types of traits not involved
with reproductive success did not exhibit overdominance. The implication of this result is that
an allelic interaction causes the superior response as opposed to a complementation of partially
detrimental alleles in the heterozygote.

The authors propose that the superior performance of the heterozygous state would be selected
for due to the increased reproductive success of the hybrids. An analogy is made to self
incompatibility genes that foster outcrossing. This scenario would suggest that the selection
must occur in the heterozygous state and the question arises whether dosage dependent
regulators are also involved with this type of quantitative response. Examples of single gene
heterosis were reported many years ago (34) and now that the molecular basis of these loci has
been defined, an example of a transcription factor and a signal transduction component are
represented (35,36). This sample of course is too small to form any generalizations, but it is
consistent with other studies of the molecular basis of QTL and dosage dependent regulators.

Could regulatory complexes represent coevolving gene incompatibilities for
speciation?

From studies of hybrids of different Drosophila species, Herman Muller and Theodosius
Dobzhansky recognized that gene incompatibilities occurred (37-39). While two related
species are obviously individually viable and fertile, hybrids between them can show lethality
of one of the two sexes or sterility of various sorts. To the extent that genetics can be applied
to the problem, it is obvious that multiple genes are involved that are incompatible in the hybrid.
In at least one study of the determination of the quantitative trait loci involved in differences
between species, the multiple genes showed semidominant effects (40). Thus, it appears that
interacting genes are evolving in concert in the diverging lineages.

Of the very few speciation genes identified molecularly, dosage dependent transcription factors
are represented (41-43). Thus, an interesting pursuit in the future would be to explore the
possibility that hybrid incompatibility genes represent members of interacting macromolecular
complexes that are co-evolving. One might imagine that a change in one member in a balanced
stoichiometry might present conditions that favor selective changes in other members of the
same complex. In one sense, different members of such complexes might be in conflict for
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evolving characteristics that foster their perpetuation. If a selection occurs on one member of
acomplex, selection pressure might occur for coevolution of other members of a stoichiometric
group to change as well (Figure 1). Because each member is dosage sensitive and new

mutations can produce a subtle change in the phenotype, such changes can rapidly be selected
because the mutations have an effect in the heterozygote and are thus available for selection.

Gradualism in evolution

An unresolved issue in biology is whether evolution proceeds by few changes of large effect
or by many changes of small effect. The realization of the fact that gene regulatory processes
are dosage dependent and exist in hierarchies, which provides numerous modifiers of a single
phenotype, provides a potential explanation for evolutionary gradualism for large changes in
phenotype by continual selection for many changes of small effect. Changes in members of
multi-subunit complexes can all have the potential to produce a subtle change on the phenotype.
If selection on a particular trait is strong, the phenotype can shift in one direction to great
extreme by many subtle steps via sequential selection on different members of a dosage
dependent regulatory hierarchy. It is also likely that cis-dominant changes in the regulation of
target genes could contribute to the evolutionary shift as well. Of course, pleiotropy of
individual regulators and epistasis among interacting genes will no doubt occur and affect the
process. A challenging future research direction would be to examine these issues and
determine the contribution of these various factors to evolutionary trends.

Concluding remarks

In this article we have summarized the evidence which suggests that regulatory genes in
multicellular eukaryotes are dosage dependent as a result of their membership in
macromolecular complexes for which the contributing subunits produce stoichiometric effects
on the function of the whole. This evidence comes from the biology of aneuploidy and ploidy
series, gene expression studies in the same, the molecular basis of dosage dependent modifiers,
the behavior of quantitative trait loci, the molecular basis of QTLs and the maintenance of
balance of these classes of genes over evolutionary time following polyploidization events.
The implication of this system is that new mutations in regulatory genes are immediately
available for selection in the heterozygote, be that purifying or adaptive. It has been known
since the first mutagenesis experiments that most mutations are completely recessive (44) and
most of these are present in housekeeping genes. New mutations that are completely recessive
will be unavailable for selection in the heterozygote and are only subject to evolutionary forces
when made homozygous. Thus, evolution for these genes may be largely neutral, while
adaptive changes might be more common with dosage dependent regulatory genes.

Natural selection allows for adaptive change, but also for maintenance of the status quo. The
early emergence of a regulatory balance in the evolution of multicellular eukaryotes was
conducive for both. A regulatory system that can produce subtle changes in the diploid state
allows selective change in diploid heterozygous organisms and provides a means by which
many new mutations can be available for selection. Any new mutation that fosters greater
reproductive success over the alternative will sweep through the population assuming no
detrimental homozygous effect, and those mutations that are detrimental will be eliminated
quickly. Such a hypothesis produces a synthesis of many genetic and evolutionary
observations.
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Figure 1. Model showing effect of stoichiometry of gene regulatory complexes and its consequences
in generating phenotypes

Panel A shows a stoichiometrically balanced regulatory complex depicted by sets of rectangles,
circles and triangles (XX:YY:ZZ::1:1:1), which is able to properly communicate/interact with
the cis factor of a target structural gene, which leads to a (normal) phenotype depicted by a
thick green rectangle. In panel B the stoichiometry of the regulatory complex is altered and
thus unbalanced (XX:Y:ZZ::2:1:2) so interaction with the cis elements of target loci is modified
such that an abnormal phenotype (depicted by a thinner green rectangle) is produced. This
phenotype might be selected against. Panel C shows modification in a cis factor (depicted by
brown rectangle) such that a shift from the balanced regulatory complex (XX:YY:Z2Z::1:1:1)
to the unbalanced state (XX:Y:ZZ::2:1:2) is tolerated. Panel D depicts co-adaptation of the
unbalanced regulatory complex over time to attain a new balance (X:Y:Z::1:1:1) leading to the
normal phenotype.
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Figure 2. Dosage Compensation

The copy number of a gene located on a chromosome varies with each change in chromosomal
dose but the total amount of gene expression remains the same due to transacting regulatory
dosage effects on the gene. In normal diploids there are two doses of each chromosome and
each allele of the gene contributes 50% to the total gene expression. However, when there is
only a single dose of the chromosome, as in monoploids, the transacting regulators interact
such that the remaining allele contributes 100% to gene expression (complete green rectangle).
On the other hand when chromosome dose is tripled as in trisomics, each of the three alleles
contributes to only a third of the total gene expression (green red and blue rectangles).
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