Chapter 2

The Gene Balance Hypothesis: Dosage Effects in Plants
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Abstract

The concept of genomic balance traces to the early days of genetics. In recent years, studies of gene
expression have found parallels to the classical phenotypic studies in that aneuploid changes have greater
effects than whole genome changes. This has an explanation in terms of potential stoichiometric imbal-
ances of the gene products encoded in the aneuploid regions. Studies of transcriptional factor mutations
indicated that they tend to be haplo-insufficient as heterozygotes. Molecular evolution studies found that
genes encoding members of macromolecular complexes were preferentially retained following polyploidy
and underrepresented in copy number variants. In this review chapter, we synthesize these observations
under the rubric of the Gene Balance Hypothesis.
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1 Introduction to the Gene Balance Hypothesis

The Gene Balance Hypothesis posits that varying the stoichiome-
try of members of multi-subunit complexes will affect the function
of the whole complex as a result of the topology, kinetics, and
mode of assembly [ 1-5]. This principle applies to any type of mac-
romolecular complex but perhaps its most critical implications are
in the area of gene regulation, which is mediated in large part by
oligomeric complexes. Because varying the stoichiometry of sub-
units has an effect, this will be manifested in a dosage response
when the encoding gene is varied in copy number. Thus, gene
regulatory systems tend to be dosage-dependent and thus will
impact quantitative characteristics. The general idea of balance
traces to the early days of genetics [6—8] but more recently a syn-
thesis pulling together data from quantitative genetics, biophysics,
molecular evolution, and studies of gene expression has been for-
mulated. In this review article, we summarize the evidence for this
synthesis and note some implications.
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One of the lines of evidence for the dosage balance concept is the
classical observation that aneuploidy is generally more severe than
ploidy changes. This concept was first formulated by Blakeslee and
colleagues using the flowering plant, Datura [6, 7]. Trisomics were
isolated for each of the 12 chromosomes. Each exhibited a character-
istic phenotype. In comparison, a whole genome ploidy series was
produced by chromosome doubling. The phenotypic changes in this
case were not as dramatic as for the individual chromosome copy
number modulations. This relationship has been found in many
other plant and animal species over the subsequent decades [9, 10].

More recently, studies of gene expression modulation in aneu-
ploidy and ploidy series showed that a greater number of modula-
tions were found with aneuploidy than ploidy-level variations, in
parallel to the phenotypic effects. There are two major types of
modulations in aneuploids. One involves positive correlations with
the varied chromosome that act in #rans across the genome. The
other type of tramns-acting effect found was an inverse correlation
of gene expression with the dosage of the varied chromosome
[12]. These eftects were found on the enzyme activity [11], pro-
tein [12], and messenger RNA levels [13]. In the latter study, the
modulations caused by chromosomal dosage were within the direct
and inverse correlative levels in the diploid embryo as well as in the
triploid endosperm. In other words, the magnitude of genomic
imbalance at the respective ploidy levels determined the magnitude
of the effects. Changes of whole ploidy show fewer effects [14].

For the genes on the varied chromosome, it is generally assumed
that a structural gene dosage eftect will be produced with a change
of chromosomal dosage. This is indeed the case for many gene prod-
ucts, but many cases of dosage compensation were also observed
[11, 15, 16]. Dosage compensation is the phenomenon that the
same amount of gene product is produced regardless of the chromo-
somal dosage. Examples of the alcobol debydrogenase 1[11] and the
PRO [12] genes located on the long arm of chromosome 1 exhib-
ited the same amount of gene product in a 1-to-3 dosage series of
this chromosome arm. In the case of adh1, the basis of the compen-
sation was shown to be that an inverse dosage effect was operating
on the locus in question which counteracted the structural gene dos-
age effect that might otherwise occur [12, 16]. Division of the long
arm of chromosome 1 revealed a region that produces an inverse
dosage effect upon adhl and that varying the dosage of a small
region around adhl itself produced a gene dosage eftect [16].

2 Gene Balance and Aneuploidy

The basis of the aneuploid effect was shown to be able to be
reduced to the action of single genes [17, 18]. The leaky
white-apricot allele of the white eye color gene in Drosophila was
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used as a reporter to identify modifiers that would increase or
decrease the amount of pigment when the new mutation was het-
erozygous. This situation would mimic a “monosomic” condition
but on the single gene level. From over 2 decades of screening, 47
such modifiers were identified [18]. The majority of them acted
negatively. Such a large number of modifiers are likely to result
from the fact that many processes operate through regulatory hier-
archies and /or through oligomeric regulatory factors. Each modi-
fier would affect overlapping sets of genes.

This type of result has parallels in the genetics of quantitative
traits. Quantitative trait loci are usually additive and multigenic
[19] as are aneuploid syndromes [ 13]. Furthermore, they are con-
trolled by many genes usually of small effect that are additive [20-25].
In other words, there is a dosage effect of the controlling alleles.
Thus, there are similarities among the control of quantitative traits,
the impact of multiple aneuploidies on the phenotype and the mul-
tigenic set of modifiers identified for a single phenotype [18].

Indeed, of the quantitative trait loci whose molecular nature
has been elucidated, they are typically some type of regulatory fac-
tor. The first QTL cloned and molecularly characterized was fiw2.2,
which controls fruit weight in tomato [20]. When a transgenic
dosage series was produced for this gene, a negative dosage effect
on fruit weight was realized [26]. Among the collection of modi-
fiers of the white eye color gene, those whose molecular nature is
known consist of transcription factors, signal transduction compo-
nents, and chromatin-modifying factors [18].

Another line of evidence in support of the Gene Balance
Hypothesis is that haplo-insufficient genes in yeast and humans are
enriched for proteins within complexes [27-30]. While these genes
include the spectrum of those involved in macromolecular com-
plexes, they include transcription factors and signal transduction
components. The concept of balance was examined by over-
expression of the same genes, which was found to be detrimental
also [29]. However, co-over-expression was capable of correcting
the fitness defects of interactors [29].

Further evidence comes from studies of molecular evolution.
Throughout the plant kingdom [31-37], but also in yeast [38]
and the animal kingdom [39, 40], there have been cycles of whole
genome duplication (polyploidization) following by fractionation
(diploidization). As genes are lost in the latter process, there is not
a random distribution of the functional classes of genes that are
retained [34-36]. Indeed, there is a preferential retention of genes
whose products are involved with macromolecular complexes [ 34—
36]. Included among these are transcription factors and signal
transduction components. The implication is that if the stoichiom-
etry of these gene products is important, deletion of one member
of'a duplicate pair might act like an aneuploid effect and be selected
against, thus resulting in retention over longer periods of evolu-
tionary time than other classes of genes.
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The reciprocal result is found for segmental duplications and
copy number variants. In this case there is an underrepresentation
of genes whose products are involved in oligomeric complexes
[34-36, 41-44]. Instead, genes encoding products that provide
a selective advantage via greater quantity without balance defects
are preferentially represented in partial genome duplications.
This principle is reinforced by the realization that proteins that
are increasingly under-wrapped (a measure of the reliance of a
protein on binding partnerships to maintain structural integrity)
are less likely to be correlated with gene duplicability [45].
Indeed, an inverse relationship between the extent of protein
under-wrapping and gene family size has been demonstrated.
Thus, gene duplication is unlikely to be tolerated if the structure
of the corresponding protein requires substantial protein—protein
stabilizing interactions unless the latter are co-duplicated or co-
retained. Moreover, copy number polymorphisms in Drosophila
[43] and humans [46] for genes with network centrality are sig-
nificantly underrepresented.

Lastly, there are constraints on the tolerated variation of regu-
latory genes. In Paramecium tetraunrvelin, which has experienced
three detectable whole genome duplication events as revealed by
the genome sequence, there is evidence of purifying selection,
based on Ka/Ks ratios, on the coding sequence of both members
of'a retained duplicate pair implying that dosage is important [39].
Because the conserved duplicate genes are likely to have kept the
ancestral function, neofunctionalization cannot explain their reten-
tion. Instead, this result might be explained if mutations that upset
the stoichiometric balance are selected against leaving the sequence
signature of purifying selection. A similar conclusion can be drawn
from an illuminating mutation accumulation experiment in C. ele-
gans [47]. Mutations were allowed to accumulate and then pat-
terns of gene expression were measured. Considerable variation for
changes in the expression of individual target genes was revealed
but there was conservation of the global patterns of gene expres-
sion suggesting that purifying selection was occurring for changes
in the quantities of regulatory factors [47].

In a similar vein, studies of czs and trans variation in gene
expression in general find that cis variation is typically of greater
magnitude, although less pleiotropic, than trans variation but for
any one modulation of a gene product there is a greater number of
these more subtle changes [48-60]. This type of result would
occur if target genes were not constrained for the type of cisregula-
tory variation that could be tolerated (probably within limits) but
that the multiple regulatory genes have a constraint on the
magnitude of variation that can be tolerated and maintained in
populations.
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3 Implications of the Gene Balance Hypothesis

The Gene Balance Hypothesis suggests that new mutations in
regulatory genes of various types will likely produce a semidomi-
nant dosage effect to some degree and to have a (subtle) pheno-
typic effect. The consequence of this is that new mutations will be
available for selection, be that either purifying or adaptive. Mutations
that are completely recessive are not available for selection. They
may become lost in a population or alternatively, only in a small
population would drift and inbreeding make them homozygous
and thus responsive to selective forces. The implication is that there
is a greater availability for adaptive selection for regulatory genes
than for others that do not exhibit dosage stoichiometries.

While new dosage-sensitive mutations would be readily avail-
able for selection, it is likely that this property of regulatory genes
would also work to maintain the status quo in regulatory processes
due to purifying selection against detrimental mutations perturb-
ing the stoichiometric balance. It is generally considered that puri-
fying selection is more common than adaptive selection, but once
adaptations occur, purifying selection would maintain them.

Another principle suggested by the results described above is
that regulatory changes would have an impact on evolution in sub-
tle increments but that many genes can contribute to any one tra-
jectory. The evidence, noted above, from the study of modifiers of
the white eye color gene and from quantitative trait multigenic
control, illustrates that many genes can impact a single phenotypic
characteristic. The data from retention of duplicate genes encoding
macromolecular complexes following ancient polyploidization
events and their underrepresentation in copy number variants sug-
gests that the magnitude of tolerable dosage effect is narrow and
well below a twofold range. Thus, the standing variation in regula-
tory processes is likely to be quite subtle but would be contributed
by many genes. Thus, the control of quantitative traits will be
determined by many genes each with a small effect.

Future studies involved with the Gene Balance Hypothesis
might focus on the effect of stoichiometric changes of individual
subunits of macromolecular complexes and how these changes
alter the function of the whole complex. Some possibilities might
be that the kinetics of assembly lead to unproductive partial com-
plexes [3] or that targeted degradation of unused subunits may
alleviate or, on the contrary, enhance dosage effects [5]. Another
question involves how new balances are achieved during evolution.
As noted above, cis variation will accumulate in target genes and
eventually will be in conflict with the trans regulatory system if
critical target genes change their expression. The evolutionary
evidence from preferential retention following polyploidization
suggests that there is resistance to altered balance but ultimately
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this would change and elucidating the processes by which this
occurs would be illuminating. Further, microRNAs are known to
impact gene expression in a dosage-sensitive manner and so they
are likely to play a role in gene balance mechanisms but basically
nothing is known about this possibility at present. Lastly, it is of
interest to decipher whether issues of regulatory gene balance play
any role in speciation [3]. If new balances are indeed achieved in
separate evolutionary lineages, then their combination in hybrids
might prevent gene flow by causing reduced fitness at some level.
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