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Abstract
Gene duplications have long been recognized as a contributor to the evolution of genes with new functions. Multiple cop-
ies of genes can result from tandem duplication, from transposition to new chromosomes, or from whole-genome duplica-
tion (polyploidy). The most common fate is that one member of the pair is deleted to return the gene to the singleton
state. Other paths involve the reduced expression of both copies (hypofunctionalization) that are held in duplicate to
maintain sufficient quantity of function. The two copies can split functions (subfunctionalization) or can diverge to gener-
ate a new function (neofunctionalization). Retention of duplicates resulting from doubling of the whole genome occurs for
genes involved with multicomponent interactions such as transcription factors and signal transduction components. In
contrast, these classes of genes are underrepresented in small segmental duplications. This complementary pattern suggests
that the balance of interactors affects the fate of the duplicate pair. We discuss the different mechanisms that maintain du-
plicated genes, which may change over time and intersect.

Introduction
Mutations give rise to new variation and gene duplications
give rise to new genes. New genes evolve from old genes.
New genes foster the complexity of life leading to a multi-
tude of new forms and functions. The trajectory of duplicate
genes is usually a return to the singleton state, but retention
can occur by various mechanisms. While there have been
claims of completely de novo genes, they often include pre-
existing domains that are rearranged. Rearranged domains
from different proteins, of course, can contribute to new
functions. A truly de novo gene that is not selected against

might be one that is antagonistic to a normal function that
somehow confers an advantage to the organism. Some of
the best candidates might be microRNAs due to their small
size and modulatory action (Lu, 2019). Nevertheless, duplica-
tion is the predominant means of generating new gene func-
tions. Here we discuss the various fates of duplicated genes.

Mechanisms of gene duplication (and
deletion)
Gene duplications can occur in tandem via recombination
between displaced repetitive sequences on homologues, via
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transposition by aberrant transposable element mobiliza-
tions (Zhang et al., 2013; Wang et al., 2015), or by being car-
ried by Mutator-like elements (Jiang et al., 2004) or helitrons
(Lal et al., 2003; Lai et al., 2005; Jameson et al., 2008;
Barbbaglia et al., 2012), although the products are often
gene fragments. Complete duplicates are in the minority but
have the most consequences caused by the altered dosage
(Zhang et al., 2021). Once a tandem duplication occurs, it
can expand to a triplication or be reduced back to the sin-
gleton state by asymmetric recombination between the two
members. Alternatively, duplicates can result from whole-ge-
nome duplication (WGD) (Wolfe and Shields, 1997; Simillion
et al., 2002; Bowers et al., 2003; Blanc and Wolfe, 2004;
Maere et al., 2005; Freeling, 2009; Jiao et al., 2011). In the
plant kingdom, WGDs have occurred many times in various
evolutionary lineages. Essentially, all angiosperms have a his-
tory of multiple WGDs of various ages (Jiao et al., 2011).
Thus, whether a plant species is to be considered a poly-
ploid or diploid depends on when one starts counting, blur-
ring this distinction on the molecular level. The fate of most
gene duplications is that one member of the pair is deleted
or loses function, but some forces work to maintain the du-
plicate state.

In order for genes to be maintained in a genome, they
must provide a function to the organism. Numerous types
of mutational processes such as deletion via illegitimate re-
combination, ultraviolet light, replication errors, or transpos-
able element insertion occur continuously, resulting in
deletion or deterioration of genes unless purifying selection
acts against the loss of the encoded function. For example,
fish restricted to caves have become eyeless, losing the func-
tion of this otherwise critical organ when it is of little use
(Yamamoto, 2004). Similarly, plants that have gained the
ability to obtain a carbon source from other species often
lose their chlorophyll (Wolfe et al., 1992). Thus, perhaps the
most common fate of duplicated genes is that one member
is deleted to return the gene copy status to singleton
(Woodhouse et al., 2010).

Gene function is maintained through natural selection. If
we consider the notion that duplicate genes are maintained
so that a “back up” copy is present in the genome or that
duplicates “buffer” each other, this would require that one
copy of the duplicate pair would have to regularly fail to
perform its function without being deleted, so that the
“back up” copy could be selected upon. Early after a duplica-
tion event, a nullifying mutation in one copy of nondosage-
sensitive genes would likely be of no effect and could persist
with the single functional copy still present. Mutational as-
sault shortly after WGD could be withstood better by the
newly minted polyploid than the diploid progenitors (Innan
and Kondrashov, 2010) because multiple copies of a gene
are present, but this fact is unlikely to be a force for main-
taining the duplicate state and will no longer occur as the
polyploid genome fractionates back to a near diploid.

Another possible circumstance is that homoeologous cop-
ies of genes in an allopolyploid can become identical. One

possible mechanism for this occurrence might be gene con-
version, for which an example has been documented in
yeast (Evangelisti and Conant, 2010). However, this is diffi-
cult to distinguish from homoeologous shuffling with nulli-
somic/tetrasomic compensation that will homogenize gene
copies and can be clearly documented on the chromosomal
level (Xiong et al., 2011). Homoeologous shuffling would ho-
mogenize segments of chromosomes in a syntenic relation-
ship, which would allow a distinction.

To some degree, the fate of duplicate genes depends on
the nature of the mutations that occur in the two copies
that provide grist for selection. Muller (1932) coined
terms for various types of mutations that have influenced
the terminology in considering gene duplication changes
from the progenitor (Table 1). The categories with regard
to the fate of duplications are not always clear and indeed
might change over the life of the duplication. Thus, there
is a need for definition of terms, but the ultimate interest
is the forces at play that affect the flux of the gene reper-
toire over time and how this influences the evolution of
the genome.

Hypofunctionalization
A common trajectory of duplicated genes is the process
of hypofunctionalization or dosage sharing (Qian et al.,
2010; Gout and Lynch, 2015; Lan and Pritchard, 2016;
Panchy et al., 2016; Veitia, 2017). In this case both mem-
bers of a duplicate pair experience changes in expression
level that reduce the total output (Figure 1). If the total
amount of gene product is lowered to a level that is
barely sufficient to supply the encoded function, then
the duplicate pair would be maintained because the loss
of either one of the two members of the pair would
drop the total amount of gene expression below the
threshold needed. The level of expression of the two
members does not necessarily have to decline in parallel.
Given that a certain level of gene expression for vital
function differs across tissues, the members of the pair
could diverge considerably in tissue-specific expression
with only the critical tissues serving to maintain the level
from both members to hold them in duplicate. Thus, the
different expression levels of the duplicate pair are not
necessarily a reflection of the partitioning of function
when the hypofunctionalization is specific to a critical
tissue. Another means by which hypofunctionalization
might occur is if one member of a duplicate pair in a

Table 1 Types of mutations in gene duplicates (defined by Muller,
1932)

Mutation type Phenotype

Amorphic Complete loss of function
Hypomorphic Partial loss of function
Hypermorphic Over-expression
Antimorphic Antagonistic relative to wild-type
Neomorphic New function
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path to deterioration becomes antagonistic to the
remaining copy (antimorph) and causes a partially re-
duced total amount of function (Blackman et al., 2010;
Panchy et al., 2016) near to the required threshold level
but not below. This circumstance, however, would not
necessarily result in the maintenance of both members
of the duplication if the antimorphic mutation is de-
leted. Hypofunctionalization could be reversed if addi-
tional mutations increase the expression level of one
member of the pair for sufficient function at the critical
life cycle stage followed by deletion of the other copy.
Hypofunctionalization could be a path to subfunctionali-
zation or neofunctionalization, described below, depend-
ing on the outcome of additional mutations.

Neofunctionalization
The classical case of evolution by gene duplication involves
circumstances in which duplicate genes diverge in their
functions to provide new ones, an idea championed by
Ohno (1970) (Figure 1). This process is referred to as neo-
functionalization. When a new function arises that provides
a successful evolutionary path, the duplicate pair of genes
become fixed in the lineage. In this case, the pair of genes
becomes maintained in duplicate essentially in perpetuity
because the loss of either copy would be detrimental to the
organism (Lynch and Conery, 2000).

The Drosophila bithorax complex is a classical example of
neofunctionalization of duplicated genes, in which a set of
homeobox genes is arranged in tandem to specify the

Figure 1 The fates of gene duplications. Starting from a singleton state a gene can become duplicated being then present in two copies via tan-
dem duplication, transposed duplication, or WGD. Hypofunctionalization involves the reduction in expression of both copies of a duplicate pair
to a threshold level at which both copies are needed for the specific function of the gene and thus both copies are maintained.
Subfunctionalization is the division of function such that the two members of a pair confer only part of the functions of the progenitor singleton.
Neofunctionalization is the diversification of one member of a duplicate pair for a new function. Dosage balance can mediate retention of specific
classes of genes that are dosage sensitive to maintain their stoichiometric relationship with partners in multicomponent interactions.
Nevertheless, compensatory drift refers to the observation that duplicates can diverge but depending on the total expression, a dosage balance ef-
fect will still operate with their partners. Neutral variation refers to the possibility that different members of a duplicate pair might have different
expression levels under some circumstances in which the dosage or function is not an object of selection, similarly to apparent neutral variation
of singleton genes.
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identity of different body parts to the segments in which
they are expressed (Lewis, 1951). Lewis (1951) postulated
that these genes arose by tandem duplication and then di-
verged in function so that each now specifies the different
identities of the segmented body plan. This critical innova-
tion arose early in animal development and is the founda-
tion for the body plan of segmented animals. Humans, for
example, have four different clusters of these tandemly
arrayed genes, which are thought to have arisen by two
WGD events in the evolutionary lineage. An early described
example in plants involves the diverged tissue-specific func-
tions of a duplicated anthocyanin gene in maize (Stadler,
1946; Stadler and Emmerling, 1956).

Genes affecting floral morphology and secondary metabo-
lism provide excellent examples of neofunctionalization in
plants (Chaanderbali et al., 2016). Different related transcrip-
tion factors control various aspects of flower development
and timing in evolutionary lineages (Sharma and Kramer,
2012; Madrid et al., 2021). The genes encoding cytochrome
P450 genes are particularly prolific in plant species with di-
verse functions involved with hormones, lignin synthesis,
secondary metabolites, defense compounds, and other bio-
chemical functions. There are 256 members of this gene
family in the Arabidopsis genome (Cannon et al., 2004).
Some of these are organized as tandem arrays with individ-
ual members of the array presumably catalyzing different
reactions. Genes involved with defense mechanisms are par-
ticularly prone to divergence of duplicate copies.

Freeling et al. (2015) posed the important question of
what qualifies as a “new” function for a member of a dupli-
cate pair of genes. Indeed, there is a tendency in the litera-
ture to assign neofunctionalization to differences from
hypermorphic, antimorphic, or neomorphic mutations as
defined by Muller (1932), but it is in fact difficult to deter-
mine if these cases are the basis of “new” genes or neutral
variation at the evolutionary timeframe of examination.
Muller suggested the definition of a neomorphic mutation
as one for which an additional normal copy would have no
impact on the phenotype. While this might be a good guide
for defining neofunctionalization, genes that are dosage sen-
sitive such as transcription factors and signaling components
complicate even this definition.

Subfunctionalization
Subfunctionalization is related to neofunctionalization, but
in this case, the duplicate pair partitions the functions of
the progenitor gene (Figure 1). This process plays off the
concept that genes typically will deteriorate and if there are
two copies present, they may do so in different ways (Lynch
and Conery, 2000). Thus, in order for all of the progenitor
functions to be present, the duplicate pair must be retained
in duplicate.

A classic example of subfunctionalization involves the he-
moglobin cluster in humans (Hardison 2012). This oxygen-
carrying protein has been duplicated by various means in
vertebrate evolution. Some of the duplicated versions have
taken on a different developmental timing but perform a

similar function at the different stages. The copies with di-
verged functions are both required for normal function in
the organism.

There is a tendency in the literature to ascribe subfunc-
tionalization to any case in which duplicate genes have
somewhat different expression patterns. Whether or not
there has actually been a partitioning of function between
the duplicate pair or whether this occurrence simply
reflects the neutral variation of little to no consequence
or hypofunctionalization is extremely difficult to assess
(Panchy et al., 2016). Genes present in only a single copy
in the genome can have allelic variation for the quantity
or tissue-specific expression, which is likely evolutionarily
neutral for the most part. Thus, when variation occurs for
the quantity or tissue specificity of different members of a
duplicate pair, this should not necessarily be ascribed to a
partitioning of function. For duplicate genes of recent ori-
gin, it is particularly difficult to determine whether differ-
ences in expression reflect true subfunctionalization. The
observation that most duplicate genes eventually transi-
tion back to a singleton state suggests that differences are
not usually subfunctionalization. Duplicate genes that
have persisted for millions of years with a maintenance of
partitioned tissue specificity or other divided functions
are candidates for subfunctionalization.

Dosage balance
Another force that acts to maintain duplicate genes is dos-
age balance (Birchler et al., 2005; Birchler and Veitia 2012,
2021). When whole-genome sequences became available, it
was apparent that certain classes of genes tend to be found
in duplicate more often than others (Blanc and Wolfe, 2004;
Freeling and Thomas, 2006; Li et al., 2016; Kuzmin et al.,
2020). In general, these tend to be genes involved in multi-
component interactions that are sensitive to gene dosage.
Typical examples include genes that encode transcription
factors, signal transduction components, or chromatin pro-
teins (Birchler et al., 2001). Subsequently, microRNA genes
were also found to be generally retained (Zhang et al., 2009;
Abrouk et al., 2012; Zhao et al., 2015; Peterson et al., 2021),
which is consistent with their frequent function in modulat-
ing transcription factor expression.

Dosage-sensitive genes are deemed to be responsible for
the effects of aneuploidy given that they mimic the impact
of aneuploidy on the phenotype of eukaryotic organisms
(Birchler et al., 2001; 2005; Birchler and Veitia, 2021).
Aneuploidy, or the change in dosage of individual chromo-
somes or chromosomal segments, is detrimental with both
increases and decreases of chromatin. Changing the entire
set of chromosomes has less of an effect, which has been
recognized for a century (Blakeslee, 1921). The impact of an-
euploidy on global gene expression is typically an inverse or
proportional modulation across the genome relative to the
varied chromosomal region (Birchler, 1979; Birchler and
Newton, 1981; Guo and Birchler, 1994; Sun et al., 2013a,
2013b; Hou et al., 2018; Birchler and Veitia, 2021). The same
general relationship occurs for individual dosage-sensitive
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genes that are varied to the same copy number (Birchler
et al., 2001; Birchler and Veitia, 2021). In contrast, less
genome-wide modulation occurs from ploidy changes (Guo
et al., 1996; Hou et al., 2018; Shi et al., 2021; Yang et al., 2021).

The preferential retention of dosage-sensitive genes was
therefore postulated to be the result of negative fitness con-
sequences if a member of an interacting group was deleted
against the constant copy number of the interactors
(Birchler et al., 2005; Freeling and Thomas, 2006; Veitia et al.,
2008; 2013) (Figure 1). In other words, deletion of one mem-
ber of a multicomponent interacting complex would be sim-
ilar to an aneuploidy effect with similar detrimental
consequences.

In a study of several plant species, Defoort et al. (2019)
found that genes retained from WGD had a constraint for
their level of expression. Genes retained from WGD showed
an overrepresentation of involvement in protein–protein
interactions whereas genes duplicated segmentally showed
an underrepresentation of such interactions. In a study in
Lotus with a single WGD (Shi et al., 2020), genes retained
were the typical transcription factors and signaling compo-
nents. These duplicates tended to have similar co-expression
and a greater sequence conservation than segmental dupli-
cations. These studies support the concept that retention of
selected classes of genes following WGD involves those asso-
ciated with multicomponent interactions and that selection
operates on variation that could upset the stoichiometry or
balance of the components. Paralogs retained from WGD in
rice and sorghum show fewer single-nucleotide polymor-
phisms than occur with tandem duplicates (Guo et al.,
2019), illustrating the constraint on the former.

Certain classes of genes tend to return to single copy sta-
tus through multiple polyploidy events (De Smet et al.,
2013). This observation has been interpreted to indicate
that these classes of genes have a tendency toward detri-
mental dominant mutations that would remove them if
they have negative effects with regard to stoichiometric
interactions in the cell.

Small-scale duplications

Analyses of classes of genes found in populations as seg-
mental duplications reveal that those involved with multi-
component interactions are underrepresented, revealing a
complementary pattern to those retained following WGD
(Hakes et al., 2007; Freeling et al., 2008; Wang et al., 2011;
Rodgers-Melnick et al., 2012; McGrath et al., 2014;
Tasdighian et al., 2017). In this case, the increase of dos-
age-sensitive genes upon duplication would again mimic
an aneuploid effect, be detrimental, and thus be selected
against. The larger the size of the segmental duplication,
the more likely it is to be detrimental. The most common
effect of hyperploidy is an inverse modulation of global
gene expression causing a reduced expression of a subset
of genes across the genome. Larger segments of the ge-
nome that are varied in dosage tend to show a greater
number of global modulations (Shi et al., 2021; Yang

et al., 2021). This observation provides a molecular expla-
nation for the detrimental effect of segmental duplication
of dosage-sensitive genes.

Of course, if a small segmental duplication provides the
organism with an exceptionally strong selective advantage,
both copies might be retained, for example, if they confer
disease resistance. Also, in some cases, absolute dosage can
provide an advantageous increase of flux through a meta-
bolic pathway that can be selected (Bekaert et al., 2011).
The ultimate fate of a small segmental duplication will de-
pend on the types and strength of selection operating on
the increased copy number.

The complementary pattern of retained genes following
WGD and segmental duplication is best explained by gene
balance involving the stoichiometry of the interacting com-
ponents of multicomponent cellular interactions, which if
upset cause negative fitness consequences (Veitia 2002,
2003, 2004; Papp et al., 2003; Schuster-Bockler et al., 2010;
Makanae et al., 2013; Robinson et al., 2021). Other potential
explanations do not predict a complementary pattern of
gene functions. Experimentally, the subtraction or addition
of segments of the genome is more detrimental than a
change in the whole genome (Hou et al., 2018; Shi et al.,
2021; Yang et al., 2021), so the observed pattern of retained
genes from WGD and segmental duplications provides a sat-
isfying convergence between the evolutionary fate and ex-
perimental results.

Genome dominance
When WGDs are of allopolyploid origin, a typical result is
that there is a difference in the overall expression level of
the two genomes in the new configuration (Wang et al.,
2006; Flagel et al., 2008; Garsmeur et al., 2014). This differ-
ence can persist long after formation of the polyploid
(Murat et al., 2014; Woodhouse et al., 2014; Renny-Byfield
et al., 2015; Cheng et al., 2016; Edger et al., 2017). Despite
this difference, the retention via dosage balance appears to
operate (Thomas et al., 2006; Woodhouse et al., 2010).
However, as the retention via dosage balance deteriorates
over time, members of the duplicate pair from the lesser
expressed genome tend to be those that become deleted
(Thomas et al., 2006; Schnable et al., 2011, 2012; Cheng
et al., 2012), leaving the more highly expressed member as
the remaining singleton. In a comparative study between
maize and soybean, the degree of genome dominance was
greater in maize than soybean. This difference was suggested
to be due to the subgenomes being more distinct in the
progenitor species to maize compared to soybean (Zhao
et al., 2017). A greater number of homoeologs are retained
in soybean than in maize. In soybean, genes in pericentro-
meric regions have higher levels of expression than their
homoeologs in chromosome arms (Du et al., 2012).

Compensatory drift
While gene balance appears to be responsible for a large
fraction of retained genes following WGD, the balance
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constraints can be fluid. This conclusion is supported by the
observation that longer timespans from WGDs to the pre-
sent are associated with fewer remaining gene duplicate
pairs (Maere et al., 2005; Aury et al., 2006). New effective
stoichiometries or balance among interacting components
must evolve to account for this observation (Birchler et al.,
2005). Indeed, a recent study (Shi et al., 2020) shows that
the degree of connectivity of retained genes corresponds to
the degree of sequence divergence illustrating how stoichio-
metric constraints can evolve to new relationships. The
more interactors a gene has, the less sequence divergence
occurs between the duplicate members. Fewer interactors
leads to less selection pressure on the pair of genes. The lat-
ter case has a greater potential to evolve new functional sto-
ichiometries with its interactors because as the strength of
the constraint decreases, the opportunity for new effective
balances to emerge increases.

While dosage balance operates to maintain gene dupli-
cates following WGD, this observation does not necessarily
mean that the duplicate members retain similar expression
levels. Modeling illustrates that the levels of expression of in-
dividual members of a duplicate pair can change without
upsetting the overall balance (Thompson et al., 2016;
Figure 1). An example of this situation is illustrated by the
expression of the paralogs of the FLC flowering genes in
polyploid Brassica (Calderwood et al., 2021). In this case, the
individual genes have divergent expression levels, but the to-
tal amount is maintained. As noted above, variation in ex-
pression levels of individual members of a duplicate pair
might be neutral in some tissues, while having a critical level
in specific cell types. In plants, the haploid gametophyte
generation is likely to be a situation in which the stoichio-
metric effects are more critical than in the diploid sporo-
phyte, given that aneuploidy in haploids has stronger effects
than in diploids (Shi et al., 2021; Yang et al., 2021). The com-
petition to achieve fertilization would be a strong selective
force. Indeed, homoeologs expressed in pollen appear to
have longer retention times than those with other expres-
sion patterns, which has been attributed to the stronger se-
lection on stoichiometric change in the haploid state
(Chettor et al., 2014).

Neutral variation
Singleton genes can show significant variation in their levels
of expression (Schadt et al., 2003; West et al., 2007; Zhou
et al., 2020). This variation is likely to be essentially neutral,
especially for nondosage-sensitive genes. While, as noted
above, there are constraints on the level of expression of
dosage-sensitive genes, there could also be neutral variation
for the level of expression of these classes as well in certain
cell types or tissues (Figure 1). Thus, variation in the level of
expression of members of a duplicate pair could simply be
neutral variation as occurs with singleton genes. The fact
that the duplicates differ in expression is not necessarily a re-
flection of split or new functions. Thus, it is extremely diffi-
cult to classify the fate of duplicate genes on this basis alone.

Intersection of fates
The fate of duplicate genes and their impact to some degree
depends on the time from the duplication event. Early after
duplication a certain level of buffering is operative in that
deletion or mutation of one member of a pair could have
little impact on the organism compared to deletion or mu-
tation of a singleton copy. Hypofunctionalization could be a
major aspect somewhat later after the initial event as the
two members deteriorate to some degree. Genome domi-
nance in which one genome in an allopolyploid is expressed
at a generalized higher level than the other can have an im-
pact on the fractionation process with the lesser expressed
genome losing more genes (Schnable et al., 2011; Edger
et al., 2017). Dosage balance is in play immediately after du-
plication and can operate over millions of years but will
likely decay with time depending on the degree of connec-
tivity. Maintenance by dosage balance of transcription fac-
tors and signaling components for longer periods of
evolutionary time than other classes of genes would provide
a longer period of time for new functions and split functions
to arise in the very classes of genes that would generate
morphological innovation. It is difficult to determine the
course of neo and subfunctionalization, which potentially
could arise quickly after duplication, or after long periods
during which the duplicate pair is maintained by other
means, but those duplicates with very extended lives likely
involve these two paths.

Funding
Research supported by National Science Foundation grant IOS-
1545780.

Conflict of interest statement. None declared.

References

Abrouk M, Zhang R, Murat F, Li A, Point C, Mao L, Salse J (2012)
Grass microRNA gene paleohistory unveils new insights into gene
dosage balance in subgenome partitioning after whole genome du-
plication. Plant Cell 24: 1776–1792

Aury JM, Jaillon O, Duret L, Noel B, Jubin C, Porcel BM, S�egurens
B, Daubin V, Anthouard V, Aiach O, et al. (2006) Global trends
of whole-genome duplications revealed by the ciliate Paramecium
tetraurelia. Nature 444: 171–178

Barbbaglia AM, Klusman KM, Higgins J, Shaw JR, Hannah LC
(2012) Gene capture by Helitron transposons reshuffles the tran-
scriptome of maize. Genetics 190: 965–975

Bekaert M, Edger PP, Pires JC, Conant GC (2011) Two-phase reso-
lution of polyploidy in the Arabidopsis metabolic network gives
rise to relative and absolute dosage constraints. Plant Cell 23:
1151–1155

Birchler JA (1979) A study of enzyme activities in a dosage series of
the long arm of chromosome one in maize. Genetics 92:
1211–1229

Birchler JA, Bhadra U, Pal Bhadra M, Auger DL (2001) Dosage de-
pendent gene regulation in multicellular eukaryotes: implications
for dosage compensation, aneuploid syndromes, and quantitative
traits. Dev Biol 234: 275–288

Birchler JA, Newton KJ (1981) Modulation of protein levels in chro-
mosomal dosage series of maize: the biochemical basis of aneu-
ploid syndromes. Genetics 99: 247–266

Gene duplication fates THE PLANT CELL 2022: 34; 2466–2474 | 2471



Birchler JA, Riddle NC, Auger DL, Veitia RA (2005). Dosage balance
in gene regulation: biological implications. Trends Genet 21:
219–226

Birchler JA, Veitia RA (2012) Gene balance hypothesis: connecting
issues of dosage sensitivity across biological disciplines. Proc Natl
Acad Sci USA 109: 14746–14753

Birchler JA, Veitia RA (2021) One hundred years of gene balance:
how stoichiometric issues affect gene expression, genome evolu-
tion, and quantitative traits. Cytogenet Genome Res 161: 529–550
doi 10.1159/000519592

Blackman BK, Strasburg JL, Raduski AR, Michaels SD, Rieseberg
LH (2010) The role of recently derived FT paralogs in sunflower
domestication. Curr Biol 20: 629–635

Blakeslee AF (1921) Types of mutations and their possible signifi-
cance in evolution. Am Nat 55: 254–267

Blanc G, Wolfe KH (2004) Functional divergence of duplicated genes
formed by polyploidy during Arabidopsis evolution. Plant Cell 16:
1679–1691

Bowers JE, Chapman BA, Rong J, Paterson AH (2003) Unravelling
angiosperm genome evolution by phylogenetic analysis of chromo-
somal duplication events. Nature 422: 433–438

Calderwood A, Lloyd A, Hepworth J, Tudor EH, Jones DM,
Woodhouse S, Bilham L, Chinoy C, Williams K, Corke F, et al.
(2021) Total FLC transcript dynamics from divergent paralogue ex-
pression explains flowering diversity in Brassica napus. New Phytol
229: 3534–3548

Cannon SB, Mitra A, Baumgarten A, Young ND, May G (2004)
The roles of segmental and tandem gene duplication in the evolu-
tion of large gene families in Arabidopsis thaliana. BMC Plant Biol
4: 10

Chaanderbali AS, Berger BA, Howarth DG, Soltis DE, Soltis PS
(2016) Evolution of floral diversity: genomics, genes and gamma.
Philos Trans B 372: 20150509

Cheng F, Sun C, Wu J, Schnable J, Woodhouse MR, Liang J, Cai C,
Freeling M, Wang X (2016) Epigenetic regulation of subgenome
dominance following whole genome triplication in Brassica rapa.
New Phytologist 211: 288–299

Cheng F, Wu J, Fang L, Sun S, Liu B, Lin K, Bonnema G, Wang X
(2012) Biased gene fractionation and dominant gene expression
among the subgenomes of Brassica rapa. PLoS One 7: e36442

Chettor AM, Givan SA, Cole RA, Coker CT, Unger-Wallace E,
Vejlupkova Z, Vollbrecht E, Fowler JE, Evans MM (2014)
Discovery of novel transcripts and gametophytic functions via
RNA-seq analysis of maize gametophytic transcriptomes. Genome
Biol 15: 414

Defoort J, Van de Peer Y, Carretero-Paulet L (2019) The evolution
of gene duplicates in angiosperms and the impact of
protein-protein interactions and the mechanism of duplication.
Genome Biol Evol 11: 2292–2305

De Smet R, Adams KL, Vandepoele K, Van Montagu MC, Maere
S, Van de Peer Y (2013) Convergent gene loss following gene and
genome duplications creates single-copy families in flowering
plants. Proc Natl Acad Sci USA 110: 2898–2903

Du J, Tian Z, Sui Y, Zhao M, song Q, Cannon SB, Cregan P, Ma J
(2012) Pericentromeric effects shape the patterns of divergence,
retention, and expression of duplicated genes in paleopolyploid
soybean. Plant Cell 24: 21–32

Edger PP, Smith R, McKain MR, Cooley AM, Vallejo-Marin M,
Yuan Y, Bewick AJ, Ji L, Platts AE, Bowman MJ, et al. (2017)
Subgenome dominance in an interspecific hybrid, synthetic
allopolyploid, and a 140-year-old naturally established
neo-allopolyploid monkeyflower. Plant Cell 29: 2150–2167

Evangelisti AM, Conant GC (2010) Nonrandom survival of gene
conversions among yeast ribosomal proteins duplicated through
genome doubling. Genome Biol Evol 2: 826–834

Flagel L, Udall J, Nettleton D, Wendel J (2008) Duplicate gene ex-
pression in allopolyploid Gossypium reveals two temporally dis-
tinct phases of expression evolution. BMC Biol 6: 16

Freeling M (2009) Bias in plant gene content following different
sorts of duplication: tandem, whole-genome, segmental, or by
transposition. Annu Rev Plant Biol 60: 433–453

Freeling, M, Lyons E, Pedersen B, Alam M, Ming R, Lisch D (2008)
Many or most genes in Arabidopsis transposed after the origin of
the order Brassicales. Genome Res 18: 1924–1937

Freeling M, Scanlon MJ, Fowler JE (2015) Fractionation and sub-
functionalization following genome duplications: mechanisms that
drive gene content and their consequences. Curr Opin Genet Dev
35: 110–118

Freeling M, Thomas BC (2006) Gene-balanced duplications, like tet-
raploidy, provide predictable drive to increase morphological com-
plexity. Genome Res 16: 805–814

Garsmeur O, Schable JC, Almeida A, Jourda C, D’Hont A, Freeling
M (2014) Two evolutionarily distinct classes of paleopolyploidy.
Mol Biol Evol 31: 448–454

Gout JF, Lynch M (2015) Maintenance and loss of duplicated genes
by dosage subfunctionalization. Mol Biol Evol 32: 2141–2148

Guo H, Jiao Y, Tan X, Wang X, Huang X, Jin H, Paterson AH
(2019) Gene duplication and genetic innovation in cereal genomes.
Genome Res 29: 261–269

Guo M, Birchler JA (1994) Trans-acting dosage effects on the ex-
pression of model gene systems in maize aneuploids. Science 266:
1999–2002

Guo M, Davis D, Birchler JA (1996) Dosage effects on gene expres-
sion in a maize ploidy series. Genetics 142: 1349–1355

Hakes L, Pinney JW, Lovell Sc, Oliver SG, Robertson DL (2007) All
duplicates are not equal: the difference between small-scale and
genome duplications. Genome Biol 8: R209

Hardison RC (2012) Evolution of hemoglobin and its genes. Cold
Spring Harbor Perspect Med 2: a011627

Hou J, Shi X, Chen C, Islam MS, Johnson AF, Kanno T, Huettel B,
Yen MR, Hsu FM, Ji T, Chen, PY, et al. (2018) Global impacts of
chromosomal imbalance on gene expression in Arabidopsis and
other taxa. Proc Natl Acad Sci USA 115: E11321–E11330

Innan H, Kondrashov F (2010) The evolution of gene duplications:
classifying and distinguishing between models. Nat Rev Genet 11:
97–108

Jameson N, Georgelis N, Fouladbash E, Martens S, Hannah LC
(2008) Helitron mediated amplification of cytochrome P450 mono-
oxygenase gene in maize. Plant Mol Biol 67: 295–304

Jiang N, Bao Z, Zhang X, Eddy SR, Wessler SR (2004) Pack-MULE
transposable elements mediate gene evolution in plants. Nature
431: 569–573

Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L,
Ralph PE, Tomsho LP, Hu Y, Liang H, Soltis PS, et al. (2011)
Ancestral polyploidy in seed plants and angiosperms. Nature 473:
97–100

Kuzmin E, VanderSluis B, Nyugen Ba AN, Wang W, Koch EN, Usaj
M, Khmelinskii A, Usaj MM, van Leeuwen J, Kraus O, et al.
(2020) Exploring whole-genome duplicate gene retention with
complex genetic interaction analysis. Science 368: eaaz5667

Lai J, Li Y, Messing J, Dooner HK (2005) Gene movement by
Helitron transposons contributes to the haplotype variability of
maize. Proc Natl Acad Sci USA 102: 9068–9073

Lal S, Giroux MJ, Brendel V, Vallejos CE, Hannah LC (2003) The
maize genome contains a helitron insertion. Plant Cell 15:
381–391

Lan X, Pritchard JK (2016) Coregulation of tandem duplicate genes
slows evolution of subfunctionalization in mammals. Science 352:
1009–1013

Lewis EB (1951) Pseudoallelism and gene evolution. Cold Spring
Harbor Symp Quant Biol 16: 159–174

Li Z, Defoort J, Tasdighian S, Maere S, Van de Peer Y, De Smet R
(2016) Gene duplicability of core genes is highly consistent across
all Angiosperms. Plant Cell 28: 326–344

Lu S (2019) De novo origination of MIRNAs through the generation
of short inverted repeats in target genes. RNA Biol 16: 846–859

2472 | THE PLANT CELL 2022: 34; 2466–2474 Birchler and Yang



Lynch M, Conery JS (2000) The evolutionary fate and consequences
of duplicate genes. Science 290: 1151–1155

Madrid E, Severing E, de Ansorena E, Kiefer C, Brand L, Martinez-
Gallegos R, Woetzel S, Kemi U, Jiao WB, Schneeberger K, et al.
(2021) Transposition and duplication of MADS-domain transcrip-
tion factor genes in annual and perennial Arabis species modulates
flowering. Proc Natl Acad Sci USA 118: e2109204118

Makanae K, Kiintaka R, Makino T, Kitano H, Moriya H (2013)
Identification of dosage-sensitive genes in Saccharomyces cerevisiae
using the genetic tug-of-war method. Genome Res 23: 300–311

Maere S, Bodt SD, Raes J, Casneuf T, Montagu MV, Kuiper M, de
Peer YV (2005) Modeling gene and genome duplications in eukar-
yotes. Proc Natl Acad Sci USA 102: 5454–5459

McGrath CL, Gout JF, Johri P, Doak TG, Lynch M (2014)
Differential retention and divergent resolution of duplicate genes
following whole-genome duplication. Genome Res 24: 1665–1675

Muller HJ (1932) Further studies on the nature and causes of gene
mutations. Proceedings of the Sixth International Congress of
Genetics, pp 213–255

Murat F, Zhang R, Guizard S, Flores R, Armero A, Pont C,
Steinbach D, Quesneville H, Cooke R, Salse J (2014) Shared sub-
genome dominance following polyploidization explains grass ge-
nome evolutionary plasticity from a seven protochromosome
ancestor with 16 K protogenes. Genome Biol Evol 6: 12–33

Ohno S (1970) Evolution by Gene Duplication. Springer, Berlin, Germany
Peterson KJ, Beavan A, Chabot PJ, McPeek MA, Pisani D, Fromm

B, Simakov O (2021) microRNAs as indicators into the causes and
consequences of whole genome duplication events. Mol Biol Evol
39: msab344 doi 10.1093/molbev/msab344

Panchy N, Lehti-Shiu M, Shiu SH (2016) Evolution of gene duplica-
tion in plants. Plant Physiol 171: 2294–2316

Papp B, Pál C, Hurst LD (2003) Dosage sensitivity and the evolution
of gene families in yeast. Nature 424: 194–197

Qian W, Liao BY, Chang AYF, Zhang J (2010) Maintenance of du-
plicate genes and their functional redundancy by reduced expres-
sion. Trends Genet 26: 425–430

Renny-Byfield S, Gong L, Gallagher JP, Wendel JF (2015)
Persistence of subgenomes in paleopolyploid cotton after 60 my of
evolution. Mol Biol Evol 32: 1063–1071

Robinson D, Place M, Hose J, Jochem A, Gasch AP (2021) Natural
variation in the consequences of gene overexpression and its impli-
cations for evolutionary trajectories. eLife 10: e70564

Rodgers-Melnick E, Mane SP, Dharmawardhana P, Slavov GT,
Crasta OR, Strauss SH, Brunner AM, DiFazio SP (2012)
Contrasting patterns of evolution following whole genome versus
tandem duplication events in Populus. Genome Res 22: 95–105

Schadt EE, Monks SA, Drake TA, Lusis AJ, Che N, Colinayo V,
Ruff TG, Milligan SB, Lamb JR, Cavet G, et al. (2003) Genetics of
gene expression in surveyed maize, mouse and man. Nature 422:
297–302

Schnable JC, Springer NM, Freeling M (2011) Differentiation of the
maize subgenomes by genome dominance and both ancient and
ongoing gene loss. Proc Natl Acad Sci USA 108: 4069–4074

Schnable JC, Wang X, Pires JC, Freeling M (2012) Escape from pref-
erential retention following repeated whole genome duplications
in plants. Front Plant Sci 3: 94

Schuster-Bockler B, Conrad D, Bateman A (2010) Dosage sensitiv-
ity shapes the evolution of copy-number varied regions. PLoS One
5: e9474

Sharma B, Kramer E (2012) Sub- and neo-functionalization of
APETALA3 paralogs have contributed to the evolution of novel
floral organ identity in Aguilegia (columbine, Ranunculaceae). New
Phytologist 197: 949–957

Shi T, Seyed Rahmani R, Gugger PF, Wang M, Li H, Zhang Y, Li Z,
Wang Q, Van de Peer Y, Marchal K, et al. (2020) Distinct expres-
sion and methylation patterns for genes with different fates follow-
ing a single whole-genome duplication in flowering plants. Mol
Biol Evol 37: 2394–2413

Shi X, Yang H, Chen C, Hou J, Hanson KM, Albert PS, Ji T, Cheng
J, Birchler JA (2021) Genomic imbalance determines positive and
negative modulation of gene expression in diploid maize. Plant
Cell 33: 917–939

Simillion C, Vandepoele K, Van Montagu MCE, Zabeau M, Van de
Peer Y (2002) The hidden duplication past of Arabidopsis thaliana.
Proc Natl Acad Sci USA 99: 13627–13632

Stadler LJ (1946) Spontaneous mutation at the R locus in maize: I.
The aleurone-color and plant color effects. Genetics 31: 377–394

Stadler LJ, Emmerling MH (1956) Relation of unequal crossing over
to the interdependence of the Rr elements (P) and (S). Genetics
41: 124–137

Sun L, Johnson AF, Donohue RC, Li J, Cheng J, Birchler JA (2013a)
Dosage compensation and inverse effects in triple X metafemales
of Drosophila. Proc Natl Acad Sci USA 110: 7383–7388

Sun L, Johnson AF, Li J, Lambdin AS, Cheng J, Birchler JA (2013b)
Differential effect of aneuploidy on the X chromosome and genes
with sex-biased expression in Drosophila. Proc Natl Acad Sci USA
110: 16514–16519

Tasdighian S, Van Bel M, Li Z, Van de Peer Y, Carretero-Paulet L,
Maere S (2017) Reciprocally retained genes in the angiosperm line-
age show the hallmarks of dosage balance sensitivity. Plant Cell 29:
2766–2785

Thomas BC, Pedersen B, Freeling, M (2006) Following tetraploidy
in an Arabidopsis ancestor, genes were removed preferentially
from one homeolog leaving clusters enriched in dose-sensitive
genes. Genome Res 16: 934–946

Thompson A, Zakon HH, Kirkpatrick M (2016) Compensatory drift
and the evolutionary dynamics of dosage-sensitive duplicate genes.
Genetics 202: 765–774

Veitia RA (2002) Exploring the etiology of haploinsufficiency.
Bioessays 24: 175–184

Veitia RA (2003) Nonlinear effects in macromolecular assembly and
dosage sensitivity. J Theor Biol 220: 19–25

Veitia RA (2004) Gene dosage balance in cellular pathways:
Implications for dominance and gene duplicability. Genetics 168:
569–574

Veitia RA (2017) Gene duplicates: agents of robustness or fragility?
Trends Genet 33: 377–379

Veitia RA, Bottani S, Birchler JA (2008) Cellular reactions to gene
dosage imbalance: genomic, transcriptomic and proteomic effects.
Trends Genet 24: 390–397

Veitia RA, Bottani S, Birchler JA (2013) Gene dosage effects: nonli-
nearities, genetic interactions, and dosage compensation. Trends
Genet 29: 385–393

Wang J, Tian L, Lee HS, Wei NE, Jiang H, Watson B, Madlung A,
Osborn TC, Doerge RW, Comai L, et al. (2006) Genomewide
nonadditive gene regulation in Arabidopsis allotetraploids.
Genetics 172: 507–517

Wang D, Yu C, Zuo T, Zhang J, Weber DF, Peterson T (2015)
Alternative transposition generates new chimeric genes and seg-
mental duplications at the maize p1 locus. Genetics 201: 925–935

Wang Y, Wang X, Tang H, Tan X, Ficklin SP, Feltus FA, Pateson
AH (2011) Modes of gene duplication contribute differently to ge-
netic novelty and redundancy, but show parallels across divergent
angiosperms. PLoS One 6: e28150

West MAL, Kim K, Kliebenstein DJ, van Leeuwen H, Michelmore
RW, Doerge RW, St. Clair DA (2007) Global eQTL mapping
reveals the complex genetic architecture of transcript-level varia-
tion in Arabidopsis. Genetics 175: 1441–1450

Wolfe KH, Morden CW, Palmer JD (1992) Function and evolution
of a minimal plastid genome from a nonphotosynthetic parasitic
plant. Proc Natl Acad Sci USA 89: 10648–10652

Wolfe KH, Shields, DC (1997) Molecular evidence for an ancient du-
plication of the entire yeast genome. Nature 387: 708–713

Woodhouse MR, Cheng F, Pires JC, Lisch D, Freeling M, Wang X
(2014) Origin, inheritance, and gene regulatory consequences of genome
dominance in polyploids. Proc Natl Acad Sci USA 111: 5283–5288

Gene duplication fates THE PLANT CELL 2022: 34; 2466–2474 | 2473



Woodhouse MR, Schnable JC, Pedersen BS, Lyons E, Lisch D,
Subramaniam S, Freeling M (2010) Following tetraploidy in
maize, a short deletion mechanism removed genes preferentially
from one of the two homologs. PLoS Biol 8: e1000409

Xiong Z, Gaeta RT, Pires JC (2011) Homoeologous shuffling and
chromosome compensation maintain genome balance in resynthe-
sized allopolyploid Brassica napus. Proc Natl Acad Sci USA 108:
7908–7913

Yamamoto Y (2004) Cavefish. Curr Biol 14: R943
Yang H, Shi X, Chen C, Hou J, Ji T, Cheng J, Birchler JA (2021)

Predominantly inverse modulation of gene expression in
genomically unbalanced disomic haploid maize. Plant Cell 33:
901–916

Zhang D, Leng L, Chen C, Huang J, Zhang Y, Yuan H, Ma C, Chen
H, Zhang YE(2021) Dosage sensitivity and exon shuffling shape
the landscape of polymorphic duplicates in Drosophila and
humans. Nat Ecol Evol doi 10.1038/s41559-021-01614-w
(December 30, 2021)

Zhang J, Zuo T, Pererson T (2013) Generation of tandem direct
duplications by reversed-ends transposition of maize ac elements.
PLoS Genet 9: e1003691

Zhang L, Chia JM, Kumari S, Stein JC, Liu Z, Marechania A,
Maher CA, Guill K, McMullen MD, Ware D (2009) A
genome-wide characterization of microRNA genes in maize. PLoS
Genet 5: e1000716

Zhao M, Meyers BC, Cai C, Xu W, Ma J (2015) Evolutionary pat-
terns and coevolutionary consequences of MIRNA genes and
microRNA targets triggered by multiple mechanisms of genomic
duplications in soybean. Plant Cell 27: 546–562

Zhao M, Zhang B, Lisch D, Ma J (2017) Patterns and consequences
of subgenome differentiation provide insights into the nature of
paleopolyploidy in plants. Plant Cell 29: 2974–2994

Zhou P, Li Z, Magnusson E, Cano FG, Crisp PA, Noshay JM,
Grotewold E, Hirsch CN, Briggs SP, Springer NM (2020) Meta
gene regulatory networks in maize highlight functionally relevant
regulatory interactions. Plant Cell 32: 1377–1396

2474 | THE PLANT CELL 2022: 34; 2466–2474 Birchler and Yang


