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Mechanisms of gene duplication 

Polyploidy

Polyploidy refers to an increase in the number of sets 
of chromosomes per cell.  Normally, most eukaryotic cells 
are diploid (with two sets of chromosomes, 2n, one from the 
male parent and one from the female parent) while the sex 
cells are haploid (with one set of chromosomes, 1n).  A cell 
with 3n or more is polyploid.  Polyploidy may arise naturally 
when a cell fails to divide after DNA replication.  If the cell 
with doubled genome is involved in the generation of sex 
cells (meiosis), polyploid organisms may be subsequently 
produced upon fertilization.  Alternatively, polyploidy can 
be artificially induced by treating cells with chemicals such 
as colchicine.

Since all genes are duplicated simultaneously in a 
polyploid cell, the stoichiometric relationships between 
genetic products are preserved.  For this reason, polyploidy 
is the least detrimental and therefore the best surviving du-
plication mutation.6  Polyploidy is seen in ferns, flowering 
plants and some lower animals.7,8  It is usually associated 
with hermaphroditism, parthenogenesis (mother producing 
young asexually), or species without disparate sex chromo-
somes.8  In most dioecious (possessing either male or female 
organs) animals and humans, however, polyploid embryos 
typically suffer generalized malformation and die during 
development.8  It is not only sex determination per se (as 
was proposed by Muller9), but more importantly, the delicate 
balancing between homologous genes, that is disrupted in 
polyploid individuals of higher animals.  For instance, paren-
tal imprinting (differences in the expression of maternal and 
paternal genes) by DNA methylation may be disrupted as the 
cell endeavours to silence extra chromosomes by extensive 
methylation (see below under ‘After duplication’).  

Autopolyploidy (all chromosome sets are from the same 
species) can result in useful variation of quantitative traits 
such as biomass, organ size, flowering time, drought toler-
ance, etc.  But crucially, polyploid organisms have an intrinsic 
mechanism to maintain genetic stability by silencing extra 

‘Natural selection merely modified, while redundancy 
created.’1

‘It might be said that all of the new genes arose from 
redundant copies of the pre-existed [sic] genes.’2

Regardless of how the first gene came into being, it is 
taught in textbooks that gene duplication is the major force 
driving evolution.3,4  Gene duplications do indeed add extra 
material to the genome, for example, by aberrations in the 
division of chromosomes during mitosis or meiosis, or by 
erroneous DNA replication.  Evolutionists argue that with 
subsequent mutation and natural selection, one or all copies of 
a duplicated gene eventually encode new proteins (a process 
called ‘neofunctionalization’).  Over millions of years, small 
simple genomes thus are believed to have evolved into large, 
complex ones, giving rise to the multiplicity of life forms 
both living and extinct.

One frequently cited evidence for gene duplication comes 
from gene sequence analyses.  Sequence comparisons have 
revealed that some genes in modern organisms are more 
similar to each other than to other genes, and so they are 
classified into families.  Gene families are especially abundant 
in large genomes.  Family members within a genome, the 
paralogs, are believed to be products of gene duplications that 
have occurred in the past.  Furthermore, functional domains 
of many proteins encoded by apparently unrelated genes 
also bear structural and functional similarities.  All of these 
are used as evidence that the thousands of genes discovered 
so far (and those yet to be discovered) have evolved from a 
few—maybe one—ancestral gene(s).5

In this article we examine the major mechanisms 
proposed for gene duplication and evaluate their likely 
contribution to the history of life in the light of recent 
evidences on post-duplication events and gene regulation 
mechanisms.

Do new functions arise by gene 
duplication?
Yingguang Liu and Dan Moran

Evolution requires a simple form of life to have morphed into increasingly complex organisms.  Since the 
basis for biological complexity is genetic complexity, some biologists propose that the complicated genomes in 
modern organisms arose from one or a few genes in a common ancestor through duplication, with subsequent 
neofunctionalization through mutation and natural selection.  Here we examine the known mechanisms of gene 
duplication in the light of genomic complexity and post-duplication events, and argue that: (1) gene duplications are 
aberrations of cell division processes and are more likely to cause malformation or diseases rather than selective 
advantage; (2) duplicated genes are usually silenced and subjected to degenerative mutations; (3) regulation 
of supposedly duplicated gene clusters and gene families is irreducibly complex, and demands simultaneous 
development of fully functional multiple genes and switching networks, contrary to Darwinian gradualism.
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copies of genes (inhibiting their expression).10  Silencing of 
homeologs (genes duplicated by polyploidy) is nonrandom, 
genetically programmed, and organ-specific.  It is a universal 
phenomenon seen in both plants and animals.7,11  Silencing 
of inferior alleles may be accountable for the advantageous 
phenotypes of some polyploid species.  Alternatively, supe-
rior alleles may take dominance even though inferior ones 
are expressed simultaneously.  In other words, there are no 
new genetic products, but old genes with altered expression 
levels under the control of pre-existing programs.  

Allopolyploidy results when the sets of chromosomes are 
derived from two or more distinct, though related species.  
Unlike allodiploid hybrids such as the mule, allopolyploid 
organisms may be fertile and give rise to new species.  How-
ever, the hybrid species display merely a new combination 
of pre-existing parental traits encoded by pre-existing genes.  
For example, some strains of the Triticale, synthetic allopoly-
ploids from wheat and rye, combine the high yield of wheat 
and the adaptability of rye.  Another artificial hybrid species 
between the tall fescue grass (Festuca arundinacea) and the 
short Italian ryegrass (Lolium multiflorum) shows quantita-
tive traits (e.g. height) that are intermediate between the 
parental species.12  The historical Raphanobrassica, hybrid 
between cabbage and radish, has the roots of cabbages and 
leaves resembling that of a radish.  

In allopolyploids there may be interactions between 
genes from different parents.13  Disharmonious interactions 
between homeologous genes are thought to be the reason 
for most cases of hybrid sterility in allodiploid animals.14  In 
plants, neoallopolyploid genomes are often unstable, display-
ing ‘sterility, lethality, and phenotypic instability’.15

Trisomy

In contrast to polyploidy, aneuploid cells (having a 
chromosome number that is not a multiple of the haploid) 
with one extra chromosome (trisomy) have a severely imbal-
anced genome.  Consequently, the organism will manifest 
defective phenotypes.  Aneuploidy is the result of failure to 
segregate a pair of homologous chromosomes during meiosis 
I or failure to segregate sister chromatids during meiosis II 
(meiotic nondisjunction).  When a sex cell with one extra 
chromosome unites with a normal haploid sex cell, the zy-
gote will be trisomic for that particular chromosome.  Much 
knowledge about trisomy has been accumulated clinically in 
humans.  Autosomal trisomies have more dramatic effects 
than sex chromosome trisomies.  From the familiar Down 
syndrome (21 trisomy) to the less common Edward syndrome 
(18 trisomy) and Patau syndrome (13 trisomy), autosomal 
trisomies always hinder the development of the central nerv-
ous system and manifest mental retardation in live births.  
Developmental defects of other organs are also common.  
Trisomies involving other autosomes are rare, and are seen 
only in spontaneous abortions and in vitro fertilizations.16

Triplo-X females (karyotype XXX) have only mild 
symptoms (tallness and menstrual irregularities).  While men 
with Klinefelter syndrome (karyotype XXY) show symptoms 
varying from infertility to severe structural deformation, 

XYY males are generally normal except for tallness and 
acne.17  The reason that sex chromosome trisomies show less 
severe symptoms than autosomal trisomies may lie in the 
fact that the X chromosome has a well established intrinsic 
inactivation mechanism to silence one homolog in the normal 
woman; while the Y chromosome is small with few genes.

Unequal crossing-over

Crossing-over refers to the exchange of fragments 
between homologous chromosomes during the initial stages 
of meiosis.  Normally the exchange is equal as the genes 
line up based on sequence homology (synapsis).  However, 
because of the numerous sequence repetitions in eukaryotic 
chromosomes, the lining up may be inaccurate, causing 
deletion in one chromosome and duplication in the other 
(figure 1).  The mechanism is believed to be the major 
cause of deletions of red or green pigment genes in the X 
chromosome resulting in colour blindness and deletions 
of globin genes causing various forms of thalassemias.18,19  
Repeated duplications have been associated with cancer.20  
Duplication of a large segment of chromosome 15 in human 
beings can cause mental retardation and other symptoms 
while smaller duplications are asymptomatic or cause minor 
disorders such as panic attacks.  Presumably, small segmental 
duplications are successfully managed by the cell’s silencing 
programs.  However, segmental duplications within protein-
coding sequences may interrupt gene structure, causing 
frame-shift mutations.21

Unequal crossing-over may have been the major 
mechanism in altering the number of genes in repetitive 
clusters.  Gene clusters such as the human green pigment 
genes and the human immunoglobulin heavy chain genes 
that vary in numbers within the population certainly 
manifest recent duplications.22,23  Clusters of identical rRNA 
and histone genes also vary in number within the species, 
presumably via unequal crossing-over.24–28  Recently, it has 
been found that copy-number polymorphisms of this kind 
are more abundant than previously realized.29,30

Figure 1.  Equal (a) and unequal (b) crossing-over.  Black and 
white colours represent homologous chromosomes.  Only one sister 
chromatid of each chromosome is shown.  After unequal crossing-
over, one chromosome gains an extra repetition of ABC genes while 
the other chromosome loses DNA and becomes shorter.
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However, it is unlikely that gene clusters originated 
through unequal crossing-over, because: (1) unequal 
crossing-over depends on pre-existing clustering.  Although 
it may change the number of repetitions within clusters, 
unequal crossing-over is not the ultimate cause of their 
being; (2) multiplicity of identical genes in the clusters is 
often required for the cell to function properly.  For instance, 
to meet the need of the cell to produce large numbers of 
ribosomes in a short time, all cells contain multiple copies 
of rRNA genes in tandem arrays.  In the large oocyte (egg) 
of amphibians, the rRNA genes have to be further amplified 
approximately 2000-fold, resulting in about a million copies 
per cell, to maintain the number of ribosomes at about 1012.31  
Likewise, multiple histone genes are required for the cell 
to synthesize histones rapidly during S phase of the cell 
cycle.  But diversification and neofunctionalisation of these 
identical copies is actually prevented, not promoted, by as 
yet unknown mechanisms.32

Transposition

Transposons are mobile genetic elements that can 
change their positions within the genome (the process is 
known as transposition).  While some transpositions occur 
by a ‘cut and paste’ mechanism, others go by a ‘copy 
and paste’ mechanism, resulting in duplications.  Unlike 
unequal crossing-over that produces tandem gene arrays, 
transpositions cause duplications dispersed randomly 
throughout the genome.  Transposons that duplicate via an 
RNA intermediate, known as retrotransposons, are abundant 
in eukaryotic cells.  

Despi te  the  abundance  of  t ransposons  and 
retrotransposons in complex genomes (e.g. 45% of the human 
genome), their function remains elusive.  Traditionally, they 
have been considered as ‘selfish DNA’ because random 
insertion of transposons disrupts other genes, causing 
deleterious mutations.  A classical example is the Drosophila 
retrotransposon, the P element, which induces chromosomal 
breaks and causes sterility.33  Consequently, it seems to be 
beneficial to the organism for transposition events to be 
suppressed.  Indeed, transposition is rare in the human cell.  
(Therefore, the vast majority of the human transposable 
elements must have been present in the genome since 
ancient times.)  However, in mice, Drosophila (fruit-fly), 
and Arabidopsis (plant), transposition is still responsible for 
many mutations.34 

Recently, Peaston and associates discovered that 
retrotransposons are actively transcribed in mouse oocytes 
and early embryos, providing alternative promoters and 
first exons to a subset of host genes.35  This report suggests 
that transposons function as regulatory elements during 
early development.  From this point of view, transposition-
induced mutation may be a side effect, instead of the intended 
function, of these repetitive genetic elements.  

After duplication

In order for evolution to harness gene duplications to 
produce complex genomes, it was originally proposed that 

one or more copies of the duplicated gene will acquire ad-
vantageous mutations (neofunctionalization).5,36,37  This was 
thought to be the only mechanism to generate new genes from 
existing ones.38  However, biologists are now becoming more 
and more convinced theoretically and empirically that most 
duplicated gene copies undergo degenerative, rather than 
constructive, mutations, ending up in nonfunctionalization.  

As stated above, the first event awaiting a duplicated 
gene is silencing.  The best studied mechanism of silencing is 
through methylation of cytosine bases in CG islands around 
promoters.39  Subsequently, methylated cytosines tend to be 
spontaneously deaminated and are substituted with thymine 
bases.39,40  The phenomenon is known as CG depletion.  
Duplicated genes are especially prone to CG depletion.39–41  
Without selective constraint, silenced duplicates may also un-
dergo other mutations.  Indeed, ‘extensive genomic change’ 
can be detected within a few generations after synthetic 
polyploidy.42  Using silent mutations (mutations that do not 
affect translated protein structures) to reflect time, Lynch and 
Conery calculated that duplicated genes are lost exponentially 
with time and are ‘nonfunctionalized by the time silent sites 
have diverged by only a few percent’.6

On the other hand, mutations in functioning gene family 
members are limited by purifying selection.  In paralogous 
genes that evolutionists believe were created by ancient 
duplication events, ‘only about 5% of amino acid-changing 
mutations are able to rise to fixation’.6  There is a recent report 
that mutation rates in gene family members are actually lower 
than in singletons (genes without paralogs).43  In contrast, 
differences in amino acid sequences between modern par-
alogous genes are generally large, e.g. 58% between human 
α and β globins, 28% between human β and γ globins, 75% 
between human β globin and myoglobin.  

Faced with this dilemma, some evolutionists theorized 
that mutations leading to neofunctionalization must have 
happened within a brief period of time immediately after 
duplication (in spite of the fact that the frequent mutations 
observed in recent duplicates are mostly degenerative).43  
Realizing the impossibility of neofunctionalization, Lynch 

Figure 2.  (a) Xenopus globin gene clusters.50,51  Grey: tadpole; 
Dark: adult.(b) Human globin gene clusters.53  Light grey: 
embryonic; Dark grey: fetal; Dark: fetal/adult (α) or adult only (δ 
and β); White: pseudogenes.  Intergenic spacer sequences are 
omitted.
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and Conery argued that gene duplication only passively 
contributes to the generation of biodiversity by building up 
reproductive barriers as duplicates are silenced stochasti-
cally.6  In other words, gene duplication does not produce 
new genes because silencing and subsequent degradation of 
duplicated genes cannot provide new information.  

Meanwhile, several other models have been proposed 
concerning the fate of duplicated genes.  One theory states 
that both the original and duplicated gene copies each lose 
only part of their function through degenerative mutations 
(subfunctionalization).  If each gene copy retains a different 
fraction of its original function, the duplicates may comple-
ment each other and function together as one gene.  If the 
regulatory elements of duplicated genes subfunctionalize 
(while the protein-coding regions are somehow spared from 
degeneration), they may be expressed at different stages/tis-
sues.  The theory is known as duplication-degeneration-com-
plementation (DDC) model.44–46  The DDC model may allow 
partial preservation of duplicated genes, but it fails to explain 
the evolution of new genes or new regulatory elements.  (Let 
alone the complicated mechanisms of tissue/organ-specific 
regulation.  See below under ‘Gene Regulation’).  

Recently, another model, called epigenetic complementa-
tion (EC), has been proposed by Rodin and colleagues.47,48  
The theory states that if a gene is copied into a differ-
ent position within the genome, it may be put under 
the control of a different regulatory environment and 
therefore expressed in a different tissue or stage of 
life.  Epigenetic silencing mechanisms (such as cyto-
sine methylation) work in such a way that one copy 
is silenced whenever or wherever the other copy is 
expressed.  According to this model, there is no need 
for mutation to alter the regulatory elements of the 
duplicates in order to achieve complementation.  

The EC model does not explain the existence of 
clustered gene families with diverged functions for 
each member.  For example, the linked α and β globin 
genes in Xenopus laevis are expressed at different (tad-
pole and adult) stages of life (figure 2).49–51  But their 
temporal regulation is difficult to explain with differ-
ing epigenetic environments, since the adult genes are 
sandwiched between tadpole genes.  Rather, it can be 
better accounted for by differences in their regulatory 
sequences that respond to stage-specific transcription 
factors.52,53  Similarly, members of the clustered hu-
man α globin gene family are expressed in two stages 
(embryonic and adult) and the clustered β globin gene 
family are expressed in three stages (embryonic, fetal, 
and adult) (figure 2).  Again, temporal regulation (es-
pecially silencing) is accomplished genetically, rather 
than epigenetically, via distinct regulatory elements 
associated with the genes.54–56  Furthermore, there is 
no change in regulation of the globin genes after the 
supposed separation of α and β genes onto different 
chromosomes in mammals and birds.  Both the ζ 
gene of the α family and the ε gene of the β family 
are expressed during the embryonic stage in human 

development, to form the ζ2 ε2 tetramer, even though they 
are on different chromosomes; while the α and β genes are 
expressed simultaneously in adults.  

Like the DDC model, the EC model still depends on 
mutation and natural selection for neofunctionalization.  

Genome complexity

If the evolution-by-gene-duplication theory is correct 
then DNA content and gene number should increase 
proportionately with organism complexity.  However, this 
is not the case (Table 1).  For example, the unicellular 
algae, Euglena, has a bigger genome than some vertebrate 
animals such as zebrafish and chicken.  Amphibians may 
have genomes larger than some birds and mammals.  The 
plant, Zea mays (corn), has more genomic DNA than does 
the human species.  This phenomenon, known as the C-value 
paradox, demonstrates that the amount of genomic DNA is 
certainly not a good index for biological complexity. 

Table 1 also shows that the number of genes within a 
genome does not increase in proportion to the amount of 
genomic DNA.  As a general rule, larger genomes have 
sparser genes.  Prokaryotic genomes are much more compact 
than eukaryotic genomes, e.g. 89% of Haemophilus genome 

Organism Haploid 
DNA content 
(Megabases)

Predicted 
number of 

genes

Protein-
coding 

sequence

Unicellular prokaryotes

Haemophilus influenzae 1.8 1506 89%

Escherichia coli K12 4.6 3669 88%

Unicellular eukaryotes

Saccharomyces 
cerevisiae (yeast)

12 6213 70%

Dictyostelium discoideum 
(slime mold)

34 9000

Euglena 3000

Plants

Arabidopsis thaliana 
(mustard weed)

125 25,498 25%

Oryza sativa indica (rice) 466 60,256 ~10%

Zea mays (corn) 3000 50,000

Invertebrates  

Caenorhabditis elegans 
(roundworm)

100 21,200 25%

Drosophila melanogaster 
(fruit fly)

137 13,676 13%

Vertebrates

Danio rerio (zebrafish) 1700

Xenopus laevis (frog) 3000

Gallus domesticus 
(chicken)

1200

Homo sapiens (human) 2900 25,000 1–1.5%

Table 1.  Genome characteristics of selected species.57–59
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consists of protein-coding genes as compared to 1–1.5% in 
the human genome.  Consequently, the number of genes 
is an even poorer indicator of genome complexity than 
haploid DNA content.  For example, human beings with 
1014 cells have a total gene number comparable to that of 
Caenorhabditis elegans, which has only 959 somatic cells.  
Likewise, Drosophila, with its 50,000 cells, has only twice 
as many genes as the single-celled baker’s yeast.  

In other words, simpler organisms already have DNA 
content and gene numbers comparable to that of advanced 
species.  Further gene duplication (and mutation) will not 
help them climb up Darwin’s tree of life.

Gene regulation

Of course, it is not only the number of cells, but also 
the types of cells in an organism, that indicates complexity.  

On the genetic level, differentiation into various cell types 
is a result of the spatial and temporal regulation of genes.  
Therefore, the genes for transcription factors, which act as 
molecular switches in the genome, have much to do with ge-
netic complexity.  Prokaryotic genes are generally regulated 
as a group (polycistronic, i.e. several genes are controlled by 
one transcription factor) while eukaryotic genes are regulated 
individually (monocistronic).  

Szathmary and associates proposed a mathematical for-
mula to calculate genome complexity in terms of the interac-
tions between genes (usually through their encoded protein 
products including transcription factors).60  He borrowed a 
parameter, connectivity (C), from ecology which uses the 
term to describe trophic interactions in food webs:

C = 2 L/[N(N-1)] 

L refers to the number of interactions among genes (it 
originally meant ‘trophic links’ in ecology), while N refers to 
the number of genes in a genome (originally the number of 
species in an ecosystem).  C is equal to the number of actual 
interactions out of all possible interactions.  

The most important aspect of genetic interaction that de-
termines the value of C in Szathmary’s equation is the number 
of levels constituting a regulation hierarchy.  In ecosystems, 
adding trophic levels generates more connectivity than in-
creasing the number of species.  Like a food chain, a gene 
regulation pathway can have multiple levels of interactions, 
whereby upstream transcription factors regulate downstream 
transcription factors.  

The concept of irreducible complexity61 applies to gene 
regulation systems.  An irreducibly complex system is one in 
which all the essential parts must be present at the same time, 
and thus could not have been built up slowly over millions of 
years in a step-wise Darwinian fashion.  In order for a gene 
regulation unit to function, many genetic elements, including 
trans-acting elements that encode the transcription factors, 
cis-acting elements that respond to the transcription factors, 
and the structural genes, have to be present simultaneously.  
Although there are examples of functional overlaps between 
pathways, multiple unique elements are usually required 
for each pathway.  Knocking out any of the elements will 
frequently result in dysfunction, even loss of life.  

In the simplest case, many viruses have three sets of 
genes regulated as a cascade (figure 3).  The immediate-
early (α) genes have promoter elements (binding sites for 
RNA polymerase or some transcription factors) similar to 
those of the host cell and are transcribed by a host cell RNA 
polymerase.  The products of immediate-early genes are 
mostly transcription factors that interact with the cis-acting 
regulatory elements (promoter/enhancer) of early (β) genes.  
The early gene products, in their turn, activate the late (γ) 
genes, by interacting with their cis-acting elements.  The 
early genes also encode enzymes to replicate the viral DNA, 
so that the late genes are multiplied before their expression, 
allowing for rapid accumulation of late gene products to-
ward the end of infection.  This scenario enables the virus 

Figure 4.   The major immediate early gene (mIE) of the human 
cytomegalovirus is regulated by a network of viral and cellular 
factors.  IE1 and IE2 are products of the gene through alternative 
splicing.  IE1 acts as a positive feedback signal to accelerate initial 
transcription, while IE2 provides a negative feedback mechanism 
by binding to a cis-repression signal (crs) later in infection.  Viral 
proteins pp71 and ppUL35 interact with each other.  pp71 also 
binds to a host cell protein, hDaxx.  IE1, IE2, the enhancer, pp71 
and ppUL35 are all critical for effective viral replication.

Figure 3.  Viral genes are expressed sequentially in a highly 
regulated hierarchy.  Each set of viral genes encode transcription 
factors that turn on the next set of genes by interacting with their 
corresponding promoter/enhancer sequences.
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to divert the resources of the host cell to the production of 
new viruses effectively.  

A specific example of a regulation network is the major 
immediate-early gene (mIE) of the human cytomegalovirus 
(HCMV) which encodes two major products, IE1 and IE2, 
by alternative splicing (figure 4).  The two proteins act 
synergistically to activate the β genes.  Adjacent to the gene 
is a 1.1-Kb cis-regulatory sequence called the major im-
mediate-early enhancer-promoter (MIEP), which contains 
concentrated binding sites for multiple cellular transcription 
factors.  One of the products of the mIE gene, IE1, functions 
as an autoregulatory trans-activator that recruits a cellular 
protein, NF-kB, which binds to the enhancer and activates 
transcription.  The IE2 product of the gene, on the other hand, 
represses the gene by binding to a cis-repression sequence 
(crs, see figure 4).62  The virus also carries several other 
viral proteins into the host cell for effective transcription of 
mIE.  Among these are ppUL35 and pp71, which interact 
with each other in the infected cell.63,64  Meanwhile, pp71 
interacts with a cellular protein, hDaxx, which is required 
for mIE transcription.65

Because the viral genome is relatively small and easy to 
manipulate, HCMV provides a good model in which to study 
the effects of knocking out a gene from the genome.  Deletion 
of the sequences that encode IE2, or the proximal portion of 
the enhancer, from the HCMV genome completely inactivates 
the virus.66,67  Deletion of any of the genes that encode IE1, 
pp71, or ppUL35 renders the virus incapable of replication in 
vitro at low multiplicity of infection (MOI), which resembles 
natural human infection.68–70  All these regulatory factors have 
to be present and functional at the same 
time for HCMV to survive (if it cannot 
replicate it becomes extinct).  

Virus genomes are far simpler 
in the complexity of their regulation 
than prokaryotes and eukaryotes, so it 
follows that their regulatory systems 
are also irreducibly complex.  For 
evolution to have occurred via gene 
duplication, both the gene and its cis-
regulatory elements have to be dupli-
cated simultaneously.  Furthermore, 
since gene family members often have 
distinctly different expression patterns, 
both the gene and the cis-regulatory 
elements have to mutate concertedly in 
order to confer a selective advantage to 
the organism.  For example, the ζ and ε 
globins have to acquire higher oxygen 
affinity than the α and β globins in 
order for the embryonic hemoglobin 
tetramer ζ2 ε2 to extract oxygen from the 
maternal α2β2 tetramers.  Meanwhile, 
the regulatory elements of the embry-
onic and adult globins have to develop 
binding affinity for the transcription 
factors expressed during their respec-

tive developmental stages.  Most importantly, a delicate 
globin switching mechanism, known to involve numerous 
trans-acting factors and multiple levels of regulation, has to 
be developed.  In the case of the human β-like globin switch-
ing, which is the best understood, some of these factors are 
universal, while others are erythroid-specific.54–56,71  Deletion 
of the regulatory elements or a member of the gene family 
will result in thalassemia.  

Another example of clustered gene families whose ex-
pression follows a temporal pattern is the immunoglobulin 
heavy chain family produced by B lymphocytes.  There are 
five classes and each has properties that cannot be replaced 
by others.  All B lymphocytes start by secreting IgM and 
switch to IgG, IgE, or IgA within a few days via a complex 
switching mechanism.72–74  The most important aspect of 
class switch is targeting of DNA recombination enzymes to 
specific sites.  Gene duplication theory would require coordi-
nated mutations in the structural genes and the cis-regulatory 
elements, and a unique recombination mechanism different 
from the known mechanisms.  

Michael Behe used the blood clotting factors to illustrate 
irreducible complexity.61  Dozens of proteins activate or 
inhibit each other in the blood coagulation and subsequent 
clot-dissolving pathways.  Accidental deletion of factors 
leads to diseases such as hemophilia.  Since many factors 
share similar functional domains, they are thought to have 
evolved by ancient gene duplication events, including poly-
ploidy during the Cambrian explosion.75–77  However, these 
duplications have to be followed by coordinated mutations 
that ‘work just right’.  A proposed functional intermediate 

blood clotting pathway75 in figure 5 
shows how much coordinated change 
is required.

Conclusion 

The majority of gene duplications 
are meiotic or mitotic aberrations, 
resulting in malformations or diseases.  
Plants can tolerate duplications, 
especially polyploidy, better than 
animals due to differences in their 
styles of reproduction.  To maintain 
genomic stability, all cells have built-
in mechanisms to silence duplicated 
genes, after which they become subject 
to degenerative mutations.

Clusters of identical genes need 
complicated mechanisms to prevent 
diversification in order for them to 
work in unison.  Likewise, gene 
families whose members perform 
distinct functions are maintained by 
purifying selection.  While duplication 
may alter the number of members in 
gene families, it is not their ultimate 
origin.  Current models explaining the 
preservation and neofunctionalization 

Figure 5.   Proposed initial coagulation 
network (a) and proposed intermediate 
coagulation network after gene duplication 
(b).75  Line arrows: activation; block arrows: 
conversion.
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of duplicated genes encounter obstacles one way or the 
other.  

Evolution by gene duplication predicts a proportional 
increase in genome size with organism complexity but 
this is contradicted by the evidence.  It is not genome size 
but intergenic regulatory sequences and gene regulation 
hierarchies that determine complexity.  Gene regulation 
networks are irreducibly complex and constitute an 
insurmountable barrier for the theory.  
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