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Abstract
During evolution, organisms have gained functional complexity mainly by modifying and
improving existing functioning systems rather than creating new ones ab initio. Here we
explore the interplay between two processes which during evolution have had major roles in
the acquisition of new functions: gene duplication and protein domain rearrangements. We
consider four possible evolutionary scenarios: gene families that have undergone none of these
event types; only gene duplication; only domain rearrangement, or both events. We
characterize each of the four evolutionary scenarios by functional attributes. Our analysis of
ten fungal genomes indicates that at least for the fungi clade, species significantly appear to
gain complexity by gene duplication accompanied by the expansion of existing domain
architectures via rearrangements. We show that paralogs gaining new domain architectures via
duplication tend to adopt new functions compared to paralogs that preserve their domain
architectures. We conclude that evolution of protein families through gene duplication and
domain rearrangement is correlated with their functional properties. We suggest that in
general, new functions are acquired via the integration of gene duplication and domain
rearrangements rather than each process acting independently.
S Online supplementary data available from stacks.iop.org/PhysBio/8/035009/mmedia

called subfunctionalization, and (iii) one of the duplicates
retains the ancestral function while the other acquires a new
function (neofunctionalization). In some cases, the duplicates
exhibit a combination of the above functional scenarios, where
both duplicates lose parts of the original function and gain one
or more new functions (He and Zhang 2005b). Typically, the
maintenance of several copies of a gene leads to functional
specialization and provides a greater chance to adapt to new
environmental conditions. For example, it has been shown
that gene duplication results in a faster divergence between
species when compared to single copy genes (Gu et al 2004).
An additional driving force for organisms’ complexity
is protein domain rearrangements. Domains are highly

1. Introduction
The increasing complexity of organisms during evolution has
been attributed to duplications and recombinations of existing
genes rather than ab initio formation of new functional units in
the genome (Chothia et al 2003). Duplication of entire genes
has a key role in the emergence of new functions, with three
possible fates (Force et al 1999): (i) one of the duplicates
degenerates by accumulating deleterious mutations while the
other preserves the original function; (ii) the original function
is divided and maintained by the two copies, a phenomenon
4
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In addition, housekeeping genes were shown to be less likely
to be duplicated than others (Hooper and Berg 2003), while
membrane transporters tend to be duplicated (Saier 2003).
It has been shown that the frequency of changes in
domain gain and loss is higher after duplication (Buljan
and Bateman 2009) and yeast duplicate genes have more
domains than singletons (He and Zhang 2005a, Lin et al
2007). It was suggested that multi-domain genes are more
likely to be retained after duplications since the relatively
large number of independent units, i.e. the domains, facilitates
the survival of the duplicate by subfunctionalization and
subsequent neofunctionalization events. An example for
a neofunctionalization is the SH2 domain.
The SH2
domain has a major role in signaling proteins by binding
phosphorylated tyrosine. It was suggested that in the amoeba
Dictyostelium and in yeast, the SH2 domain occurs without
its phosphotyrosine-binding function. During the evolution of
multicellular organisms, the SH2 and kinases were merged into
a single protein that was undergoing a mutation and selection
for tyrosine phosphorylation and recognition. At the final
stage, the domain diversified to carry out its known function in
phosphotyrosine signaling (Apic and Russell 2010). However,
a similar domain architecture does not necessarily indicate
functional conservation; comparison of the evolution in
Saccharomyces cerevisiae after whole-genome duplication
(WGD) with non-WGD paralogs indicated that even if
the protein domain architectures are maintained, functions,
cellular processes and localizations can vary (Grassi et al
2010).
To what extent evolution of gene duplication and
domain rearrangements are correlated? In this work we
explore the range of complexity of gene duplication and
domain architectures which has evolved over more than
300 million years, in ten fungal species. The species
represent a wide range of diversified genomes of singlecelled fungal organisms. Among these species are the
genomes of S. cerevisiae and Candida glabrata which
share common whole genome duplication in their ancestry.
The well-characterized S. cerevisiae genome enables us to
explore functional characteristics of a fungal genome in
light of domain rearrangements and duplications. Here, we
characterize functional attributes that are related to evolution
by gene duplication and domain rearrangements. We show
that complexity acquired by gene duplication and domain
rearrangements can fall into four predominant evolutionary
scenarios, which are distinguished from each other by the
functions of the proteins they span, the way these proteins
interact and their phylogenetic history.

conserved units from which proteins are composed. Their
length ranges from ∼35 to 250 amino acids; they have a
conserved sequence and usually fold independently of other
such units in the protein (Ponting and Russell 2002). Most
eukaryotic proteins are composed of more than one domain
(Apic et al 2001). Although the potential number of domain
combinations is enormous, the actual number is limited, since
the creation of new genes is the result of expansion of existing
domain architectures, a process in which (i) a genomic interval
that codes for one or more domains is duplicated; (ii) the
duplicated region selectively diverges by mutations, deletions
or insertions, and, sometimes, (iii) a recombination or fusion
with other genes occurs (Vogel et al 2005, Patthy 2003,
Bork 1991, Moore et al 2008). The prevalence of this
evolutionary scenario results in many domain architectures
that have a common ancestor; the vast majority of similar
domain architectures have emerged from a common descent
and furthermore, more than 90% of domains from the same
superfamily are duplicates (Przytycka et al 2006, Gough
2005, Chothia and Gough 2009). Another outcome of
the duplication process is the dominance of simple domain
rearrangements, with the addition or removal of domains
usually occurring at the gene termini (Fong et al 2007). When
the addition of a domain into an existing domain architecture of
a protein increases the protein functionality it is termed domain
accretion (Koonin et al 2000). The presence of additional
domains allows the protein to interact with more proteins (or
nucleic acids); thus, it is not surprising that many instances of
domain accretion were detected in signal transduction proteins
and in regulatory processes, and that it is more widespread
in the evolution of eukaryotes than in prokaryotes (Koonin
et al 2000). Domain rearrangements have a key role in the
emergence of typical features of vertebrates and chordates such
as cartilage and the inner ear, and the complicated craniofacial
structures (Kawashima et al 2009), in the evolution of the
metazoan signaling system (King et al 2008), and in the
development of innate immune systems in both vertebrates
and invertebrates (Zhang et al 2008). Analysis of domain
recombination in the yeast mating response pathway showed
that some recombination events lead to functional variations
such as increased mating efficiency (Peisajovich et al 2010).
Domain recombination also resulted in greater diversity in
pathway response dynamics than gene duplication and it was
also observed that some domains progress in evolutionary
patterns that correlate with biological processes (Jin et al
2009).
Gene duplication and domain rearrangement are key
factors for gaining organism complexity (Chothia and Gough
2009). However, little is known about how they actually
combine during evolution. Several studies have shown that
in many cases there is either a strong selection against one of
the processes or a preference for the other. A selection against
gene duplication is the basis of the ‘gene balance hypothesis’
(Papp et al 2003, Yang et al 2003), which suggests that
duplications of genes encoding proteins that are subunits in a
complex can be deleterious due to dosage problems. Ciccarelli
et al (2005) have shown that in some cases a selection against
duplication can result in changes in the protein architecture.

2. Materials and methods
2.1. Data acquisition
Clusters of orthologous groups were obtained from the
eggNOG database (Jensen et al 2008), containing genes from
ten fungal genomes (in parentheses is the percentage of a
proteome of each studied species (Letunic and Bork 2007)):
Kluyveromyces lactis (92.2%), Ashbya gossypii (96.1%),
2
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Figure 1. (A) Tree of fungi species used in this work. (B) Illustration of orthologous groups’ classification: U uniform, MA multiarch,
MP multipar, CA complexarch. Leaves correspond to proteins existing in contemporary species. Colors represent different protein domains.

gene. The analysis of proteins participating in protein
complexes was performed by counting how many orthologous
groups contain at least one gene whose protein product is
known to be part of a protein complex in S. cerevisiae (Mewes
et al 1999).

S. cerevisiae (81.5%), C. glabrata (93.9%), Debaryomyces
hansenii (86.6%), Yarrowia lipolytica (80.4%), Aspergillus
fumigatus (83.5%), Schizosaccharomyces pombe (86.6%),
Cryptococcus neoformans (78.8%) and Encephalitozoon
cuniculi (63.4%). In total, our dataset contained 4815 clusters
of orthologs spanning 34 725 genes. The fungal phylogeny is
as represented in James et al (2006). We used the Interpro
(Mulder et al 2007) domain annotation for UniProt proteins
(UniProt 2008). We considered only clusters having at least
two genes with known domain composition. Manually curated
protein complexes were obtained from the MIPS database
(Mewes et al 1999). Protein–protein interaction data were
assembled from recent publications and public databases (DIP,
BioGRID) (Xenarios et al 2000, Gavin et al 2006, Krogan et al
2006, Reguly et al 2006) with a total of 24 140 interactions.
The interactions were assigned reliability estimates which
were computed using a logistic regression model that takes
into account the experimental techniques through which each
of the interactions was detected (Sharan et al 2005). The
list of S. cerevisiae essential genes was downloaded from
the Saccharomyces Genome Deletion Project (Winzeler et al
1999). Essential ORF deletions were defined as those that
survived only as heterozygous diploids.

3. Results and discussion
3.1. Gene duplication and domain rearrangements during
fungi evolution
We explored 4815 clusters of orthologous genes spanning
the evolution of ten fungal genomes (figure 1(A)). Each
cluster contains both orthologous and paralogous genes, as
defined by the eggNOG database (Jensen et al 2008). This
database was selected as it provides data on both orthologous
groups and protein domain architectures. Genes within these
clusters exhibit a variety of evolutionary changes. Here we
focused on the patterns of domain architectures, as defined
by the sequential order of the domains in a protein, and gene
duplication events. We found that most orthologous groups
(73.3%) have a single architecture for all their member genes.
A similar fraction (71.8%) of orthologous groups contain no
duplicates, i.e. each of their member genes has at most a single
copy in each of the ten species.
The above findings motivated us to partition the 4815
orthologous groups into four classes, according to their
predominant evolutionary scenarios (see figure 1(B)). The first
set, named Uniform, is composed of all orthologous groups
(2607) having a single domain architecture for all genes and
no duplicates. The second set, Multiarch, is composed of
orthologous groups (849) having no duplicates and at least
two different domain architectures. The third set, Multipar,
is composed of orthologous groups (923) with single domain
architecture and at least one duplicated gene. The fourth,
Complexarch, consists of orthologous groups (436) having
at least two different domain architectures and at least one
duplicated gene. The families composing the Complexarch
set are heterogeneous and include evolutionary scenarios
involving domain rearrangements and gene duplications in the
different species. For example, a Complexarch orthologous

2.2. Functional coherency analysis
Functional coherency of protein sets was based on the gene
ontology (GO) (Ashburner et al 2000) biological process
annotation. As the majority of fungal species lack functional
annotation with GO terms, the GO terms used in this work
are those of S. cerevisiae. For each class, we used a
hypergeometric score to evaluate its functional coherency
with respect to each of the biological process terms. The
resulting p-values were further corrected for multiple testing
using the false discovery rate (FDR) procedure (Benjamini and
Hochberg 1995).
2.3. Enrichment in essential S. cerevisiae genes and protein
complexes
For the analyses of essential genes, we counted how many
orthologous groups have at least one essential S. cerevisiae
3
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Figure 2. Examples of orthologous groups exhibiting different evolutionary scenarios. (A) Multipar family of monosaccharide transporters.
Multiple duplicates enable different types of hexoses. Shown are the numbers of duplicates for each species. (B) A Multiarch family of
proteins that are part of the SCF E3 ubiquitin ligase complex. (C) A Complexarch family of proteins that are part of the SWI/SNF complex.

group may be composed of two or more paralogs with the same
domain architecture in a particular species and an ortholog
with different domain architecture in other species. Another
possible Complexarch orthologous group may be composed of
single (rather than paralogous) proteins with the same domain
architecture across all species except for one species where a
paralog with different domain architectures is found.
Examples of multipar, multiarch and complexarch
orthologous groups are shown in figure 2. Figure 2(A)
presents a cluster of orthologs having more than two paralogs
in most species. All of these proteins belong to a large
family of monosaccharide transporters, which are known
to transport various types of hexose sugars. Each protein
consists of exactly one domain and the multiple duplicates
in a species allow specification for various hexose types.
Some of the transporters of this family recognize glucose
and others recognize galactose or fructose. Indeed, it has
been shown that multiple types of hexose transporters in
yeast have a role in increasing the fitness in a low-glucose
environment (Brown et al 1998). Figure 2(B) shows a cluster
of orthologs having at most one copy in each species and
different domain architectures. These proteins are part of the
SCF E3 ubiquitin ligase complex that has a key role in the

regulation of cell cycle progression. These proteins contain
the F-box domain that mediates protein–protein interaction
and interacts directly with the Skp1 protein in the SCF
complex. In addition, these proteins contain one or more
variable domains that are thought to mediate interactions
with SCF substrates. Domain variability of these proteins
is important for substrate recognition and hence in substratespecific ubiquitination pathways (Nakayama and Nakayama
2005). In this example, F-box and LRR domains are found
both in ancestral single-domain genes and in a fused form.
However, this is not a general feature of the analyzed clusters;
these fusions occur in only 2.1% of the clusters. Furthermore,
only 14.9% of the domains are found in more than a single
cluster. Figure 2(C) presents a cluster of orthologous proteins
involved in transcriptional regulation. These proteins are part
of the SWI/SNF complex. By changing the contacts between
the DNA and histones, the chromatin structure is altered, which
enables the binding of transcription factors to their response
elements. In all species but D. hansenii, selection against
duplication resulted either in no duplicates (C. neoformans and
A. fumigatus) or in new domain architectures in the duplicated
gene, including subfunctionalization (S. pombe).
4
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Table 1. Functional attributes of evolutionary classes.
Analysis

Uniform

Multiarch

Multipar

Complexarch

Fraction of yeast proteins that participate in complexes (%)
Fraction of essential yeast proteins (%)
Average number of domains in a protein (including repetitives)
Average number of domains (counting only unique domains)
Fraction of fungi-specific domains (%)
Fraction of ancient clusters (%)
Mean degree in S. cerevisiae protein–protein interaction network
Mean clustering coefficient in S. cerevisiae protein–protein interaction network

7.78a
19.79a
1.2
1.14
5.23a
62.14b
11.12b
0.154a

8.39a
25.2a
2.46
1.57
1.68b
73.73a
15.2
0.156a

5.85b
10.51b
1.22
1.15
3.9
75.5a
13.93
0.102b

6.36
14.44
2.37
1.73
4.38a
83.71a
15.18
0.116

a
b

Significantly high (hypergeometric score, p-value < 0.05).
Significantly low (hypergeometric score, p-value < 0.05).

In order to check whether domain rearrangement and gene
duplication events occur in an independent manner, we applied
a chi-square test to the four classes. We found that the number
of clusters across the four sets deviated significantly from the
random expectation (p < 8.2 × 10−10 ), with the Uniform
and Complexarch groups being significantly more populated
than expected (p < 9.23 × 10−8 , hypergeometric test). The
expected number of each class is the product of the frequencies
of its characteristics among all families divided by the total
number of families; for example, to calculate the expected
number of the Uniform class we multiplied the number of
all single-domain families by the number of all single-copy
families and divided by the total number of families.
Next, we sought to determine whether the phylogenetic
profile of a cluster influence its assignment to any of the four
classes. We measured the fraction of each of the four classes
in the ten fungal genomes. A genome is represented in a
partition if it has at least one copy of a gene in a cluster
participating in that partition. The distribution of the four
classes across the genomes is shown in figure S1 available
at stacks.iop.org/PhysBio/8/035009/mmedia. We found that
Uniform, Multiarch, Multipar and Complexarch are equally
distributed across species; namely, there is no tendency in any
of the species to adopt one of the above four evolutionary
scenarios over the other (p < 0.05, Spearman’s correlation).

results, showing that a possible mechanism of compensation
for gene deletion is the existence of duplicate genes (Gu et al
2003). By definition, essential genes are obligatory for the
survival of the organism so a possible explanation may be
that they do not have a duplicate gene for compensation and
therefore the fraction of essential genes in the Multipar set
is lower than that in the other sets. Next, we examined the
number of orthologous groups containing at least one gene
whose protein product is known to be part of a protein complex
in S. cerevisiae. The statistical analysis was similar to that
used for essential genes, replacing the parameter of essential
genes by participation in protein complexes according to
MIPS (Mewes et al 1999). We found that the Uniform and
Multiarch sets are enriched in genes coding for proteins which
participate in these complexes (p < 0.001 and p < 0.0005,
respectively, hypergeometric score). These findings are in
congruence with the ‘gene balance hypothesis’, suggesting
that genes coding for proteins that are part of complexes have
a strong selection against duplication. Thus, these genes would
either present a conserved architecture (Uniform) or progress
in an evolutionary path that does not include duplications
(Multiarch). These results may also be linked to works on
phenotypic effects of one copy and of duplicated genes in
yeast. It has been shown that duplication of a single gene
participating in certain complexes is expected to be harmful
to S. cerevisiae and that large families of proteins are rarely
involved in complexes (Papp et al 2003).
To investigate the protein interaction characteristics
within the four classes, we evaluated the average number
of interactors of S. cerevisiae proteins in a protein–protein
interaction network. For each class, we pooled all its
S. cerevisiae proteins and calculated their average number of
interactors (degree) in the network. By applying the same
algorithm to random, size preserving classes, we were able
to assign an empirical p-value to each class. Randomized
classes were created by pooling all clusters of orthologous
groups and randomly assigning these clusters for each of the
four classes, preserving their original size. We found that
Multiarch proteins had the highest degree, with 15.2 different
interaction partners on average. Complexarch proteins had
15.1 interactions on average. The Multipar and Uniform
classes had 13.9 and 11.1 interactions on average, respectively.
The latter was significantly low (p < 0.01, empirical p-value)
compared to the average number of interactions in the other

3.2. Functional-based characteristics
We characterized the different partition classes in terms of
their functional attributes. A summary of the following results
is presented in table 1. First, we tested whether any of the
sets is enriched in essential S. cerevisiae genes. To this end,
we counted how many orthologous groups have at least one
essential S. cerevisiae gene. We used the hypergeometric
test to evaluate the significance of the results, using for
each class the corresponding parameters: the number of
orthologous groups having essential genes in the class, the
number of orthologous groups in the class, the total number
of orthologous groups and the total number of orthologous
groups having essential genes. We found that the Uniform and
Multiarch sets are enriched for essential genes (p < 0.006 and
p < 4.4 × 10−8 , respectively, hypergeometric score), while
an opposite trend was observed in the Multipar set. These
results are in congruence with previously published phenotypic
5
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classes. We also characterized the network modularity of
the classes. For each S. cerevisiae protein, we calculated
its clustering coefficient in the protein–protein interaction
network, indicating how many of its interacting partners also
interact with each other. For each partition, we pooled all
S. cerevisiae proteins and calculated their average clustering
coefficient. We found that Multiarch and Uniform proteins
had the highest clustering coefficient (0.156 and 0.154,
respectively, p < 0.01, empirical p-value). Complexarch
proteins had a clustering coefficient of 0.11 while the lowest
clustering coefficient was measured in the Multipar proteins
(0.102, p < 0.01, empirical p-value).
We used the gene ontology (GO) (Ashburner et al 2000)
‘biological process’ annotation to test whether the four classes
could be characterized by certain biological processes. Our
analysis indicated that the four partitions were distinguished
from each other by their functions. We found that the
Uniform orthologous groups were enriched in metabolic and
biosynthetic processes and catalytic activity (p < 10 ×
10−15 ). Basic functions such as metabolic and biosynthetic
processes are expected to be highly conserved among species
and indeed we found that the Uniform proteins are enriched
in these essential functions. Multiarch orthologous groups
were enriched in metabolic processes, response to stress,
cell division and cell cycle processes and mitosis (p <
7 × 10−12 ). Multipar orthologous groups were enriched
in transport processes (p < 2 × 10−11 ) and metabolic and
biosynthetic processes, movement and cellular homeostasis
(p < 3.2 × 10−7 ). The observation that Multipar proteins
were enriched in functions that are related to transport is
supported by the previous findings that the evolution of
transporter families is mostly mediated by gene duplications
rather than by other processes (Saier 2003). Complexarch
orthologous groups were mainly enriched in regulatory and
signal transduction functions (p < 10 × 10−15 ). The
acquisition of new domains by domain manipulations enabled
Multiarch and Complexarch proteins to acquire new functions
and to increase their connectivity in signaling systems; thus,
we find that these partitions are mostly enriched by regulatory
and signal transduction functions. The characterization of
the four classes in terms of GO biological processes reveals
that the attributes of the classes are correlated with their
functional enrichment. While the Uniform class, presenting
the most conservative evolutionary scenario, was enriched in
basic, essential functions such as biosynthesis and metabolic
processes, the Complexarch class, which is permissive in terms
of both domain shuffling and duplication, enables proteins
participating in this group to acquire advanced, complex
functions such as signal transduction.

hypergeometric score) while Multiarch orthologous groups are
enriched in ancient domains (p < 0.01). This result suggests
either that proteins in the Uniform clusters have fungi-specific
roles or that they are non-ancient. To decide which of these
two alternatives is the likely explanation, we also analyzed
the ages of the clusters: we defined the age of a cluster
according to the lowest common ancestor of its members. We
classified the clusters of the Ascomycota phylum as new or
Ascomycota-specific. This monophyletic group of organisms,
the largest phylum of Fungi, has diverged about 300 million
years ago and its members are known as the sac-fungi (James
et al 2006). Accordingly, ancient clusters include common
ancestors that diverged before the divergence of Ascomycota.
On the corresponding tree in our work, an ancient cluster
includes the root and its direct son while a new cluster includes
common ancestors that diverged later. We found that the
Uniform class has the lowest fraction of ancient clusters and
is enriched in new clusters, while the Complexarch class
has the highest fraction of ancient clusters. These findings
suggest that Uniform clusters contain Ascomycota-specific
proteins or some protein families that were not detected in
the non-Ascomycota species, perhaps due to lower percentage
of proteome covered in non-Ascomycota species compared
to Ascomycota species (see section 2). The distribution of
cluster ages in the four classes is shown in figure S2 available
at stacks.iop.org/PhysBio/8/035009/mmedia.
3.4. Domain number characteristics
Next, we measured the average number of domains composing
a protein within the different orthologous groups either by
counting the total number of domains within a protein or
by counting only the unique domains in a protein (excluding
repeated domains). Both measures indicated that Complexarch
and Multiarch proteins have on average more domains in their
proteins compared to other groups (table 1). Interestingly,
while the average number of the total and unique domains
in Multipar and Uniform proteins is similar, in Complexarch
and Multiarch proteins the average total number is greater by
50% as compared to the average unique number, indicating
that approximately half of the domains gained by a protein
were duplications of already existing domains. These results
are in congruence with previous studies (Bjorklund et al 2005,
2006), suggesting that repetitions of duplicated domains have
important binding properties and are involved in protein–
protein interactions and support our findings that proteins of
the Multiarch and Complexarch classes are involved in protein
complexes and protein–protein interactions more than proteins
composing the two other classes.

3.3. Age-based characteristics

3.5. Paralogs in Complexarch families tend to adopt different
architectures and different functions

We explored the age of domains composing the genes in
the different classes. We classified the domains into new,
which are specific to fungi, and ancient, which can also be
found in other eukaryotes, in archaea or bacteria (CohenGihon et al 2007). Surprisingly, we found that Uniform
orthologous groups are enriched in new domains (p < 0.01,

To further explore the interplay between gene duplication
and domain rearrangements, we focused on protein families
that evolved using both processes, that is, the Complexarch
families. We focused on protein families with at least two
paralogs and sought to investigate the relationship between the
number of paralogs and the number of different architectures
6
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The Complexarch class is composed of heterogeneous
families in terms of evolutionary scenarios. It includes
protein families in which the domains were rearranged after
duplication as well as families in which there are identical
paralogs (in terms of domain architectures) but a single protein
in another species underwent rearrangement. To create more
homogeneous groups, we divided the Complexarch protein
families into (i) high complexity families, i.e. families having
two or more paralogs in at least one species, with each
paralog presenting different domain architectures from the
other paralogs (30.3% of the families), (ii) low complexity
families, i.e. families having two or more paralogs in at
least one species, with each paralogous group of proteins
presenting an identical domain architecture in at least two
paralogs (48.6%) and (iii) families that do not fall into any of
these categories, that is, families with two identical (in terms
of domain architecture) paralogs in one species and different
paralogs in other species (21.1%). Then, we identified the
function of the paralogs in each of the three categories, using
their GO ‘biological process’ terms (Ashburner et al 2000).
We defined the function of each paralog as its most specific
GO biological process term. A pair of paralogs was defined as
having a similar function if both paralogs have the same most
specific GO term, and similarly, having different functions if
their most specific annotations are different. We found that in
high complexity families, 26% of the paralogs had different
functions while in low complexity groups only 7% changed
their function. In group (iii) 5.4% of the paralogs changed
their function. On the other hand, while implementing a
similar analysis on paralogs in Multipar clusters, we found
that only 6% of the paralogs had different functions. These
findings indicate that domain rearrangement is coupled to
a change in function. These results are in congruence
with the duplication–degeneration–complementation model
(Force et al 1999) that was discussed above; moreover, they
emphasize the importance of domain rearrangement events
in the evolution of duplicates, particularly in large protein
families.

Figure 3. Analysis of the number of unique domain architectures
within paralogous proteins of the Complexarch group. X-axis: the
number of paralogs of a gene family. Y-axis: the fraction of families
that have a single architecture (green) or more than a single
architecture (yellow). Numbers on top represent the number of
protein families in each category.

that they adopt. For each set of paralogs in the Complexarch
class, we counted how many unique domain architectures were
present. Interestingly, we found that almost half (42%) of the
proteins that present two paralogs formed different domain
architectures. The fraction of multi-architectures increases
with the number of paralogs: 75% of genes having five
or more paralogs had more than one domain architecture
(figure 3). The distribution of the fractions of single- and
multi-architectures across different number of paralogs is
significantly different from the random expectation (p-value <
1.28 × 10−7 , chi-square test). The expected distribution was
calculated by multiplying the frequencies of each characteristic
(single- or multi-domain and number of paralogs) among all
proteins and dividing by the total number of proteins. Thus,
for example, to calculate the expected value of the number
of multi-domain proteins with two paralogs we multiplied
the number of all multi-domain proteins by the number of
all proteins having two paralogs and divided the product by
the total number of proteins of the analysis. It should be
mentioned that in some cases the observed frequent changes in
domain compositions may result from an imperfect assignment
of domains caused by the changes in the number of domain
repeats.

4. Conclusions
In this work we defined and studied four evolutionary classes
of protein families with respect to gene duplication and
domain rearrangements. We have shown that some protein
families were under selection against duplication (Multiarch)
and others against domain rearrangements (Multipar). In
congruence with previous studies (Papp et al 2003, Yang et al
2003), we have shown that Multipar proteins are depleted in
protein complexes probably since duplicates can interrupt the
balance among the gene products in the complexes; however,
they are enriched in transporter families. Evolution of proteins
participating in complexes has therefore occurred via the
Multiarch proteins, by acquiring new domains; in support of
this conclusion, our results indicate that this class is enriched
with proteins that take part in complexes. Families that
present a conserved profile of gene evolution (Uniform) are
also enriched in proteins participating in complexes; these
proteins also do not maintain duplicates. Interestingly, the
7
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Acknowledgments

fraction of fungi-specific domains (5.23%) in this class is
threefold larger than that in the Multiarch class. On the
other hand, the fraction of prokaryotic domains in families of
proteins that have undergone either duplication and/or domain
rearrangements is larger than that in other families. Moreover,
we found that in about half of the cases the acquisition of new
domains by a protein occurs through the duplication of one or
more of its existing domains.
Notably, we found that more than 400 families, called
Complexarch families in this work, have undergone both
duplications and domain manipulations during the course
of evolution. Some of these families contain proteins that
have paralogs with different domain architectures. Protein
families that survived such complicated evolutionary changes
are of special interest. Their genes have the ability to
survive a duplication event and to acquire new functions
by gaining additional domains. In this regard, genes with
a large number of domains are more likely to survive a
duplication event (He and Zhang 2005a, Lin et al 2007). Their
large number of domains may help the duplicates undergo
subfunctionalization, where both copies still maintain the
original function. An alternative way to survive a duplication
event is the acquisition of new domains by the duplicate. In
these cases, one duplicate maintains the original function while
the other acquires new properties. This can happen right after
the duplication or following other events, such as change in
expression or neofunctionalization by sequence divergence
which played a role in the retention of the duplicated gene
(He and Zhang 2005b). To further substantiate this point, we
performed an analysis of domain architectures in paralogous
proteins with the Complexarch families. We observed that the
greater the number of paralogs a species has, the greater is the
variety of domain architectures they adopt. This increase in the
number of architectures in paralogs is significant. However,
such an increase in changes in domain composition may result
from an imperfect assignment of domains caused by changing
the number of repetitive domains. Moreover, we explored the
functions of high-complexity protein families, which are about
one-third of all Complexarch families. In these families, all
the paralogs with a particular species adopt different domain
architectures. We found that high-complexity protein families
tend to adopt different functions compared to families in
which paralogs maintain two or more duplicates with the
same domain architecture. These results serve to validate
that the functional variety is greater when gene duplication
is accompanied by domain rearrangements. Obviously,
the organism benefits from such duplications followed by
domain manipulations, since merging both processes increases
organism complexity considerably, increasing both the protein
connectivity and the number of gene copies. On top of the
domain accretion scenario (Koonin et al 2000) where existing
architectures tend to gain complexity by the acquisition of
new domains, we find that in many cases this occurs mainly in
duplicated genes. The abundance of proteins that were targets
of both gene duplication and domain manipulations, along
with higher level functionality, suggests that combining these
two processes is synergistic and highly advantageous during
evolution.

We thank Nir Yosef for providing us with the protein–
protein interaction network data. We thank Itai Yanai for
helpful advice. This project has been funded in whole
or in part with Federal funds from the National Cancer
Institute, National Institutes of Health, under contract number
HHSN261200800001E. The content of this publication does
not necessarily reflect the views or policies of the Department
of Health and Human Services, nor does mention of
trade names, commercial products, or organizations imply
endorsement by the US Government. This research was
supported (in part) by the Intramural Research Program of the
NIH, National Cancer Institute, Center for Cancer Research.
ICG is a fellow of the Edmond J Safra Bioinformatics Program
and of the Ela Kodesz Research and Scholarship Fund at TelAviv University. RS was supported by a research grant from
the Israel Science Foundation (no. 385/06).

References
Apic G, Gough J and Teichmann S A 2001 Domain combinations in
archaeal, eubacterial and eukaryotic proteomes J. Mol. Biol.
310 311–25
Apic G and Russell R B 2010 Domain recombination: a workhorse
for evolutionary innovation Sci. Signal 3 pe30
Ashburner M et al 2000 Gene ontology: tool for the unification of
biology. The Gene Ontology Consortium Nat. Genet. 25 25–9
Benjamini Y and Hochberg Y 1995 Controlling the false discovery
rate: a practical and powerful approach to multiple testing J. R.
Stat. Soc. B 57 289–300
Bjorklund A K, Ekman D and Elofsson A 2006 Expansion of
protein domain repeats PLoS Comput. Biol. 2 e114
Bjorklund A K, Ekman D, Light S, Frey-Skott J and Elofsson A
2005 Domain rearrangements in protein evolution J. Mol. Biol.
353 911–23
Bork P 1991 Shuffled domains in extracellular proteins FEBS Lett.
286 47–54
Brown C J, Todd K M and Rosenzweig R F 1998 Multiple
duplications of yeast hexose transport genes in response to
selection in a glucose-limited environment Mol. Biol. Evol.
15 931–42
Buljan M and Bateman A 2009 The evolution of protein domain
families Biochem. Soc. Trans. 37 751–5
Chothia C and Gough J 2009 Genomic and structural aspects of
protein evolution Biochem. J. 419 15–28
Chothia C, Gough J, Vogel C and Teichmann S A 2003 Evolution of
the protein repertoire Science 300 1701–3
Ciccarelli F D, von Mering C, Suyama M, Harrington E D,
Izaurralde E and Bork P 2005 Complex genomic
rearrangements lead to novel primate gene function
Genome. Res. 15 343–51
Cohen-Gihon I, Nussinov R and Sharan R 2007 Comprehensive
analysis of co-occurring domain sets in yeast proteins
BMC Genomics 8 161
Fong J H, Geer L Y, Panchenko A R and Bryant S H 2007 Modeling
the evolution of protein domain architectures using maximum
parsimony J. Mol. Biol. 366 307–15
Force A, Lynch M, Pickett F B, Amores A, Yan Y L
and Postlethwait J 1999 Preservation of duplicate genes by
complementary, degenerative mutations Genetics 151 1531–45
Gavin A C et al 2006 Proteome survey reveals modularity of the
yeast cell machinery Nature 440 631–6
Gough J 2005 Convergent evolution of domain architectures
(is rare) Bioinformatics 21 1464–71
8

Phys. Biol. 8 (2011) 035009

I Cohen-Gihon et al

Grassi L, Fusco D, Sellerio A, Cora D, Bassetti B, Caselle M
and Lagomarsino M C 2010 Identity and divergence of protein
domain architectures after the yeast whole-genome duplication
event Mol. Biosyst. 6 2305–15
Gu Z, Rifkin S A, White K P and Li W H 2004 Duplicate genes
increase gene expression diversity within and between species
Nat. Genet. 36 577–9
Gu Z, Steinmetz L M, Gu X, Scharfe C, Davis R W and Li W H
2003 Role of duplicate genes in genetic robustness against null
mutations Nature 421 63–6
He X and Zhang J 2005a Gene complexity and gene duplicability
Curr. Biol. 15 1016–21
He X and Zhang J 2005b Rapid subfunctionalization accompanied
by prolonged and substantial neofunctionalization in duplicate
gene evolution Genetics 169 1157–64
Hooper S D and Berg O G 2003 On the nature of gene innovation:
duplication patterns in microbial genomes Mol. Biol. Evol.
20 945–54
James T Y et al 2006 Reconstructing the early evolution of Fungi
using a six-gene phylogeny Nature 443 818–22
Jensen L J, Julien P, Kuhn M, von Mering C, Muller J, Doerks T
and Bork P 2008 eggNOG: automated construction and
annotation of orthologous groups of genes Nucleic Acids Res.
36 D250–4
Jin J, Xie X, Chen C, Park J G, Stark C, James D A, Olhovsky M,
Linding R, Mao Y and Pawson T 2009 Eukaryotic protein
domains as functional units of cellular evolution Sci. Signal.
2 ra76
Kawashima T, Kawashima S, Tanaka C, Murai M, Yoneda M,
Putnam N H, Rokhsar D S, Kanehisa M, Satoh N and Wada H
2009 Domain shuffling and the evolution of vertebrates
Genome Res. 19 1393–403
King N et al 2008 The genome of the choanoflagellate Monosiga
brevicollis and the origin of metazoans Nature 451 783–8
Koonin E V, Aravind L and Kondrashov A S 2000 The impact of
comparative genomics on our understanding of evolution Cell
101 573–6
Krogan N J et al 2006 Global landscape of protein complexes in the
yeast Saccharomyces cerevisiae Nature 440 637–43
Letunic I and Bork P 2007 Interactive tree of life (iTOL): an online
tool for phylogenetic tree display and annotation
Bioinformatics 23 127–8
Lin Y S, Hwang J K and Li W H 2007 Protein complexity, gene
duplicability and gene dispensability in the yeast genome Gene
387 109–17
Mewes H W, Heumann K, Kaps A, Mayer K, Pfeiffer F, Stocker S
and Frishman D 1999 MIPS: a database for genomes and
protein sequences Nucleic Acids Res. 27 44–8

Moore A D, Bjorklund A K, Ekman D, Bornberg-Bauer E
and Elofsson A 2008 Arrangements in the modular evolution of
proteins Trends Biochem. Sci. 33 444–51
Mulder N J et al 2007 New developments in the InterPro database
Nucleic Acids Res. 35 D224–8
Nakayama K I and Nakayama K 2005 Regulation of the cell cycle
by SCF-type ubiquitin ligases Semin. Cell Dev. Biol.
16 323–33
Papp B, Pal C and Hurst L D 2003 Dosage sensitivity and the
evolution of gene families in yeast Nature 424 194–7
Patthy L 2003 Modular assembly of genes and the evolution of new
functions Genetica 118 217–31
Peisajovich S G, Garbarino J E, Wei P and Lim W A 2010 Rapid
diversification of cell signaling phenotypes by modular domain
recombination Science 328 368–72
Ponting C P and Russell R R 2002 The natural history of
protein domains Annu. Rev. Biophys. Biomol. Struct.
31 45–71
Przytycka T, Davis G, Song N and Durand D 2006 Graph
theoretical insights into evolution of multidomain proteins
J. Comput. Biol. 13 351–63
Reguly T et al 2006 Comprehensive curation and analysis of global
interaction networks in Saccharomyces cerevisiae J. Biol.
5 11
Saier M H Jr 2003 Tracing pathways of transport protein evolution
Mol. Microbiol. 48 1145–56
Sharan R, Suthram S, Kelley R M, Kuhn T, McCuine S, Uetz P,
Sittler T, Karp R M and Ideker T 2005 Conserved patterns of
protein interaction in multiple species Proc. Natl Acad. Sci.
USA 102 1974–9
UniProt 2008 The universal protein resource (UniProt) Nucleic
Acids Res. 36 D190–5
Vogel C, Teichmann S A and Pereira-Leal J 2005 The relationship
between domain duplication and recombination J. Mol. Biol.
346 355–65
Winzeler E A et al 1999 Functional characterization of the
S. cerevisiae genome by gene deletion and parallel analysis
Science 285 901–6
Xenarios I, Rice D W, Salwinski L, Baron M K, Marcotte E M
and Eisenberg D 2000 DIP: the database of interacting proteins
Nucleic Acids Res. 28 289–91
Yang J, Lusk R and Li W H 2003 Organismal complexity, protein
complexity, and gene duplicability Proc. Natl Acad. Sci. USA
100 15661–5
Zhang Q, Zmasek C M, Dishaw L J, Mueller M G, Ye Y,
Litman G W and Godzik A 2008 Novel genes dramatically
alter regulatory network topology in amphioxus Genome Biol.
9 R123

9

