
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
A Diverse Set of Evolutionary Questions that have been Answered Using Completely 
Sequenced Genomes

Permalink
https://escholarship.org/uc/item/8d1738cg

Author
Kondrashov, Fyodor Alexeevich

Publication Date
2008
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8d1738cg
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

A Diverse Set of Evolutionary Questions that have been Answered Using 

Completely Sequenced Genomes 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in 

Biology  

 

 

by 

 

Fyodor Alexeevich Kondrashov 

 

 

Committee in charge: 

Professor Doris Bachtrog, Chair 
Professor Peter Andolfatto 
Professor John Huelsenbeck 
Professor Pavel Pevzner 
Professor Chris Wills 

 
 
 

2008 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Fyodor Alexeevich Kondrashov, 2008 

All rights reserved.



 

iii 

The dissertation of Fyodor Alexeevich Kondrashov is approved, and it is 

acceptable in quality and form for publication on microfilm:  

 

 

 

 

 

 

 

 

 

 

 

 

 

     Chair 

 

 

University of California, San Diego 

 

2008 

 

 

 

 

 



 

iv 

 

 

TABLE OF CONTENTS 

Signature Page ……………………………………..………………………….. 

Table of Contents……………………………………..………………………... 

List of Figures…………………………………………................................. 

List of Tables……………………………………………..…………………….. 

Acknowledgements……………………………………….……………………. 

Vita……………………………………………………………………………….. 

Abstract…………………………………………………….……………………. 

Part I. Compensatory pathogenic deviations ………….……………………. 

Chapter 1.  A database of metazoan mitochondrial tRNA genes….……… 

Chapter 2.  Prediction of pathogenic mutations in mitochondrially 
encoded human tRNAs ………………………………………………………..  

Chapter 3. Conversion and compensatory evolution of the human γ-
crystallin genes ………………………………………………………………… 
 
Part II. Revealing function and selection in genes and genomes ………… 

Chapter 4. Selection in favor of nucleotides G and C diversifies evolution 
rates and levels of polymorphism at mammalian synonymous sites .……. 

Chapter 5. Evolution of glyoxylate cycle enzymes in Metazoa: evidence 
of multiple horizontal transfer events and pseudogene formation ……….. 

Chapter 6. Selection for functional uniformity of tuf duplicates in gamma-
proteobacteria ………………………………………………………………….. 

Chapter 7. Nested genes and increasing organizational complexity of 
metazoan genomes ……………………………………………………………. 

 

 

iii 

iv 

v 

vi 

vii 

x 

xi 

1 

2 
 
 

8 

 
14 

 
27 

 
28 

 
40 

 
56 

 
80 

 

 



 

v 

LIST OF FIGURES

Chapter 1 
Figure 1 Secondary structure and sequence of mt-tRNAAsn ….…………… 
Figure 2 Secondary structure and sequence of mt- tRNACys ….…………. 
Chapter 2 
Figure 1 Multiple alignment of mt-tRNAGly and mt-tRNAThr ……………...... 
Figure 2 Frequency of human mt-tRNA polymorphisms ....……………….. 
Figure 3 Frequency distribution of human mt-tRNA polymorphisms …….. 
Chapter 3 
Figure 1 Abridged PCC-affected pedigree ……………………………...…... 
Figure 2 Identification of the mutation in individuals with PCC ………....... 
Figure 3 Sequence alignment of γ-crystalins...……...……........................ 
Figure 4 Sequence patterns in γ-crystalin domains ………………………... 
Figure 5 Contact regions in symmetrical γ-crystalin domains ……….……. 
Figure 6 Synteny in the γ-crystalin gene family ……….……………………. 
Figure 7 Phylogeny of γ-crystalin exons 2 and 3 …………………………… 
Chapter 4 
Figure 1 Properties of reciprocal polymorphisms …………………………... 
Figure 2 Human-chimpanzee divergence of different TE families ……….. 
Figure 3 Nucleotide frequencies in sites with different CpG context …….. 
Figure 4 Equilibrium allele frequencies, rates of evolution and levels of 
polymorphism in sites with different CpG context ………………………….. 
Figure 5 Frequencies of G nucleotide and intronic GC content …………. 
Figure 6 Frequencies of G nucleotide and expression level .……………... 
Chapter 5 
Figure 1 Krebs, truncated Krebs and the glyoxylate cycles …………..…... 
Figure 2 Syntenic region around the malate synthase in mammals...….… 
Figure 3 Phylogenies of isocitrate lyase and malate synthase ……..…….. 
Figure 4 Multiple alignment of isocitrate lyase.…………………….………... 
Figure 5 Inferred scenario of ICL and MS eukaryote evolution ….……….. 
Figure 6 Multiple alignment of malate synthase …….….….……………….. 
Chapter 6 
Figure 1 Phylogeny of tuf gene for selected species ……….….………….. 
Figure S1 Phylogeny of tuf gene in gamma proteobacteria …….………… 
Figure S2 Synthenic region around the tuf gene copies    …….………….. 
Figure S3 The tRNA-protein interface of the EF-Tu protein ………………. 
Chapter 7 
Figure 1 Phylogenetic analysis of gains and losses of nested gene 
structures ……………………………………………………………………….. 
Figure 2 Dynamics of gain and loss of nested gene structures ……......... 
Figure 3 Scenarios for the origin of a nested gene structure ……………... 
 

 
5 
6 

 
11 
12 
12 

 
16 
17 
17 
18 
18 
19 
20 

 
32 
32 
33 

 
34 
35 
35 

 
43 
44 
47 
48 
49 
49 

 
71 
72 
74 
76 

 
 

89 
90 
92

 



 

vi 

LIST OF TABLES 

Chapter 3 
Table 1 Sequence divergence between γ-crystallin genes …...….………. 
Table 2 Signs of pseudogenization in the primate CRYGFP1 
pseudogene ……………………………………………………………………. 
Chapter 4 
Table 1 Properties of sites classified according to their CpG context …... 
Table 2 Properties of sites according to their 4x4 immediate conte …….. 
Chapter 5 
Table 1 Protein divergence of isocitrate lyase from selected species …… 
Table 2 Pairwise comparison of malate synthase genes in Coelomata …. 
Table 3 Malate synthase pseudogenes in placental mammals …………... 
Chapter 6 
Table 1 The influence of gene conversion on the number of substitutions. 
Chapter 7 
Table 1 Mechanisms of origin of human internal genes …………………… 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

22 
 

23 
 

31 
36 

 
45 
46 
46 

 
71 

 
93

 
 



 

vii 

ACKNOWLEDGEMENTS 

 

This thesis has been made possible by many people supporting my 

endeavors by scientific and administrative input. My advisor, Doris Bachtrog has 

deserves the most credit for enduring my eccentric flustering in the course of my 

time in San Diego. Peter Andolfatto went out of his way more than once to show 

his support in both science and life. Without the kind and timely action of John 

Huelsenbeck, Pavel Pevzner, Chris Wills and Lin Chao I would have stalled in 

my progression of acquiring academic regalia. The entirety of Andolfatto and 

Bachtrog lab deserves special mention for creating a working environment. 

Finally, the input of all of my collaborators has continuously improved my 

scientific inquiries. In particular, I would like to single out Eugene Koonin and 

Alexey Kondrashov who deserve the status of my first and most important 

mentors in science. 

 Special thanks go out to all of my coauthors on several papers that are a 

part of this dissertation. 

Chapter 1, in full, is a reprint of the material as it appears in Popadin K, 

Mamirova L and Kondrashov FA (2007). A manually curated database of 

tetrapod mitochondrial tRNAs. BMC Bioinformatics 8, 441. Biomed Central 2007. 

The dissertation author was the primary investigator and author of this paper. 

Chapter 2, in full, is a reprint of the material at it appears in Kondrashov 

FA. (2005) Prediction of pathogenic mutations in mitochondrially encoded 



 

viii 

human tRNAs. Human Molecular Genetics 14, 2415-2419. Oxford University 

Press 2005. The dissertation author was the primary investigator and author of 

this paper. 

Chapter 3, in full, is a reprint of the material as it appears in Plotnikova 

OV, Kondrashov FA, Vlasov PK, Ginter EK and Rogaev EI (2007). Conversion 

and compensatory evolution of the γ-crystallin genes and identification of a 

cataractogenic mutation that reverses the sequence of the human CRYGD gene 

to an ancestral state. Am. J. Hum. Genet. 81, 32-43. The American Society of 

Human Genetics 2007. The dissertation author was one of the two primary 

investigators and authors of this paper. 

Chapter 4, in full, is a reprint of the material as it appears in Kondrashov 

FA, Ogurtsov AY, Kondrashov AS. (2006) Selection in favor of nucleotides G 

and C diversifies evolution rates and levels of polymorphism at mammalian 

synonymous sites. Journal of Theoretical Biology 240, 616-626. Elsevier Ltd. 

2007. The dissertation author was the primary investigator and author of this 

paper. 

Chapter 5, in full, is a reprint of the material as it appears in Kondrashov 

FA, Koonin EV, Morgunov IG, Finogenova TV, Kondrashova MN. (2006) 

Evolution of glyoxylate cycle enzymes in Metazoa: evidence of multiple 

horizontal transfer events and pseudogene formation. Biol Direct 1, 31. Biomed 

Central 2007. The dissertation author was the primary investigator and author of 

this paper. 



 

ix 

Chapter 6, in full, is a manuscript of the material as it appears in 

Kondrashov FA , Gurbich TA and Vlasov PK (2007). Selection for functional 

uniformity of tuf duplicates in gamma-proteobacteria. Trends in Genetics 23, 

215-218. Elsevier Ltd. 2007. The dissertation author was the primary 

investigator and author of this paper. 

Chapter 7, in full, is a manuscript intended for publication as Assis R, 

Kondrashov AS, Koonin, EV and Kondrashov FA (2008) Nested genes and 

increase of organizational complexity in metazoan genomes.The dissertation 

author was the primary investigator and author of this paper. 

 

 

 

 

 

 

 
 

 
 

  

 

 



 

x 

VITA 

2000  Bachelor of Arts  
Simon’s Rock College of Bard 

 
2004  Master of Science 
  University of California, Davis 
 
2008    Doctor of Philosophy 
  University of California, San Diego 
 

PUBLICATIONS 

Kondrashov FA. (2005) Prediction of pathogenic mutations in mitochondrially 
encoded human tRNAs. Human Molecular Genetics 14, 2415-2419. 
 

Kondrashov FA, Ogurtsov AY, Kondrashov AS. (2006) Selection in favor of 
nucleotides G and C diversifies evolution rates and levels of polymorphism at 
mammalian synonymous sites. Journal of Theoretical Biology 240, 616-626. 
 
Kondrashov FA, Koonin EV, Morgunov IG, Finogenova TV, Kondrashova MN. 
(2006) Evolution of glyoxylate cycle enzymes in Metazoa: evidence of multiple 
horizontal transfer events and pseudogene formation. Biol Direct 1, 31. 
 

Kondrashov FA , Gurbich TA and Vlasov PK (2007). Selection for functional 
uniformity of tuf duplicates in gamma-proteobacteria. Trends in Genetics 23, 
215-218 
 
Plotnikova OV, Kondrashov FA, Vlasov PK, Ginter EK and Rogaev EI (2007). 
Conversion and compensatory evolution of the γ-crystallin genes and 
identification of a cataractogenic mutation that reverses the sequence of the 
human CRYGD gene to an ancestral state. Am. J. Hum. Genet. 81, 32-43 
 

Popadin K, Mamirova L and Kondrashov FA (2007). A manually curated 
database of tetrapod mitochondrial tRNAs. BMC Bioinformatics 8, 441 
  

Assis R, Kondrashov AS, Koonin, EV and Kondrashov FA (2008) Nested genes 
and increase of organizational complexity in metazoan genomes. Trends in 
Genetics (submitted). 
 



 

xi 

ABSTRACT OF THE DISSERTATION 

A Diverse Set of Evolutionary Questions that have been Answered Using 

Completely Sequenced Genomes 

by 

Fyodor Alexeevich Kondrashov 

Doctor of Philosophy in Biology 

University of California, San Diego, 2008 

Professor Doris Bachtrog, Chair 

 

In the past decade or so, the availability of completely sequenced 

genomes and their annotations opened up previously unthinkable opportunities 

to explore evolutionary and functional aspects of organic life forms. The rate of 

deciphering new genomes shows no signs of slowing down. While a few years 

ago every self-respecting genomicist could name every single available genome, 

currently I will be hard pressed to name those that have been completed in the 

past year alone. Whether or not the race to sequence more, faster and cheaper 

will continue to revolutionize our understanding of biology is an open question 

largely irrelevant to this thesis. However, it is undeniably evident that in the past 

decade a new set of approaches, tools and knowhow have emerged in the fienld 

of computational genomics, which will continue to be used for many years to 

come. 
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 It so happened that in the past three years I have been interested in 

several different questions that forced me to utilize almost every aspect of 

comparative computational genomics. In the course of answering questions that 

tickled my curiosity I have created a database, performed an evolutionary 

analysis of a newly sequenced genome, worked with secondary and crystal 

protein and RNA structures, measured the rate and mode of selection in coding 

and noncoding sequences, made functional annotations of proteins, and in the 

course of doing so have added to our understanding of several important 

evolutionary questions. Thus, this thesis is more of a demonstration of my 

capabilities as a computational comparative genomicist rather than a 

comprehensive attempt to resolve some long-standing dispute in biology. The 

first part of this thesis deals with some aspects and examples of compensatory 

evolution in a framework of Compensatory Pathogenic Deviations. The second 

part is a collection of works where the primary concept is the use of negative 

selection to reveal functional and evolutionary novel aspects of genes and 

genomes. 

 

 In Chapter 1, I describe a database of mitochondrial tRNA sequences and 

secondary structures from completely sequenced metazoan mitochondrial 

genomes. This database has been compiled mostly by hand, such that 

secondary structure predictions were matched with evolutionary conserved 

regions while eliminating annotation errors, resulting in an impressive 6060 

curated tRNAs structure predictions. After its completion, but before publication, 
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this database has been used to describe patterns of compensatory evolution in 

mt tRNAs, which is the topic of Chapter 2. Previously to my work, it has been 

thought that it is impossible to create an exclusively computational method for 

prediction of pathogenic mutations in human mt tRNAs. I have been able to 

show the contrary using two simple improvements. Firstly, I have shown that 

sequences of more closely related species are much better predictors of fitness 

impacts in orthologous human sites than distant species. Indeed, this is an 

intuitive concept but it has not been utilized in a predictive matter previously. 

Secondly, I have used patterns of compensatory evolution in tRNA stem 

structures, which also greatly increased the predictive power of pathogenicity in 

orthologous sites. It is not enough to look at sequence conservation of a site to 

claim functional conservation, since sites may evolve in quickly even while being 

under functional and selective constraint. Such rapid evolution is most easily 

reconciled with functional conservation under the framework of structural 

compensatory evolution. For example, in a tRNA the nucleotides forming a 

Watson-Crick pair in a stem structure may rapidly change between G-C pair and 

an A-T pair. The destruction of each pair may be deleterious; however, each site 

may be rapidly evolving. By keeping track of sites potentially evolving in a 

compensatory manner, I have been able to further improve my prediction of 

pathogenic mutations in mt tRNAs. 

 

 In Chapter 3 I use the sequence of the γ-crystallins from several 

mammalian species to study compensatory evolution in this gene. A disease-
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causing variant in one of the γ-crystallins was found in other, healthy mammals. 

Such events are called a Compensatory Pathogenic Deviation (CPD), and are 

thought to be caused by structural compensations in the homologous proteins. 

In this case, using a correlation sequence analysis it was possible to identify a 

probable compensatory site in the γ-crystallin. Curiously, on the crystal structure 

this site was in a 180 degrees symmetrical position to the site with the 

pathogenic substitution. This allowed us to conclude that crystallins are likely to 

be packed together such that individual proteins are assembled in strings with 

alternating 180 degree rotations. In addition, these genes showed interesting 

patterns of gene conversion. Two γ-crystallin pseudogenes showed clear signs 

of negative selection despite clearly being pseudogenes. This observation, 

coupled with signs of gene conversion in this gene family, led to the conclusion 

that gene conversion can lead to apparent selection in cases where the rate of 

conversion is rapid.  

 

 Chapter 4 is entirely devoted to the issue of selection on synonymous 

sites in human protein coding genes. Contrary to general belief, negative 

selection does not always lead to a decrease in the rate of evolution. If a 

preferred nucleotide is highly mutable, then the rate of evolution may be 

increased in comparison to a completely neutral site. This will occur due to a 

preferred to un-preferred nucleotide substitution achieving fixation through drift 

and driven by a high rate of mutation, while selection will drive the reverse 

process of un-preferred to preferred substitution. Mammalian synonymous sites 
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appear to be a mixture of sites with different rates of mutation spanning almost 

two orders of magnitude due to the highly mutable CpG context. The analysis 

reported in this chapter has shown that highly mutable synonymous sites evolve 

faster than intron sites with the same CpG context, while synonymous sites 

outside CpGs, those with a low rate of mutation, evolve slower than intron sites 

outside the CpG context. Assuming weak selection preferring GC nucleotides in 

synonymous sites leads to a perfect fit between several independent 

observations and theoretical predictions. This work remains the most 

comprehensive study of negative selection on synonymous sites that utilizes 

both empirical observations and theory.  

 

 Chapter 5 reports a genome-wide search for two glyoxylate cycle-specific 

enzymes, isocitrate lyase and malate synthase, in vertebrate genomes. The 

presence of glyoxylate cycle in metazoans has always been controversial, with 

all textbooks in biochemistry claiming that the glyoxylate cycle is not present in 

higher animals. I utilized sequence pattern searches in completely sequenced 

genomes, and found both glyoxylate cycle-specific enzymes in non-mammalian 

vertebrates. In addition, malate synthase appears to be still functional in non-

placental mammals while being present as a pseudogene in placentals. 

Interestingly, both of these enzymes show a high rate of horizontal gene transfer 

throughout eukaryote evolution. In Chapter 6 a new method to study selection in 

duplicated genes is described. The method assumes that substitution in two 

gene copies with a high rate of paralogous gene conversion are under selection 
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simultaneously in both genes and, therefore, the strength of selection in such 

gene copies should resemble selection in a single copy gene. Thus, by 

comparing substitutions that have, and have not, been subject to gene 

conversion, we were able to evaluate selection on two diverging gene copies. 

Interestingly, selection against nonsynonymous substitutions was stronger in two 

independently evolving gene copies than in gene copies that were evolving in 

concert. This may be possible due to strong selection for maintaining functional 

uniformity of two gene copies. 

 

 Chapter 7 deals with organizational complexity of several metazoan 

genomes. The “beans on a string” model of gene arrangement has been 

abandoned since the discovery of a large fraction of nested genes. I was curious 

to analyze the evolution of such complex, nested gene arrangement. Through 

many genome comparisons it became clear that in recent evolutionary history 

complex, nested, gene arrangements have been much more commonly created 

than destroyed, implying a constant increase in genome organizational 

complexity. By looking at expression patterns of nested gene pairs no evidence 

has been found in support of selection playing a role in this independent 

increase of complexity. This study is the first study that looked at the evolution of 

complexity by analyzing evolutionary events directly, in this case gains of nested 

gene structures, rather than analyzing correlations of different genomic 

parameters. Equilibrium of genome organizational complexity appears to be very 

far away, on the order of hundreds of millions of years away. 
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Teaser: Selection prevents functional divergence of elongation factor tuf gene 

copies. 

 

Keywords: gene conversion, duplication, elongation factor, evolution, protein-

RNA interaction  
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ABSTRACT 

An extra copy of a gene is though to provide some functional 

redundancy, leading to a higher rate of evolution in duplicated genes. We 

estimate the impact of gene duplication on selection in tuf elongation 

factor paralogs and find that without gene conversion, they evolved 

significantly slower compared with when gene conversion has been a 

factor in their evolution. Thus, tuf gene copies evolve under selection that 

ensures their functional uniformity, and gene conversion reduces selection 

against amino acid substitutions that effect the function of the EF-Tu 

protein. 
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Introduction 

 Gene duplications are routinely assumed to evolve under weaker selection 

than nonduplicated genes because extra gene copies are thought to be, at least 

partially, redundant [1-3]. Such functional redundancy, which may take place 

regardless of a fitness increase associated with a gene duplication [4], leads to a 

relaxation of selection and a subsequent acceleration of evolution in recently 

duplicated genes [3-7]. However, commonly used methods of investigating the 

acceleration of the rate of evolution in duplicated genes are not applicable to 

individual gene families. Here, we employ a new method of investigating the 

strength and mode of selection acting on duplicated genes by analyzing the 

impact of paralogous gene conversion on the rate of evolution of gene copies. 

We performed this comparison on the paralogs of the elongation factor tuf gene 

(EF-Tu protein) in gamma proteobacteria. EF-Tu plays a crucial role in protein 

synthesis by binding aminoacylated tRNAs to the ribosome, which is essential in 

all living organisms [8-10]. 

 

Gene conversion and selection 

 The impact of gene conversion, a form of recombination, on the evolution 

of the involved gene copies is well known [11-15]. Conversion between gene 

copies prevents their divergence, leading to concerted evolution [3,11], and will 

occur until gene copies become too diverged, such that recombination cannot 
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occur between them [8,14]. This process can either increase the strength of 

selection acting on gene copies, or weaken it. If a gene duplication does not 

bring enough fitness advantage (is partially redundant), the strength of selection 

acting on two copies of the gene is expected to be relaxed compared to that of 

the same single copy gene [4]. Gene conversion can reduce such relaxation of 

selection in a duplicated gene by spreading “degenerate” mutations (mutations 

that are benign in one copy but deleterious if present in both gene copies, which 

is a direct result of genetic redundancy [2,5]), thereby increasing the efficiency of 

selection against such mutations. Alternatively, gene conversion can eliminate 

such degenerate mutations by gene converting the original copy over the copy 

that carries the degenerate mutation. 

Gene conversion can also reduce the strength of selection acting on the 

gene copies. This may occur if there is selection against functional divergence of 

gene copies, which may occur, for example, with evolution of expression rate of 

interacting protein subunits [16]. Thus, if a mutation occurring in one of the gene 

copies is deleterious, but is benign as long as it occurs at the same time in both 

copies, gene conversion can relax selection acting against such mutations. If 

fitness increases with the number of gene copies in a non-epistatic fashion there 

will be no genetic redundancy, such that the strength of selection against 

deleterious mutations will be the same regardless of the number of gene copies 

[4]. Therefore, gene conversion will have no impact on the selection pressure in 

gene duplicates as long as the duplication event increased fitness in a non-
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epistatic fashion [4]. In essence, frequent gene conversion ensures that gene 

copies evolve as a single unit, such that selection and the rate of evolution in the 

two converting copies would resemble that of a single copy. 

 Thus, a comparison in the rate of evolution in lineages with and without 

gene conversion can reveal the change in the mode and strength of selection on 

gene copies after a gene duplication event. Two highly similar copies of the tuf 

gene, tufA and tufB were found in Escherichia coli and Salmonella typhimurium 

[17,18], suggesting that this gene undergoes gene conversion. A more recent 

phylogenetic analysis of these genes in several complete bacterial genomes 

confirmed that the tuf gene undergoes gene conversion in proteobacteria [19]. 

Since the publication of this study [19], the number of available complete 

bacterial genomes substantially increased, enabling a quantitative analysis of this 

process.  

 

Faster rate of evolution in nonindependently evolving gene copies 

 We constructed a phylogeny of the tuf gene in gamma proteobacteria (see 

supplementary material online), which revealed that tuf gene copies from the 

same genome cluster together, indicating a high rate of gene conversion 

(Supplementary Figure 1, [1,19]). Furthermore, the tuf gene copies were found in 

the same syntenic region (Supplementary Figure 2, [2,19]) implying that the 

phylogenetic pattern observed here (Figure 1, Supplementary Figure 1) is 
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unlikely to be the product of multiple independent gene duplications. Although the 

deep branches of the phylogeny showed weak bootstrap support, terminal 

branches of the tree were reconstructed reliably, making it possible to map the 

most recent gene conversion events on the tree (Figure 1, Supplementary Figure 

1). All branches in the phylogeny could then be partitioned into two sets: a) 

branches that represent evolution that occurred since the last gene conversion 

event (red branches in Figure 1), and b) branches that represent the evolutionary 

history before the most recent gene conversion event (black branches in Figure 

1). 

 We then measured the rates of synonymous (ds) and nonsynonymous 

(dn) evolution on these two types of branches of the tree using the PAML 

package ([20], see supplementary methods online). First, we used the rate of 

evolution along the branches that have not been affected by gene conversion to 

estimate the rate of gene conversion. The average number of synonymous 

substitutions per site between gene copies along these branches was 0.030; 

assuming that both synonymous substitutions and gene conversion events are 

(nearly) neutral, the rate of gene conversion (c) is approximately 30 times faster 

than the point mutation rate (µ) (ds = µ/c, see [15]), which is comparable to the 

rate seen in other species [15, 21]. The average number of nonsynonymous 

substitutions along the same branches evolution was ~1.5, such that two gene 

copies diverge by only 1.5 amino acid substitutions before they undergo gene 

conversion. Such a rapid rate of gene conversion in tuf genes suggests that most 



63 
 

  

amino acid substitutions that occurred along the branch segments corresponding 

to evolution before the last gene conversion event have been subject to selection 

in both gene copies. 

 Next we compared the number of nonsynonymous and synonymous 

substitutions to estimate the strength of selection acting in branches before and 

after the last gene conversion event. Instead of averaging the dn/ds values from 

each branch, we estimated the total number of nonsynonymous and synonymous 

substitutions in the two types of phylogenetic branch segments ([22], see 

supplementary methods online). We found that the number of amino acid 

substitutions in the branches after the last gene conversion event was 

significantly lower (Table 1), and the dn/ds ratios were equivalent to 0.0577 in 

branch segments without gene conversion and to 0.0758 in branch segments 

with gene conversion (p < 0.010, Fisher's exact test), indicating stronger 

selection against amino acid substitutions when gene copies evolve 

independently. This result is contrary to what is expected under the usual 

assumption of the redundancy of gene duplications [2,5]. We observe that when 

the gene copies are accumulating amino acid substitutions independently they 

are more conserved. However, this result is expected if there is selection to 

maintain similar functional characteristics in both gene copies. In that case, the 

selection pressure against functionally important amino acid substitutions 

occurring in independently evolving genes can be alleviated by gene conversion 

maintaining sequence and functional homogeneity of the converting gene copies. 
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 Because the EF-Tu protein binds to the aminoacylated tRNAs [8-10], the 

amino acid residues on the protein-tRNA interface may be particularly important 

to the functional properties of EF-Tu. Thus, we compared the rate of protein 

evolution at the protein-tRNA interface (using three available crystal structures of 

protein-tRNA complexes, Supplementary Figure 3, see supplementary methods 

online [23-25]) on the branches representing the rate of evolution after the last 

gene conversion versus those branches representing the rate of evolution before 

the last gene conversion event. We estimated the number of amino acid 

substitutions inside and outside the protein-tRNA interface in the two types of 

branches, confirming that amino acid substitutions in the protein-tRNA interface 

occurred less frequently when the two gene copies were evolving independently, 

than if their evolution was affected by gene conversion (Table 1). 

 

A novel mode of selection? 

 The acceleration of evolution in non-independently evolved gene copies, 

preferentially affecting the protein-RNA interface, suggests that the tuf gene 

copies are subject to a different type of selection than is generally expected in 

duplicated genes. It appears that the tuf elongation factor genes are evolving 

under selection that is aimed at functional homogenization of its copies, 

preventing their sequence divergence. Thus, some substitutions that are 

deleterious if present in one copy, would be (nearly) neutral when present in both 

copies simultaneously. This selection may be based on the functional interaction 



65 
 

  

of proteins coded by diverging gene copies; to our knowledge, such selection in 

duplicated genes has yet to have been described. There may be several reasons 

why functional heterogeneity of EF-Tu proteins is deleterious. Different tRNA-

binding coefficients of EF-Tu copies may lead to inefficient regulation of their 

expression, or cause translation rate heterogeneity. The subfunctionalization of 

EF-Tu gene copies that may lead the two copies to preferentially function with 

different tRNAs may be particularly deleterious if the different copies interfere 

with the function of the other copy through the formation of nonfunctional protein 

complexes with the non-specific RNA. Thus, selection for functional uniformity 

may also be thought of as selection against subfunctionalization (functional 

specialization). We expect for such selection for functional uniformity to be 

particularly strong in gene copies where independent functional or expressional 

regulation is not straightforward, such as when gene copies are located in 

different operons, which is the case with the Tu elongation factor (17-19). 

 

Methods 

Rationale for our comparison 

Nonorthologous gene conversion is a form of recombination that leads to 

the replacement of one DNA sequence with another [26]. This process appears 

to occur rapidly [27], and leads to concerted evolution, which is the observation 

of non-independent evolution of paralagous sequences [26]. On a phylogenetic 
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tree, gene conversion events look identical to independent duplications (see 

Supplementary Figure 1), however, further support for gene conversion can be 

obtained through a comparison of synteny (Supplementary Figure 2). It is 

expected for the two sequences to diverge slightly before a conversion event 

reverts the diverging sequences to an identical state [28,29] involving either the 

entire or just a fraction of the paralogous copies [26,28]. Thus, novel mutations 

that arise in one of the copies can either be removed by conversion by reverting 

to the original state or may spread to other copies by the reciprocal gene 

conversion event. 

 Gene conversion can change the nature of selection acting on mutations 

arising in gene copies [29,30]. Consider a haploid organism with two gene copies 

with an extremely fast rate of gene conversion. Since a novel mutation would 

either rapidly disappear or spread to the other copy through gene conversion, 

only two genotypes (both copies mutant or wild-type) would be visible to 

selection. Thus, in a system with an infinite rate of gene conversion, selection is 

equivalent to that acting on a single gene copy since novel mutants would be 

screened by selection in both copies simultaneously [31,32]. In a haploid system 

with a relatively fast but not an instantaneous rate of gene conversion there will 

be a time period between the emergence of a novel mutant and a gene 

conversion event, such that the intermediate genotype (one copy mutant and one 

copy wild type) may persist or even fix in the population. Thus, substitutions fixed 

in the population without the influence of gene conversion will be subject to 
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selection pressure that considers the state of the two gene copies independently, 

while substitutions that have been converted and then fixed must have been 

subject to selection pressure that considered their impact on both copies 

simultaneously. 

 

Phylogeny and genome location of the tuf gene 

 We assembled all tuf genes from all the complete genomes of gamma 

proteobacteria available in GenBank [33] Majority (47 out of 56) of the gamma 

proteobacteria genomes contained two copies of the gene, while no genomes 

with three copies of the gene were found. To make sure that no copies of the tuf 

gene were omitted, we performed TBLASTN [34] searches of the tuf protein 

sequence against the complete genomes. We found no evidence to suggest that 

any tuf gene copies were missed in our analysis. 

 Gene conversion can maintain a high sequence similarity between gene 

copies. A phylogenetic comparison of gene copies from several genomes is often 

used to reveal gene conversion, with a clustering of gene copies on the branches 

of the phylogenetic tree in multiple closely related species [27]. We reconstructed 

the phylogeny of tuf genes from the 56 complete genomes of gamma subdivision 

of proteobacteria using a neighbor joining approach as implemented in MEGA3 

[35] with 10 000 bootstrap replicates, and a Bayesean approach as implemented 

in MrBayes [36] with 1 million iterations (mcmc ngen = 1000000 in MrBayes) 
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using the General Time Reversible model [36]. Both methods yielded congruent 

phylogenies. All gene copies of the tuf gene tended to cluster together on the 

branch tips of the phylogenetic tree (Supplementary Figure 1) indicating that they 

undergo rapid concerted evolution in gamma proteobacteria. While the accuracy 

of the phylogenetic reconstruction is questionable for deep branches of the tree, 

the reconstruction of the terminal branches is robust, as shown by the high 

bootstrap values on the phylogeny (Supplementary Figure 1). 

 

Genomic location 

 One of the ways to rule out the possibility of multiple independent recent 

gene duplications, which in theory can produce the same phylogenetic pattern, is 

to analyze the genomic location (synteny) of the gene copies [37]. Genomic 

location of gene duplicates is not expected to change in the course of gene 

conversion, while independent gene duplications should place the new non-

tandem copies in a random location. While it is unlikely that so many 

independent duplications occurred in the case of the tuf gene, we nevertheless 

looked at the genomic location of tuf genes in an attempt to find evolutionary 

changes of genomic location in the course of gene conversion. 

 Both of the tuf gene genomic locations are conserved within genomic 

regions that code for proteins with translation-related function (Supplementary 

Figure 2, [37]), with the tufA gene being close to the fusA gene coding for the 
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elongation factor EF-G and the tufB gene being closer to the CoA gene. In two 

cases, we have observed a change in the genomic location of one of the tuf 

genes, which is most likely related to the mechanism of conversion [38].  

 

Estimating the rate of evolution 

We then estimated the rates of nonsynounymous (dn) and synonymous 

(ds) substitution rates on all of the branches of the phylogenetic tree using the 

PAML package [39]. We only used branches with ds < 1.0 when reporting the 

rate of evolution in branches representing evolution before and after gene 

conversion. An accumulation of slightly deleterious polymorphisms may skew the 

evolutionary dn/ds estimates in terminal branches [40,41], which were 

overwhelmingly branches representing evolution occurring before a gene 

conversion event. However, the direction of this effect is opposite to the 

difference between terminal and deeper branches that we report here [40,41], 

and cannot explain our results. Instead of the average rate of evolution 

(average(dn/ds) = average(N/Ns / S/Ss)), where N and S are the 

nonsynonymous and synonymous substitutions per gene, respectively, and Ns 

and Ss are the number of nonsynonymous and synonymous sites, we looked at 

dn/ds = sum(N)/sum(Ns) / sum(S)/sum(Ss). This approach is appropriate when 

for many of the averaged ratios the numerator or the denominator is close to zero 

[42]. To estimate the number of substitutions occurring on the branch segments 

not affected by gene conversion we estimated each clade separately (species 
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connected by red or blue branches in Supplementary Figure 1). To estimate the 

number of substitutions on the deeper branches effected by gene conversion 

(black branches in Supplementary Figure 1) we allowed different dn/ds ratios 

(model=2 parameter in PAML control file) for the branches effected and not 

effected by gene conversion. 

 We used three crystal structures of the tRNA- protein complex (PDB ids: 

1b23, 1ob2 and 1ob5; [43-45]) to compare the rate of evolution between the 

tRNA-protein interface versus the rest of the protein globula. We defined the 

protein-tRNA interface by selecting residues that were within 4Å of any tRNA 

nucleotide in any of the three available structures and nearest neighbors of 

contact residues in the protein chain (Supplementary Figure 3). We used PAML 

[39] to estimate the number of substitutions occurring along different types of 

branches separately for the tRNA-protein interface and the rest of the protein. A 

phylogeny-independent method yielded similar results (data not shown). 
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Figure S1. tuf gene phylogeny in 56 gamma proteobacteria species. Red and 

blue branches represent evolution that occurred without the action of gene 

conversion, while black branches represent the evolutionary history before the 

most recent gene conversion event. Red branches signify cases where gene 

conversion occurred since the last speciation event, while blue branches signify 

cases where at least one speciation event occurred after the most recent gene 

conversion event. 
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Figure S2. Synthenic region around the tuf gene copies. 
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The most common form of protein-coding gene overlap in 

eukaryotes is a simple nested structure, whereby one gene is embedded in 

an intron of another. Analysis of these structures in vertebrates, fruit flies, 

and nematodes revealed substantially higher rates of evolutionary gains 

than losses that could not be attributed to any obvious functional 

relationships between nested gene members. Thus, accumulation of 
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nested gene structures seems to be increasing genome organizational 

complexity via a neutral process.  

 

Eukaryotes are typically more complex than prokaryotes on the molecular, 

systems, and phenotypic scales of biological organization. In particular, genomes 

of multicellular eukaryotes possess a complex architecture that involves 

substantial overlapping of their transcribed regions [1-3] and protein-coding 

genes [4-6], forming an interleaving mosaic of exon and intron sequences. 

Although it is clear that such complex genome organization is made possible by 

the presence of introns, the rates and mechanisms of evolutionary events leading 

to gains and losses of overlapping gene arrangements have not been studied 

previously. 

 

Evolutionary dynamics of nested gene structures 

The most common form of overlap between protein-coding genes in 

eukaryotes is a nested gene structure, and in a majority of such structures, the 

internal gene lies entirely within one intron of the external gene [5, 6]. Thus, we 

investigated the evolution of this class of nested gene structures in vertebrates, 

Drosophila, and Caenorhabditis. A search of NCBI annotation records yielded 

428, 815, 440, and 608 nested gene pairs in H. sapiens, D. melanogaster, C. 

elegans, and C. briggsae genomes, respectively. After eliminating gene pairs that 
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might have been misannotated (see Supplementary Material), we arrived at sets 

of 128, 792, 429, and 233 nested gene pairs, respectively. Only a small minority 

of the protein sequences encoded by internal genes from each of these three 

major taxa show significant sequence similarity to internal genes products in the 

other two taxa (data not shown), suggesting that either these structures emerged 

independently and relatively late during evolution, or that they were extensively 

and repeatedly lost. 

By examining gene annotations and constructing sequence alignments, 

we identified the closest species with a completely sequenced genome in which 

each nested gene structure was absent. Absence of the nested structure in an 

appropriate outgroup species indicates its emergence (gain) in the respective 

lineage, whereas presence of the nested structure in the outgroup indicates its 

loss (Figure 1). Gains were found in all three taxa, with the emergence of 55 

internal genes in at least 40 independent events in vertebrates, 52 internal genes 

in at least 48 events in Drosophila, and 22 internal genes in as many events in 

Caenorhabditis. The rate of these acquisitions was approximately uniform 

throughout the course of evolution (Figure 2). In contrast, losses of nested gene 

structures were much rarer, with no losses in vertebrates, 17 in Drosophila, and 2 

in Caenorhabditis. 

 

Acquisition of nested gene structures 
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At least four scenarios are plausible for the formation of a nested gene structure: 

a) An internal gene can evolve by insertion of a DNA sequence into an intron of a 

pre-existing gene, b) an internal gene can evolve de novo from an intronic 

sequence of a pre-existing gene, c) a gene can become internal after an adjacent 

gene acquires an additional exon(s), or d) a gene can become internal after 

fusion of two genes that flank it from the opposite sides (Figure 3). 

By comparing the gene structures and encoded protein sequences of 

internal and external genes to complete gene sets from the respective species, 

we deduced the mechanisms of formation of vertebrate nested gene structures 

(Table 1). Nearly all nested gene structures appear to have emerged by insertion 

of a DNA sequence, which arose by gene duplication or retrotransposition, into 

an intron of a pre-existing gene. The origin of an internal gene was classified as a 

retrotransposition when it was intronless in a given species, whereas its non-

nested orthologs in a sister species contained introns. A duplication at the DNA 

level was inferred when both the internal gene and its non-nested ortholog in a 

sister species had introns. In cases where the internal gene and an non-nested 

ortholog in a sister species were both intronless, retrotransposition and 

duplication at the DNA level could not be discriminated. Five internal genes in 

humans are candidates for de novo origin from intron sequences (see 

supplementary data), including one case with no sequence similarity beyond 

apes (PLAC4) and another with no similarity beyond old world monkeys (STH) 

(Table S1). Analysis of the 12 recently sequenced Drosophila genomes showed 
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that the majority of de novo genes originate in introns [7]. Consistent with this 

observation, we found 11 internal genes in D. melanogaster with no sequence 

similarity to any genes in the genome of the closely related D. yakuba. We did 

not identify any nested gene structures that evolved via the remaining two 

scenarios. 

 

No functional significance of nested gene structures 

At least three hypotheses could explain the parallel accumulation of 

nested gene structures in different taxa. First, a nested structure might confer a 

selective advantage due to a functional or co-regulatory relationship between its 

members [8–12]. Second, according to the transcriptional collision model, 

members of a nested gene structure could interfere with each other’s 

transcription [13, 14], resulting in alternative expression of these genes in 

different tissues or during different times in development. Finally, acquisition of a 

nested gene structure could be a neutral process [15–20], driven by the presence 

of numerous long introns that provide niches for insertion of genes. Each of these 

hypotheses leads to a distinct prediction about the relationship between the 

expression of internal and external genes in a nested pair. The functional co-

regulation hypothesis predicts a positive correlation between levels of their 

expression in similar tissues, the transcriptional collision hypothesis predicts a 

negative correlation, and the neutral hypothesis predicts no correlation.  
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  We compared correlations of gene expression levels in 73 tissues 

between 109 nested gene pairs and 1000 random sets of 109 adjacent genes in 

the human genome (see Supplementary Material). Although weak positive 

correlations were detected in both cases, there was no significant difference 

between the sets of nested and non-nested genes (mean correlation coefficients 

were 0.33 ± 0.03 for nested gene pairs and 0.33 ± 0.0008 for non-nested pairs), 

which is consistent with the neutral hypothesis. The observation that external 

genes have substantially more and longer introns than average in the respective 

species (Ref. 6 and Supplementary Material) is also compatible with the neutral 

hypothesis. Furthermore, examination of the available functional information for 

nested gene pairs (Table S1) did not reveal any obvious connections [6]. Fixation 

of originally neutral or even slightly deleterious sequence segments, such as 

introns and transposable elements, through genetic drift acting in relatively small 

populations is a common phenomenon in eukaryotic evolution that may be 

partially responsible for the evolution of complex phenotypes [16–20]. The 

increase in organizational complexity of intron-rich genomes via emergence of 

nested gene structures appears to be another facet of this process.  

 

Predicting the course of genome structure evolution 

The neutral hypothesis implies that the preferential evolutionary gain of 

nested gene structures is due to metazoan genomes being far from neutral 

equilibrium with respect to birth and death of intron-contained genes [16]. We 
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estimated the rate of acquisition of nested gene structures as approximately 0.4, 

0.9, and 0.2 events per million years in the H. sapiens, D. melanogaster, and C. 

elegans lineages, respectively (see Supplementary Material). Since animal 

genomes currently contain ~500-800 nested gene pairs, these rates indicate that 

nested gene structures began to emerge ~1 billion years ago, perhaps 

concurrent with the substantial intron gain that apparently occurred at the onset 

of metazoan evolution [21].  The present results suggest that metazoan introns 

are still far from saturation by internal genes and that the organizational 

complexity of metazoan genomes will continue to increase for many millions of 

years via the emergence of new nested gene structures. By the time metazoan 

genomes reach organizational complexity equilibrium, the overlap of functional 

elements is expected to be much greater than what we observe in extant taxa 

and will likely include numerous Russian doll-like nested structures. 

 

Conclusions and perspective  

 We have shown that the evolution of metazoan genomes is accompanied 

by a steady rise in the prevalence of nested arrangements of protein-coding 

genes, leading to increasingly complex genome architectures. In addition to 

overlaps between protein-coding genes, animal genomes contain numerous 

complex arrangements involving genes that encode small RNAs. In particular, a 

substantial fraction of microRNA (miRNA) and small nucleolar RNA genes are 

either fully contained within introns of protein-coding genes or overlap with 
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protein-coding exons [22]. MiRNA genes are highly dynamic components of 

animal genomes, and it will be of major interest to determine whether the trend of 

increasingly complex genome organization applies to these genes as well.  
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Figure 1. Phylogenetic analysis of gains and losses of nested gene structures. 

Gain or loss of a nested gene structure must have occurred if, within a pair of 

sister species, the structure is present in one but absent in the other. a, Absence 

of the nested structure  in the outgroup indicates its gain in sister 1. b, Presence 

in the outgroup indicates its loss in sister 2. 
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Figure 2. Dynamics of gain and loss of nested gene structures. Gains and losses 

of internal genes are labelled on the a) vertebrate, b) Drosophila and c) 

nematode phylogenies in red and blue, respectively. Nested gene structures that 

have a different nested state in the most distant outgroup, and therefore cannot 

be resolved between gains or losses, are shown in green. Independent events, 

or those that occur in different introns, are shown in parentheses. Events that 

could not be timed with a high enough resolution are shown on the side of each 

phylogeny. 
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Figure 3. Scenarios for the origin of a nested gene structure.  

 

a, Evolution of an internal gene by insertion of a DNA sequence into an intron of 

a pre-existing gene. b, de novo evolution of a gene from an intronic sequence of 

a pre-existing gene. c, Internalization of a gene after exon(s) acquisition of an 

adjacent gene. d, Internalization of a gene via fusion of two flanking genes. Color 

key: pink – internal gene, green – exons of the external gene, blue and yellow – 

flanking genes. 
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Table 1. Mechanisms of origin of human internal genes. 

 After 

human - 

mouse 

After human - 

opossum 

After human 

- chicken 

Total 

Duplication 2 2 4 8 

Retrotransposition 3 11 6 (5) 21 (20)* 

Duplication or 

retrotransposition 

2 3 (2) 16 (2) 21 (6) 

De novo candidates 2 1 2 5 

Independent events are shown in parentheses.  
*One retrotransposition event was not dated to the degree of accuracy as other 
cases. 

 

Supplementary Methods 

 

Identification and quality control of nested gene pairs 

Sequences and annotations for H. sapiens, D. melanogaster, C. elegans, and C. 

briggsae genomes were downloaded from the NCBI GenBank [23] database at 

ftp://ftp.ncbi.nih.gov/genomes/. After selecting the longest isoform of each gene, 

we identified 428, 815, 440, and 608 nested gene pairs in each genome, 

respectively. Several measures were taken to exclude erroneously annotated 

nested genes. For the H. sapiens, D. melanogaster, and C. elegans genomes, 

we retained only RefSeq genes [24]. We also excluded all human genes with the 
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labels “hypothetical” or “predicted” in the defline of the GenBank-derived fasta 

file. For the D. melanogaster and C. elegans genomes, we kept only those genes 

that showed >95% sequence identity over >90% of the length of the best 

nucleotide BLAST [25] hit with complete mRNAs sequenced from the same 

species. The mRNAs were obtained from GenBank with the Entrez retrieval 

system [23], using the species names and “complete” as key words and setting 

the limits option to mRNA molecules. Because annotation of the C. briggsae 

genome was the least reliable, we required that all C. briggsae genes have 

significant BLAST hits to protein sequences from the final set of C. elegans 

genes. In addition, all cases of nested gene evolution involving C. briggsae gene 

annotations were checked manually against C. elegans annotations using the 

BLAT program [26] on the UCSC genome browser [27]. 

 

Comparative genomic analysis of nested gene structures 

Genes that passed the above inclusion criteria were compared to the genomes of 

sister species and outgroups. We used the protein BLAT alignment tool on the 

UCSC genome browser, as well as the TBLASTN program [25], to compare 

protein sequences of internal and external genes to complete genomes. If an 

ortholog for an internal gene was not identified using either of these two 

methods, a TBLASN search was performed against the orthologous intron from 

the external gene. Thus, in order to classify a nested gene structure as having 

been gained or lost in evolution, we required that both the internal and external 

genes be found in the sister species and an outgroup. It is easier to find an 
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internal gene within the orthologous intron of an external gene in an outgroup, 

which was our expectation for an evolutionary loss, than it is to find it in the entire 

genome of the outgroup, which was the requirement for an evolutionary gain 

(Figure 1).  Thus, our approach was conservative and could have slightly biased 

the results in favor of discovery of evolutionary losses. Also, the requirement of 

finding both genes in both genomes prevented us from misidentifying as 

evolutionary events genes that are absent due to incomplete genome 

sequences. For vertebrates, an additional method was employed to analyze the 

evolution of nested gene structures. Alignments of regions in the sister and 

outgroup species orthologous to the nested gene pair were constructed using 

OWEN [28]. We began all alignments with a strict requirement of 16 successive 

matches and p < 10-8 and progressively relaxed these parameters to 8 

successive matches and p < 0.01, using the greedy algorithm to resolve any 

conflicts. Presence or absence of an internal gene in the orthologous external 

gene was judged based on the quality of the alignment. A gap in the alignment 

opposite the entire span of an internal gene in human indicated the absence of 

the internal gene in that genome. Both methods yielded the same results, with 

the exception of 5 cases, which are candidates for de novo gene creation. 

Candidate de novo genes were identified when both TBLASTN and BLAT 

revealed no sequence similarity of an internal gene in a sister species. We did 

not apply the latter method to invertebrate genomes due to the higher degree of 

their divergence, which also prevented us from performing a systematic analysis 

of the modes of internal gene evolution in invertebrates.  
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Analysis of gene expression 

Gene expression data were obtained from [29], which included 73 healthy human 

tissues measured on the HG-U133A Affymetrix array. We computed the 

correlation of mean levels of expression of internal and external genes for 109 

nested genes in humans. We next identified all adjacent pairs of RefSeq 

annotated genes in the human genome and randomly selected 109 such pairs 

1000 times. We than compared the correlation coefficient of the 109 nested 

genes to the average correlation coefficient of the 1000 trials of 109 adjacent 

pairs.  

 

Estimating the rate of nested gene evolution 

Of the 128 definite nested gene structures in the human lineage, we identified 55 

that emerged after the divergence of human and zebrafish lineages ~450 million 

years ago [30]. Assuming that these 128 nested gene structures are 

representative of the overall 428 annotations in the human genome, the 

observed number of internal gene gains give  an estimate of ~ 0.4 gains per 

million years for all nested genes in the human genome (55/128 * 428/450). In 

the D. melanogaster lineage, 48 internal genes were gained since the divergence 

of D. melanogaster and D. pseudoobscura ~55 million years ago [31], indicating 

a rate of ~0.9 gains per million years. Our analysis of the C. elegans genome 

was more restricted due to large distances between the C. elegans, C. briggsae, 

and Pristionchus pacificus genomes. Because we never considered cases where 
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sequence similarity was not high enough to determine orthology, we described 

only a handful of cases of nested gene evolution. Nevertheless, an 

approximation was still possible due to the total number of nested genes showing 

a high enough sequence similarity between C. elegans, C. briggsae, and P. 

pacificus genomes. Of the 440 total C. elegans internal genes, exactly one half 

(220) were found in C. briggsae and P. pacificus, 11 of which were gains. Thus, 

the overall rate of nested gene gain was 22 per ~100 million years of evolution 

separating C. elegans and C. briggsae [32], or ~0.2 per million years. 
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