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Abstract: 
Among three sources of evolutionary innovation in gene function – point mutations, gene 
duplications, and recombination among dissimilar genes (gene-shuffling)— 
recombination is the most potent one.  However, surprisingly little is known about its 
incidence on a genome-wide scale. Using the complete genomes of seventeen organisms, 
we estimate the incidence of gene shuffling in the three domains of life, eukaryotes, 
eubacteria, and archea. We find that successful gene shuffling is very rare. For example, 
fewer than 48 successful gene shuffling events may have occurred in the genome of the 
fruit fly D. melanogaster since its common ancestor with the worm C. elegans more than 
half a billion years ago. The rate of gene shuffling is roughly an order of magnitude 
smaller than the rate of single gene duplication in eukaryotes, but it can approach or even 
exceed the duplication rate in prokaryotes. If true in general, this pattern suggests that 
gene shuffling has not played a major role in the many innovations that characterize the 
evolution of higher organisms. It also casts into doubt the notion that introns facilitate 
gene shuffling, because prokaryotes show an appreciable incidence of gene shuffling 
despite their lack of introns.  
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Introduction: 
How do genes with new functions originate? This remains one of the most intriguing 
open questions in evolutionary genetics. Three principal mechanisms can create genes of 
novel function: First, point mutations and small insertions or deletions in existing genes; 
second, duplication of entire genes and of domains within genes, followed by functional 
divergence of duplicates (Force et al. 1999; Lynch and Force 2000); third, recombination 
among dissimilar genes to create new, recombinant, genes.  We here choose to call only 
this kind of recombination gene shuffling, excluding, for example, duplication events of 
domains within a gene.  In such a gene shuffling event the parental genes may be either 
destroyed or preserved. (Lundin 1999).  Gene shuffling is clearly the most potent of the 
three causes of functional innovation mentioned: Unlike gene duplications or point 
mutations, it usually generates new genes with a structure different from that of either 
parental gene. Laboratory evolution studies show that gene shuffling allows new and 
desirable gene functions to arise at rates orders of magnitudes higher than point mutations 
(Leong et al. 2003; Powell et al. 2000). 

The rate at which point mutations occur in genes has been thoroughly studied 
(Drake et al. 1998). Similarly, the availability of multiple completely sequenced genomes 
has permitted estimates of the rate at which genes undergo duplications (Gu et al. 2002; 
Lynch and Conery 2000). In contrast, the rate at which gene shuffling occurs is relatively 
unexplored, despite the importance of gene shuffling for understanding functional 
innovation. To be sure, much anecdotal evidence shows that successful gene shuffling 
occurs and that it creates genes with new functions (Long and Langley 1993). In 
particular, proteins are often mosaics of domains that are characterized by sequence and 
structural similarity (Apic et al. 2001; Bashton and Chothia 2002; Koonin et al. 2002; Li 
et al. 2001; Teichmann et al. 1998; Wolf et al. 1999; Wuchty 2001).  Many domains 
occur in multiple proteins of different functions, suggesting that new proteins can arise 
through combining domains of other proteins, a process requiring recombination. In 
addition, multiple studies have systematically identified one subclass of gene 
recombination events, gene fusions (Enright et al. 1999; Marcotte et al. 1999a; Marcotte 
et al. 1999b; Snel et al. 2000; Snel et al. 2002). These studies count gene fusion events in 
a genome of interest relative to multiple, often very distantly related, species. Because 
fused genes often have similar functions, identification of fusion events can aid in 
inferring gene functions.  Here we address a question raised by the findings of the above 
studies: How frequent or rare is genome-shuffling on a genome-wide scale in comparison 
with other forces of genome change, such as gene duplication? This problem is difficult 
because of the many possible outcomes of recombination events. These outcomes fall 
into three principal categories, gene fusions, domain deletions, and domain insertions 
(Figure 1A). To identify these outcomes systematically on a genome-scale is 
computationally intensive, which has limited our analyses to a modest number of 
genomes (table 1). 

One can identify gene shuffling events either based on protein sequence 
information or based on information about protein structure. Structure-based approaches 
(Apic et al. 2001; Bashton and Chothia 2002; Li et al. 2001; Teichmann et al. 1998) have 
the advantage of being able to detect recombination events where sequence similarity 
between a recombination product and its parents has eroded beyond recognition. 
However, because two very distantly related structural domains can also have arisen 
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through convergent evolution (Rost 1997; Todd et al. 1999), identifying common 
ancestry of two domains based on structure alone can be problematic. As a further 
limitation, structure-based approaches are capable of identifying only recombination 
events that respect the boundaries of protein domains, whereas some successful 
recombination events may occur within domains (Doolittle 1978; Stolzfus et al. 1994; 
Voigt et al. 2002). Structure-based approaches may thus miss shuffled genes. In addition, 
structural information is not available for all genes. For example, the Pfam database of 
protein domains (Bateman et al. 2002) contains no structural information for more than 
40 percent of proteins in baker’s yeast (Saccharomyces cerevisiae). Noting these 
tradeoffs between the two approaches, we have followed a sequence-based approach 
because it allows us to search for shuffling events without making restrictive assumptions 
regarding their nature.  Essentially, our search imposes no restrictions on shuffling other 
than that distinct protein-coding sequences have merged into a single sequence.  We thus 
avoid assuming that shuffling occurs only at domain boundaries or under certain 
recombination mechanisms without precluding either possibility. Our analysis can also 
account for gene duplication events in either parental or recombined genes.   

We here identify gene shuffling events that occurred in a “test” species T since its 
divergence from a reference species R1.  A gene in the test genome whose parts match 
more than one gene in the reference genome is a candidate for a gene shuffling event that 
has occurred since the common ancestor of the two genomes. Our analysis also uses a 
third genome (reference genome R2) to exclude an important source of error, gene fission 
and gene loss in the reference genome R1. Such events can cause spurious identification 
of gene shuffling events. By comparing the genes in R1 to those of R2, an outgroup 
relative to T and R1, one can exclude many such spurious events (figure 1B).   
 
Results: 
Little gene shuffling in closely related genomes:  Mosaic proteins are not rare in most 
genomes, which suggests that successful gene shuffling might be frequent on an 
evolutionary time scale. We thus first aimed at searching closely related genomes for 
shuffled genes. We studied four closely related species which fit three essential criteria 
for this analysis: Close taxonomic spacing, availability of complete genome sequence, 
and, most importantly, reliable gene identification. (Gene identification is notoriously 
unreliable in higher organisms, because of their complex gene structure.) These species 
were the four yeasts Saccharomyces cerevisiae, S. paradoxus, S. bayanus and S.  mikatae 
(Kellis et al. 2003), which diverged from their common ancestor between 5 and 20 
million years ago (Mya; Kellis et al. 2003). We found multiple candidate genes for 
shuffling in different T-R1 pairs of these four species. However, almost all of these 
candidates proved spurious for a variety of reasons: First, some of them occurred in two 
or more species in a manner inconsistent with these species’ phylogeny, or they matched 
more closely a single reference species gene than their two putative parents. Both 
observations make recent recombination an unparsimonious explanation for a gene’s 
origin (Figure 1B). Second, the putative shuffled domains in some candidate genes had a 
synonymous or silent nucleotide divergence from their parental domains that differed by 
a factor of two or more. However, the recombined parts of a shuffled gene should show 
equal sequence divergence from their respective parental genes because these parts 
shared a common ancestor at the time of speciation. We used silent nucleotide 
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substitutions as an indicator of sequence divergence because such substitutions are under 
little or no selection and thus accumulate in an approximately clock-like fashion (Li 
1997).  Use of amino acid changing substitutions (Ka) as an indicator led to similar 
conclusions. After exclusion of all such spurious genes, only two potential shuffled genes 
remained across the four species, which indicates a low rate of gene shuffling.  
Shuffled genes in distantly related genomes:  In continuing our analysis, we faced an 
important question: namely how to best select genomes for analysis. On one hand, our 
analysis of yeasts suggests that closely related genomes may not reveal much gene 
shuffling.  On the other hand, comparing too distantly related genomes creates a risk of 
missing shuffled genes due to their high sequence divergence. We can also not simply 
reuse test genomes with different outgroups (as has been done for other purposes in 
bacteria; Enright et al. 1999; Marcotte et al. 1999a; Marcotte et al. 1999b; Snel et al. 
2000; Snel et al. 2002) because we would then count the same shuffling events multiple 
times. In addition, our analysis needs genomes with known phylogenetic relationships 
and, most importantly, reliably identified gene content, which is problematic, especially 
for higher organisms.  For the remainder of our analysis, we chose ten distantly related 
genomes that best meet these criteria (Table 1). 

The number of shuffled genes we found in these genomes is modest even for 
anciently diverged species pairs. For example, only 82 gene shuffling events may have 
been preserved in C. elegans since its common ancestor with D. melanogaster, which 
lived around 600 million years ago (Mya, Doolittle et al. 1996).  Similarly, only 4 
surviving recombination events may have occurred in the baker’s yeast Saccharomyces 
cerevisiae since its split from fission yeast Schizosaccharomyces pombe more than 300 
Mya (Sipiczki 2000).  We emphasize that all these numbers refer to shuffled genes that 
have gone to fixation and survived: extant genome sequences alone are insufficient for 
estimating the frequency of the recombination events themselves, since the vast majority 
of such events likely do not become fixed in populations.  

Among multiple criteria we used to identify shuffled genes (see Methods), we 
identified sequence domains as homologous in a parental and recombined gene if they 
showed more than 35% amino acid sequence identity. Because our approach allows 
alignable regions as short as 50 residues, 35% identity may correspond to as few as 18 
identical residues between two sequences.  In order to minimize the number of false 
positive shuffled genes, we thus chose not to reduce stringency below this 35% threshold. 
However, we explored the effect of increasing this stringency. Most shuffled genes 
contain at least one domain of low amino acid sequence similarity to the parental gene. In 
consequence, increasing the sequence identity threshold to a mere 40% can reduce the 
number of candidate shuffled genes dramatically (see supplementary table 1). For 
instance, it removes all but 28 of 48 shuffled fruit fly genes and half of the shuffled 
fission yeast genes. This high divergence of recombined domains further underscores that 
most shuffled genes are ancient, and that successful recombination is not a frequent event 
in genome evolution.   

Figure 2 shows representative examples of shuffled genes, illustrating some of the 
types of recombination in Figure 1A. For example, Figure 2B shows the baker’s yeast 
his4 gene, which is involved in histidine biosynthesis.  This (apparent fusion) gene 
appears to combine the functions of the two fission yeast genes his7 (a phosphoribosyl-
AMP cyclohydrolase) and his2 (a histidinol dehydrogenase; 
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http://www.sanger.ac.uk/Projects/S_pombe/). Figure 2C shows the fruit fly gene Aats-tyr, 
a tyrosyl-tRNA synthetase (The FlyBase Consortium 2002).  This gene is a likely 
recombination product of a predicted worm methionyl-tRNA synthetase gene mrs-1 
(Stein et al. 2001) and a second worm gene Y105E8A.19 of unknown function. A list of 
identified shuffled genes is available as supplemental table 2. 

Because our approach is based on sequence domains, we wished to find out 
whether the recombined regions of shuffled genes match structural protein domains. If so, 
this would indicate that successful recombination events – events preserved in the 
evolutionary record – occur mostly at structural domain boundaries. To address this 
question, we used the Pfam database (Bateman et al. 2002) 
(http://www.sanger.ac.uk/Software/Pfam/) of protein domains to identify domains in our 
shuffled genes that were significant at E≤10-5.   These Pfam domains were compared to 
the sequence alignments that we used to identify shuffled genes in the first place. As 
figure 3 shows, the boundaries of recombined sequence domains and Pfam structural 
domains tend to coincide (P<0.001 using a domain randomization approach, see 
supplementary methods).  However, Figure 3 also suggests that not all successful 
recombination events occur at structural domain boundaries. That successful 
recombination occurs preferably but not exclusively at structural domain boundaries is 
supported by experimental and computational work on individual proteins (Voigt et al. 
2002).  
Rates of gene shuffling: We cannot estimate rates of gene shuffling in absolute 
(geological) time, because divergence dates for most of our test species are unknown or 
highly uncertain. In addition, the rarity of gene shuffling events further complicates such 
estimates. However, we can obtain order-of-magnitude rate estimates of gene shuffling 
relative to the rate of other mutational events important in genome evolution. One such 
event is gene duplication, whose incidence has been estimated previously (Gu et al. 2002; 
Lynch and Conery 2000). 

To compare the rate of gene duplication to that of gene shuffling, we cannot not 
rely on the silent nucleotide divergence among duplicate genes to estimate the rate of 
duplication, as is commonly done (Gu et al. 2002; Lynch and Conery 2000), because 
several of our study genomes are very distantly related. We thus estimated the rate at 
which gene duplications occurred in a test species T since its common ancestor with R1 
using the following approach. We identified, for each test species T, all genes that had 
only a single homolog in the reference species R1. We denote the number of these 
reference species genes as g. Second, for each of these genes i we determined the number 
ni of duplicate test species genes homologous to gene i. If this number ni is greater than 
one, then the test species homologue of gene i underwent one or more duplications since 
the common ancestor of T and R1. We estimated the (minimal) number of duplication 
events necessary to establish a gene family of size ni as ⎡ ⎤)(log2 ii nd = . The total 

estimated number d of gene duplications for the g reference species genes then calculates 

as the sum ∑ =
= g

i idd
1

. Values for g and d are shown for each reference species in 

supplementary table 1. One can view the ratio d/g as the per-gene incidence of gene 
duplication.  

We then used this ratio to estimate the ratio of gene shuffling events per gene 
duplication event (table 1). To do so, we first had to estimate the number of gene 
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shuffling events per gene, which we obtained by dividing the number s of gene shuffling 
events in a test species T (table 1) by the total number h of genes in T with detectable 
sequence similarity to the R1 genome (supplementary table 1). (This approach of 
estimating the number of gene shuffling events per gene compensates for the reduced 
ability to recognize gene homology in distantly related genomes.) The ratio of shufflings 
per duplication can then be calculated as (s/h)/(d/g). Figure 4a compares this ratio across 
the three domains of life studied.  Bacteria share with archeans a high rate of gene 
shuffling relative to duplication, while the eukaryotes show a much lower rate.  The 
Bacillus species (B. anthracis and B. cereus) have a much higher relative rate of gene 
shuffling than any other species pair we studied.   

Other mutations useful to calibrate the rate of gene shuffling are nonsynonymous 
(amino acid replacement) and synonymous (silent) mutations on DNA. Synonymous 
substitutions are an indicator of divergence time between two genes or species because 
they are subject to few evolutionary constraints and thus may change at an approximately 
constant (neutral) rate (Li 1997). We estimated the rate of gene shuffling relative to 
synonymous substitutions by first determining the average fraction Ks of synonymous 
nucleotide changes per synonymous nucleotide site for 100 orthologous genes in a T-R1 
species pair. We then simple divided the number of gene shuffling events per gene (s/h) 
by this average Ks (figure 4B). The evolutionary distance of two of our species pairs (E. 
coli and Salmonella and B. anthracis and B. cereus) was sufficiently low to allow us to 
directly calculate the average synonymous divergence for 100 pairs of randomly selected 
single copy orthologs in the test and reference species (see supplemental methods).  For 
the other species pairs, most synonymous sites are saturated with substitutions (Li 1997). 
In these cases, we thus extrapolated the value of Ks between R and T from that observed 
between either of these species and a third, closely related species (see Supplementary 
methods for details).  Because this procedure introduces considerable uncertainty into our 
estimates, it would be unsuitable to make evolutionary inferences for any one gene. 
However, we are largely interested in general, genome-wide, trends.  
  Finally, we also estimated, completely analogously, the number of gene shuffling 
events per unit amino acid divergence (Ka=1). These results are summarized in Table 1 
and Figure 4C. Rates of gene shuffling relative to silent and amino acid divergence vary 
less systematically among the domains of life than rates of gene shuffling relative to 
duplication. However, it is again apparent from these analyses that successful gene 
shuffling is very rare. For some species, crude estimates of the absolute geological time 
needed for two sequences to accumulate a pairwise divergence of one silent nucleotide 
substitution per silent site are available. In the fruit fly this amount of time is 
approximately equal to 64 Myrs (Li 1997). During this period of time, only (14049 x 
2.8x10-3)/2=19 gene shuffling events are expected to occur. (Table 1; 14049 is the total 
number of fruit fly genes, and the factor 2 reflects the fact that our approach estimates the 
number of gene shuffling events along only one of two branches of an evolutionary tree.) 
By way of comparison, even using our very conservative method of counting duplicate 
genes, we would expect 170 gene duplications in this period.  Similarly, in the yeast S. 
cerevisiae, where Ks=1 synonymous substitutions accumulate every 100 Myrs (Wagner 
2003), one would expect 4 total shuffling events during this period of time (5868 x 
1.3x10-3/2), as compared to 248 gene duplications.  We emphasize that these are order-of-
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magnitude estimates that mainly serve to underscore the rarity of successful gene 
shuffling.   

A multidomain protein may include different sequence or structure domains, but 
also repeats (tandem or otherwise) of one and the same domain (Wagner 2003).  
Multidomain proteins with repeated domains raise a special problem for identifying gene 
shuffling events: If a gene shuffling event is followed by one or more domain 
duplications within the shuffled gene, a local alignment of the shuffled gene to its 
parental genes may reveal much less than the 50% of alignable amino acid residues we 
require (see Supplemental Methods). Such a shuffled gene might thus be missed by our 
analysis. To assess whether our analysis had indeed missed a significant number of 
shuffled genes due to this problem, we identified genes with  10-50% alignable residues 
to two or more genes in a reference species. (These were genes excluded in our original 
analysis because of their low similarity to reference species genes).  We then determined 
whether inclusion of repeated domains for genes in this set would bring any of these 
genes up to the 50% of alignable residues we required.  Doing so yielded only very few 
additional candidates for shuffled genes  (2 in Drosophila, 3 in C. elegans, and none for 
all other species).  It is therefore unlikely that a failure to account for domain duplication 
is the reason for our low estimates of shuffling rates.  

In sum, several lines of evidence show that successful gene shuffling is a very 
rare event in genome evolution. First, the four closely related yeast genomes we analyzed 
contain at most two instances of gene shuffling. Second, the number of gene shuffling 
events among even very distantly related genomes is modest. Third, gene shuffling is 
much rarer than other important kinds of mutations affecting gene structure, such as gene 
duplication.  For example, in the time that it takes to accumulate Ks=0.01 synonymous 
substitutions per synonymous site, 10 fruit fly genes and 164 worm genes undergo 
duplication (Lynch and Conery 2000). In contrast, each lineage has only a 25% chance of 
undergoing a successful gene shuffling event in the same amount of time.  
 
Discussion: 

The rarity of gene shuffling relative to gene duplication has a potentially simple 
explanation. A gene duplication creates a copy of a gene and preserves an original that is 
able to exercise its function. In contrast, unless a recombination event is accompanied by 
gene duplication, the original (parental) genes disappear in the event. An organism may 
survive a recombination event only if neither parental gene was essential to its survival 
and reproduction, or if the recombinant gene(s) can carry out the function of both 
parental genes. This rarity of successful gene shuffling stands in stark contrast to the 
frequency of DNA recombination itself, which is a ubiquitous process accompanying 
DNA replication and repair. This suggests that the vast majority of recombined genes 
have deleterious effects on the organism.   

We emphasize that the rarity of gene shuffling we find is not in contradiction with 
earlier studies that identified multiple gene fusions – a special, simple case of gene 
shuffling – in fully sequenced genomes (Apic et al. 2001; Bashton and Chothia 2002; 
Koonin et al. 2002; Li et al. 2001; Teichmann et al. 1998; Wolf et al. 1999; Wuchty 
2001). These studies identified prokaryotic gene fusion events in one test genome relative 
to multiple, often very distantly related reference genomes. Any such approach may find 
many fusion events even if such events are rare. Also, our results are not in contradiction 
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with anecdotal evidence for the abundance of gene shuffling events in some functional 
categories of genes (Li 1997). The reason is that our results pertain to the average 
frequency of gene shuffling in a genome. Some genes may be shuffled at a much greater 
than the average rate. Indeed, structural studies of multidomain proteins tend to find a 
few domains which co-occur with a wide variety of other domains (indicating the 
common shuffling of such promiscuous domains), while many other domains co-occur 
with only one or a few other domains (rare shuffling) (Bornberg-Bauer et al. 2005).  
Because of a lack of reliable data, we could not examine vertebrate genomes for shuffling 
events.  Some anecdotal evidence suggests that gene shuffling may be more frequent in 
vertebrates (Eichler 2001), which also should be borne in mind when comparing our 
results to other relevant information, such as data on the overall frequency of multi-
domain proteins. 
 Various mutational events important in genome evolution, such as transposon 
insertion and gene duplication are absent or occur at much lower rates in prokaryotes, 
which tend to have larger populations, than in eukaryotes, with smaller populations 
(Lynch and Conery 2003). Genetic drift is much stronger in small populations, and it can 
cause the fixation of mutations that have little or no effect on fitness. This suggests that 
genetic drift (and not natural selection) drives this kind of evolutionary change (Lynch 
and Conery 2003). In contrast, our limited sample of taxa does not show this association: 
Our estimates of gene shuffling rates per gene are not elevated in higher organisms 
relative to the rate of nucleotide substitutions. (The higher rate of gene shuffling relative 
to gene duplication in prokaryotes from Figure 4A may be a consequence of the lower 
rate of gene duplication in these taxa.) This suggests that natural selection may be more 
important than genetic drift in preserving gene shuffling events in evolution. This is again 
plausible, if one considers that most gene shuffling events change a gene’s structure 
drastically and may thus not be neutral.  
Caveats: Perhaps the central caution to our results regards sources of ascertainment bias. 
In particular, several scenarios can be imagined whereby shuffled genes might be missed 
in our analysis.  For reasons of data quality and availability, our analysis of multicellular 
eukaryotes used two distantly related genomes, Drosophila and C. elegans.  It is possible 
that shuffling events which have occurred since the common ancestor of these two 
species resulted in genes whose amino acid sequences have evolved too fast to be 
detectable with our sequence alignments.  This increased rate could either be a result of 
shuffling being more successful among genes with a higher inherent rate of amino acid 
substitution or of the shuffling process itself inducing more rapid evolution.  Such biases 
would cause us to underestimate shuffling rates in distantly related species. We note, 
however, that our results from the more closely related genomes do not argue for a strong 
bias of this sort, because shuffling also appears rare in these genomes, with the possible 
exception of the Bacillus genomes .  We note that if we had missed many shuffled genes 
because of their rapid evolution, our results would imply that shuffling is much less 
common in conserved genes. The lack of conservation of shuffled genes among higher 
organisms would then cast into doubt whether they played an important role in the 
evolutionary radiation of higher organisms.  

Another caveat is that our ability to identify successful gene shuffling events 
depends on the continued presence of both parental genes in the reference genome. 
Genomes, however, occasionally lose genes. For instance recent work has suggested that 
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S. cerevisiae has lost roughly 10% of its genes since its last common ancestor with S. 
pombe (Aravind et al. 2000). If gene loss in other organisms occurs at comparable rates, 
our approach may slightly underestimate the number of recombination events in a 
lineage. However, note that gene loss affects our estimates of gene shuffling and gene 
duplication in similar ways, thus compensating for any such bias.  
 We used a second reference genome R2 to be able to identify gene fission events 
in reference genome R1. Gene fission events have been documented in several organisms 
and can lead to misidentification of recombination in the test species (Snel et al. 2000). 
Unfortunately, this approach fails if the same recombination event occurred twice, once 
in the lineage leading to reference species R2 and once in the lineage leading to test 
species T. Such a case of parallel evolution or homoplasy would lead us to misidentify a 
recombination event in T as a gene fission event in R1. However, because recombination 
is very rare in general and because such recombination would have to occur at exactly the 
same position twice, this possibility is probably not a major confounding factor in our 
analysis.    

A fourth caveat lies in the possibility that some of our recombinant genes may 
result from two independent recombination events. Our algorithm can identify such 
genes, but given the high sequence divergence of recombinant domains it may often be 
impossible to resolve the order of the individual recombination events. The generally 
small number of recombinant proteins implies that genes produced by two or more 
recombination events would be extremely rare. Indeed, among 203 identified 
recombinant genes, merely 16 show matches to more than two parental genes, which 
indicates that more than one recombination process may have been involved in their 
creation.  

Finally, our approach to estimating the rate of gene duplication identifies only 
duplications of single-copy genes in the reference species. Multi-copy genes may 
undergo duplication more frequently. We may thus have underestimated the number of 
gene duplications and overestimated the rate of recombination per gene duplication event. 
As a result, the rate of gene shuffling relative to gene duplication may be even lower than 
indicated by our estimates.    
Recombination and introns.  We lastly note that our findings also speak to a long-
standing debate in molecular evolution, a debate that revolves around the origin of 
introns. Introns are stretches of DNA that do not code for proteins and that separate 
exons, the protein-coding regions of genes. According to one point of view, introns 
originated early in the evolution of life perhaps as early as the common ancestor of 
prokaryotes and eukaryotes (Blake 1983; Dorit et al. 1990; Gilbert 1978). According to 
this perspective, introns may have acted as spacers between exons and thus greatly 
facilitated recombination among exons to create new proteins. The opposite point of view 
is that introns arose late in life’s evolution, perhaps as late as eukaryotes themselves 
(Doolittle 1978; Stolzfus et al. 1994), and may thus have had no role in gene shuffling 
earlier in life’s history. We find that eukaryotic genomes, which contain introns, do not 
show an elevated rate of gene shuffling. This finding casts into doubt the importance of 
introns for gene shuffling, and it suggests that other aspects of genome architecture may 
be more important. One potential example is the organization of functionally related 
prokaryotic genes into operons. The close proximity of such genes may facilitate their 
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reorganization and the generation of new functions, whether through simple fusion or 
fission, or through more radical change. 
 
Materials and Methods 
Identifying shuffled genes: Our method identifies shuffled genes in a test genome (T) 
relative to a reference genome (R1). Table 1 shows the ten test genomes – two archeans, 
six prokaryotic, and four eukaryotic genomes – we used in this analysis. Every pair of 
genomes R-T1 occurs twice in the table, because one of two genomes can be used either 
as the test or the reference genome. To exclude spurious recombination events that reflect 
gene loss or fission in R1, the method also employs a second reference genome R2. The 
two archeans in our analysis were Pyrococcus horikoshii (Kawarabayasi et al. 1998) and 
Methanocaldococcus jannaschii (Bult et al. 1996).  The R2 species for these archeans 
was Archaeoglobus fulgidus (Klenk et al. 1997). The bacterial genomes we analyzed 
were those of  Escherichia coli (Blattner et al. 1997),  Salmonella enterica (Parkhill et al. 
2001), Bacillus anthracis (Read et al. 2003), and Bacillus cereus (Ivanova et al. 2003). 
The reference species R2 were Bacillus subtilis (Kunst et al. 1997) for the B. anthracis – 
B. cereus comparison, and Haemophilus influenzae (Fleischmann et al. 1995) for the E. 
coli – Salmonella comparison. Our four eukaryotic genomes were baker’s yeast 
(Saccharomyces cerevisiae; Goffeau et al. 1996), fission yeast (Schizosaccharomyces 
pombe; Wood et al. 2002), nematode worm (Caenorhabditis elegans; The C. elegans 
Sequencing Consortium 1998) and fruit fly (Drosophila melanogaster;  Adams et al. 
2000). We used the genome of Neurospora crassa (Galagan et al. 2003) as the R2 
genome for all these eukaryotes.    
  To identify sequence homology between all genes in these genomes we used the 
Washington University implementation of gapped BLASTP (Altschul et al. 1997)  
(available from http://blast.wustl.edu/), followed by exact pairwise local alignment using 
the algorithm of Smith and Waterman (1981, gap opening penalty of 10, gap extension 
penalty of 2) and the BLOSUM 62 scoring matrix (Henikoff and Henikoff 1992). We 
excluded from further analysis all gene pairs with (i) BLAST E-values greater than 10-6, 
(ii) fewer than 50 aligned amino acids, (iii) amino acid identity  in the alignment of less 
than 35%, (iv) alignments consisting of more than 50%  low complexity sequences as 
determined by the SEQ program (ftp://ncbi.nlm.nih.gov/pub/seg/seg/) (Wootton and 
Federhen 1994). 

One might think that this requirement of 35% sequence identity limits the 
potential for detecting shuffled genes in distantly related taxa.  However, this requirement 
is not likely to bias our rate estimates, because we calculate our rates relative to the total 
number of genes with the same (35%) degree of sequence identity between the test and 
reference genome (h). 

The result of this procedure is a list of partially or fully matching genes in the two 
species T and R1. We used this list to identify shuffled genes in the test genome T. 
Specifically, for each gene in the test genome T we searched for pairs of genes in the 
reference genome R1 that matched the test species gene, but in non-overlapping or 
minimally overlapping regions. (To account for edge errors in local alignments, we 
allowed regions to overlap by a maximum of 20 residues). After having identified any 
such gene, we verified that it did not also have full-length homologs in the reference 
genome, because otherwise gene shuffling would not be the most parsimonious 
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explanation of the gene’s origin. We developed a special-purpose algorithm for this 
search (Conant and Wagner 2004), which identifies, for any one gene, the combination of 
local alignments to genes in the reference genome that covers the maximum number of 
residues in the shuffled gene.  This algorithm can identify shuffled genes (genes to which 
two or more reference species genes contributed), but it will also return only a single 
alignment if this alignment is longer than any combination of non-overlapping 
alignments. We used three additional criteria to validate the candidates for shuffled 
genes, which are described in Supplementary Methods, as are further details on our 
approach to estimate rates of gene shuffling. 
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Supplementary Material: 

Supplemental items for this manuscript include: 

1. Supplemental Table 1, listing the raw data for the rate analyses in table 1, as well as the number of 
shuffled genes with ≥40% to their source genes (see text) 

2. Supplemental Table 2, listing all shuffled genes identified 

3. Supplemental figure 1 (see figure captions) 

4. Supplemental Methods, detailing how we calculated shuffling and duplication rates. 
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Figure Captions: 

 
Figure 1:  A) Gene shuffling and how it changes gene structure.  The three shown 
scenarios of “domain insertion” represent insertions of domains from gene 2 into gene 1. 
The reciprocal insertions (gene 1 into gene 2) are not shown.  B)  Distinguishing true 
from spurious recombination events. In a spurious recombination event, reference 
genome R1 has two separate genes, where both T and R2 have a single, shuffled gene.  
The most parsimonious explanation for this observation is that the shuffled gene was 
present in R1 but was lost since R1’s divergence from T.  

 

Figure 2: Representative examples of shuffled genes we identified. A) B. anthracis 
M23/M37 peptidase BA1903, the result of a domain exchange between B. cereus genes 
BC5234 (12098), a N-acetylmuramoyl-L-alanine amidase and  BC1480(08460.1), 
another M23/M37 peptidase. B) A fusion of two fission yeast genes his7 (a 
phosphoribosyl-AMP cyclohydrolase) and his2 (a histidinol dehydrogenase) to produce 
the baker’s yeast his4 gene, which is involved in histidine biosynthesis.  The baker’s 
yeast gene appears to combine the functions of the two fission yeast genes 
(http://www.sanger.ac.uk/Projects/S_pombe/).  C) The fruit fly gene Aats-tyr is a tyrosyl-
tRNA synthetase (Flybase annotation The FlyBase Consortium 2002).  It is a likely 
recombination product of a predicted worm methionyl-tRNA synthetase gene mrs-1 
(WormBase annotation Stein et al. 2001) and a second worm gene Y105E8A.19 of 
unknown function. D) C. elegans gene ceh-20, which encodes a homeodomain protein.  
This gene appears to be the result of a domain exchange between the Drosophila genes 
exd (extradenticle, also a homeodomain protein) and Pkg21D (cGMP-dependant protein 
kinase). E) E. coli b4343, a hypothetical protein apparently formed via a domain 
exchange between Salmonella genes STY4850 (annotated as a DEAD-box helicase-
related protein) and STY4851 (hypothetical protein). 

 

Figure 3: Association between recombined sequence domains and Pfam structural 
domains.  The horizontal axis shows the starting and ending positions of the sequence 
domains in recombined genes (in amino acids, relative to the translation start site of the 
gene). The vertical axis shows the starting and ending positions of the Pfam domain 
closest to a recombined sequence domain.   

 

Figure 4: Rates of gene shuffling relative to A) gene duplication, B) silent nucleotide 
substitutions, and C) amino acid changing nucleotide substitutions for the species pairs 
indicated on the horizontal axis. Note the scale breaks on the vertical axes. 
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Supplementary Figure 1: The amino acid divergences (Ka) of recombined domains to 
their respective parental counterparts are correlated. One outlying observation (Ka1=3.26 
and Ka2=0.36) is not shown in this plot but was included in the calculation of correlation 
coefficients. Excluding this observation increases the Pearson correlation coefficient to 
0.61, and leaves the Spearman correlation coefficient unchanged (P<0.0001 for both).  

 



 15 

 

Table 1: 
 
Organism 
(T) 

Reference 
Taxa (R1) 

Shuffled 
genes (s) 
(35%) 

Shuffling 
events/ 
duplication 

Shuffling 
events/gene/
Ks unit 

Shuffling 
events/gene/
Ka unit 

M. jannus P. horiko 7  0.63 

P. horiko M. jannus 7 0.95 
2.7x10-3 4.8x10-2 

 
B. anthracis B. cereus 21 4.33 

B. cereus B. anthracis 20 3.16 
4.1x10-2 0.92 

 
E. coli S. enterica 1 0.69 

S. enterica E. coli 5 0.37 
1.9x10-3 3.0x10-2 

 
S. cerevisiae S. pombe 4 0.015 

S. pombe S. cerevisiae 8 0.13 
1.3x10-3 1.0x10-2 

 
D. 
melanogaster 

C. elegans 48 0.11 

C. elegans D. melanogaster 82 0.16 

2.8x10-3 4.3x10-2 

 

 


