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Abstract.  Although the evolutionary significance of
gene duplication has long been appreciated, it
remains unclear what factors determine gene dupli-
cability. In this study we investigated whether
metabolism is an important determinant of gene du-
plicability because cellular metabolism is crucial for
the survival and reproduction of an organism. Using
genomic data and metabolic pathway data from the
yeast (Saccharomyces cerevisiae) and Escherichia coli,
we found that metabolic proteins indeed tend to have
higher gene duplicability than nonmetabolic proteins.
Moreover, a detailed analysis of metabolic pathways
in these two organisms revealed that genes in the
central metabolic pathways and the catabolic path-
ways have, on average, higher gene duplicability than
do other genes and that most genes in anabolic
pathways are single-copy genes.
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Introduction
In every genome sequenced to date, there are genes

that are present in only a single copy and there are
genes that are present in two or more copies. This
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observation suggests that different genes have differ-
ent duplicabilities. However, it is far from clear what
factors determine gene duplicability. Recently, Papp
et al. (2003) proposed the dosage balance hypothesis,
which postulates that genes coding for subunits of
protein complexes (multimers) tend to have a lower
duplicability than do genes coding for monomers
because duplication of a single subunit may cause
dosage imbalance among the subunits of the protein
complex. Pursuing this issue further, Yang et al.
(2003) hypothesized that dosage sensitivity increases
while gene duplicability decreases with the number of
subunits in a protein (i.e., protein complexity), and
they indeed found support for this hypothesis from
genomic and protein structure data of human and
yeast.

Gene function is likely another important determi-
nant of gene duplicability because it is well known that
high dosages of some genes (e.g., histone genes) are
required for acomplex organism and thatin many cases
(e.g., MHC genes) multiple gene copies are required for
functional diversities. In this study we investigated
whether metabolic proteins tend to have higher gene
duplicability than nonmetabolic proteins. It is well
known that cellular metabolism is crucial for the sur-
vival and reproduction of cells. All cells in the three
domains of life (Bacteria, Archaea, and Eukaryota)
obtain energy and universal precursors during the
biochemical assimilation and dissimilation of nutrients
via metabolic pathways. The metabolic axis of a cell is
represented by the pathways of central metabolism
(e.g., glycolysis, pentose—phosphate shunt, and the



Krebscycle). The crucial roles that metabolic pathways
play in the survival of an organism may affect the du-
plicability of metabolic genes. Moreover, the patterns
of gene duplication may depend on the metabolic role
of the gene product (e.g., catabolic, anabolic).

Escherichia coli and Saccharomyces cerevisiae are
good prokaryotic and eukaryotic model organisms,
respectively, for studying gene duplication patterns in
metabolic pathways, because their genomes have
been completely sequenced and their metabolic
pathways have been well characterized. In the present
study, an analysis of metabolic pathways in these
organisms revealed that genes in the central meta-
bolic pathways and catabolic pathways have, on
average, higher gene duplicabilities than do other
genes. In contrast, single-copy genes (singletons) were
predominant in anabolic pathways.

Materials and Methods

Identification of Duplicate and Singleton Genes

As described in Gu et al. (2002, 2003), the whole sets of S.
cerevisiae and E. coli K-12 MG1655 protein sequences were
downloaded from SGD (http://genome-www.stanford.edu/
Saccharomyces/) and from E. coli Genome Project (http://
www.genome.wisc.edu/sequencing/k12.htm), respectively. An all-
against-all FASTA search was conducted on each protein dataset
independently. A singleton was defined as a protein that did not
hit any other proteins in the FASTA search with E = 0.1.
Duplicate genes were identified as described in Gu et al. (2003)
(E < 107'%). We have also used less stringent criteria to detect
duplicate genes and obtained essentially the same results.

Metabolic Pathways

Genes in S. cerevisiae and E. coli metabolic pathways are defined
according to the KEGG (http://www.genome.ad.jp/kegg/; Ogata et
al. 1999) and WIT (http://wit.mcs.anl.gov/WIT2/; Overbeek et al.
2000) databases. The S. cerevisiae and E. coli ORFs (denoted ALL)
are categorized into metabolic (M) and nonmetabolic (non-M)
genes. Metabolic genes are those that are involved in any metabolic
pathways but not in signal transduction and transport. The meta-
bolic genes are further classified into genes in central metabolic
(denoted CM) and non-central metabolic pathway genes (denoted
non-CM). The numbers of metabolic steps within CM and non-
CM with singletons and duplicates are counted. A metabolic step
represents a biochemical reaction catalyzed by an enzyme. When a
step has both singleton and duplicate enzymes, we count it as one
for singleton and one for duplicate. Although many reactions are
reversible, the glucose dissimilation is the direction used to define
the non-CM upstream (predominantly catabolic) and downstream
of CM (predominantly anabolic) pathways (upstream- and down-
stream-CM, respectively). For example, galactose, starch, and su-
crose catabolism are upstream-CM pathways, whereas amino acid
biosynthesis is a downstream-CM pathway.

Proportion of Unduplicated Genes and Number of
Duplications per Gene

For each category (i.e., a pathway) under study, the number of
unique types of genes is defined as the number of singletons plus
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the number of duplicated gene types in that category. The
number of duplications per gene (n) is the total number of genes
divided by the total number of unique types of genes. The
proportion of unduplicated genes (P) is the proportion of sin-
gletons in the total number of unique types of genes. While n
roughly indicates how often a gene has been duplicated in the
genome, | — P denotes the proportion of gene types that have
been duplicated in the genome. Both #» and 1 — P can be used as
measures of gene duplicability (Yang et al. 2003). In addition,
we also consider the proportion of duplicate genes in each cat-
egory. The latter measure and n are less desirable than P because
they can be strongly affected by the presence of large gene
families.

Our statistical analyses were conducted in R (Version 1.7.1;
http://www.r-project.org/). All statistical tests were Fisher’s exact
test.

Results

Duplication Patterns of Genes in Metabolic and
Non-metabolic Pathways

The genes involved in 72 yeast metabolic pathways as
defined by the KEGG and WIT databases were
downloaded, but only 43 pathways (Table 1) were
used in this study because the others showed small
numbers of steps or overlapped with other pathways.
These genes, which are called metabolic (M) genes,
were further divided into two categories: central
metabolic (CM) and non-central metabolic (non-
CM) genes. The duplication patterns of genes in these
43 S. cerevisiae pathways are compared with those in
nonmetabolic genes (non-M) and all genes (ALL).
The proportions of duplicates in the ALL and non-M
categories are similar (34-36%), but the proportion is
significantly higher for metabolic genes (56%; p <
107%; Table 2 and Fig. 1A); all p values in this paper
were obtained by Fisher’s exact test. Furthermore,
the proportion of duplicates in CM is about 1.5-fold
higher than that in non-CM (p < 107%; Table 2 and
Fig. 1A). A similar pattern of gene duplication is
observed in E. coli, where CM also has the highest
proportion of duplicates, being significantly higher
than non-CM (p < 0.003). Moreover, the metabolic
pathways as a whole (M) show a significantly higher
proportion of duplicates than non-M (p < 1077) and
ALL genes (Table 2 and Fig. 1B).

The proportion of unduplicated genes (P) in the
central metabolic pathways (CM) show the lowest P
(i.e., the highest duplicability) for both S. cerevisiae
and E. coli (Table 2). In S. cerevisiae, non-CM has a
P value similar to that for the whole metabolic cat-
egory (M), which is, however, lower than those for
ALL and non-M (Table 2). Similar conclusions hold
for the E. coli data (Table 2).

With respect to the number of duplications per
gene (n) for each category in S. cerevisiae, CM has the
highest value (2.46; Table 2), non-CM has an inter-
mediate value (1.63), and non-M has the lowest value
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Table 1. Distributions of duplicates in 43 S. cerevisiae metabolic pathways (pathways are ordered by the proportion of duplicates; pathway
numbers are assigned according to the KEGG database)

Duplicated ~ Unique Proportion  Total Location
Pathway gene types of number relative
No. Pathway name Singletons  types® of genes®  duplicates of genes  n° to CM¢
630 Glyoxylate metabolism 1 8 9 88.89 17 1.89 CM
460 Cyanoamino acid metabolism 1 2 3 66.67 5 1.67 D
620 Pyruvate metabolism 9 14 23 60.87 40 1.74 CM
52 Galactose metabolism 2 3 5 60.00 8 1.60 U
330 Arginine and proline metabolism 2 3 5 60.00 8 1.60 D
20 Citrate (TCA) cycle 7 10 17 58.82 33 1.94 CM
10 Glycolysis/gluconeogenesis 9 12 21 57.14 50 238 CM
530 Aminosugars metabolism 6 7 13 53.85 22 1.69 D
272 Cysteine metabolism 4 4 8 50.00 13 1.63 D
440 Aminophosphonate metabolism 1 1 2 50.00 4 200 D
500 Starch and sucrose metabolism 9 9 18 50.00 29 .61 U
61 Fatty acid biosynthesis (path 1) 1 1 2 50.00 3 1.50 D
72 Synthesis and degradation of 1 1 2 50.00 3 1.50 D
ketone bodies
280 Valine, leucine, and isoleucine 2 2 4 50.00 6 1.50 U
degradation
30 Pentose—phosphate shunt 5 5 10 50.00 22 220 CM
910 Nitrogen metabolism 5 4 9 44.44 16 1.78 D
271 Methionine metabolism 8 4 12 33.33 17 142 D
480 Glutathione metabolism 4 2 6 33.33 10 1.67 D
730 Thiamine metabolism 2 1 3 33.33 6 200 D
920 Sulfur metabolism 4 2 6 33.33 8 133 D
580 Phospholipid degradation 2 1 3 33.33 6 200 U
260 Glycine, serine, and threonine 15 7 22 31.82 30 1.36 D
metabolism
450 Selenoamino acid metabolism 9 4 13 30.77 18 138 D
790 Folate biosynthesis 7 3 10 30.00 13 1.30 D
252 Alanine and aspartate metabolism 12 S 17 29.41 25 147 D
561 Glycerolipid metabolism 15 6 21 28.57 34 1.62 U
251 Glutamate metabolism 19 7 26 26.92 41 1.58 D
410 B-Alanine metabolism 3 1 4 25.00 9 225 D
770 Pantothenate and CoA biosynthesis 7 2 9 22.22 11 1.22 D
220 Urea cycle and metabolism of 11 3 14 21.43 17 121 D
amino groups
290 Valine, leucine, and isoleucine 11 3 14 21.43 19 136 D
biosynthesis
300 Lysine biosynthesis 8 2 10 20.00 12 1.20 D
51 Fructose and mannose metabolism 15 3 18 16.67 24 133 U
740 Riboflavin metabolism 5 1 6 16.67 10 1.67 D
230 Purine metabolism 63 11 74 14.86 86 1.16 D
240 Pyrimidine metabolism 55 8 63 12.70 72 1.14 D
860 Porphyrin and chlorophyll metabolism 8 1 9 11.11 10 .11 D
100 Sterol biosynthesis 8 1 9 11.11 10 1.11 D
400 Phenylalanine, tyrosine, and tryptophan 14 1 15 6.67 16 1.07 D
biosynthesis
340 Histidine metabolism 12 0 12 0.00 12 1.00 D
430 Taurine and hypotaurine metabolism 6 0 6 0.00 6 1.00 D
780 Biotin metabolism 9 0 9 0.00 9 1.00 D
900 Terpenoid biosynthesis 4 0 4 0.00 4 1.00 D
All 401 165 566 29.15 814 1.44

#“Duplicated gene types” (duplication groups) are defined as the number of gene families whose proteins participate in a pathway studied.
®Unique types of genes = singletons + duplicated gene types.

“Number of duplicates per gene (n) = (singletons + duplicates)/unique types of genes.

dposition of the pathways relative to the central metabolism pathways (CM), where U and D denote upstream- and downstream-CM,
respectively. The glucose dissimilation is the direction used to define the upstream- and downstream-CM pathways (see Materials and
Methods).

(1.31). A similar pattern holds for the E. coli data  suggest that genes in the central metabolic pathways
(Table 2). These data together with the P values  have, on average, the highest gene duplicability.
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Table 2. Distribution pattern of duplicates for the whole genome, nonmetabolic, metabolic, central metabolic, and non-central metabolic

pathways for S. cerevisiae and E. coli

% of Duplicated gene Unique types
Singletons Duplicates duplicates types® of genes® Viad n?

S. cerevisiae

All genes 3920 2255 36.52 715 4635 84.57 1.33

Nonmetabolic genes 3468 1828 34.52°¢ 566 4034 85.97 1.31

Metabolic genes 449 595 59.99¢ 188 637 70.49 1.63

Genes in noncentral metabolism 434 514 54.20F 164 598 72.58 1.59

Genes in central metabolism 15 81 84.38" 24 39 38.46 2.46
E. coli

All genes 2677 1613 37.60 459 3136 85.36 1.37

Nonmetabolic genes 1994 1191 37.398 318 2312 86.25 1.38

Metabolic genes 675 583 46.34¢2 195 870 77.59 1.45

Genes in noncentral metabolism 644 531 45.19" 176 820 78.54 1.43

Genes in central metabolism 31 52 62.65" 19 50 62.00 1.66

#“Duplicated gene types” (duplication groups) are defined as the number of gene type families whose genes are duplicated and whose

proteins participate in such a category.
®Unique types of genes = singletons + duplicated gene types.
“% of unduplicated genes (P) = singletons/unique types of genes.

YNumber of duplicates per gene (1) = (singletons + duplicates)/unique types of genes.

“Significant difference; p < 107, Fisher’s exact test.
fSignificant difference; p < 1078, Fisher’s exact test.
ESignificant difference; p < 1077, Fisher’s exact test.
hSigniﬁcant difference; p < 0.003, Fisher’s exact test.

The above comments still apply when the criteria
used to detect duplicates are relaxed to £ < 107 in
both the S. cerevisiae and the E. coli data.

Pattern of Duplicates in Each Step of the Metabolic
Pathways in S. cerevisiae

In S. cerevisiae (Table 3) the proportion of singleton
steps in non-CM (68.4%) is much higher than that in
CM (42.85%; p = 0.001). Indeed, in non-CM there
are more steps with a singleton than steps with
duplicates (158 vs. 73), whereas in CM there are
roughly equal proportions of steps with singletons
and duplicates (21 vs. 28).

Interestingly, the non-CM pathways upstream of
the CM pathways (upstream-CM) show a high pro-
portion of duplicate genes and a high number of
duplications per gene (Table 1 and Fig. 2), in com-
parison with the non-CM pathways downstream of
CM pathways (downstream-CM; Fig. 3). Indeed,
steps in downstream-CM pathways are dominant
with singletons; for example, steps with singletons are
overrepresented in the histidine, urea, glutamate,
biotin, pyrimidine and purine metabolism pathways
(Fig. 3). These results suggest that CM and up-
stream-CM pathways have a higher gene duplicabil-
ity than do downstream-CM pathways.

Discussion

The gene duplication patterns in both S. cerevisiae
and E. coli reveal a higher average duplicability for

genes that are involved in metabolism, especially
central metabolism, than for nonmetabolic genes. We
note that both species studied are fast-growing
organisms and this could be the reason for the higher
duplicability for central metabolic enzymes. It will
therefore be interesting to see whether our observa-
tion holds for other organisms in general.

It is also possible that certain protein families have
been preferentially duplicated in the central metabolic
pathways. For this possibility we consider the en-
zymes with a (Bo)g (TIM) barrel because Copley and
Bork (2000) have noted the presence of many TIM
barrel-containing enzymes in the pathways of central
metabolism; from this observation they suggested
that early on, enzyme recruitment was a driving force
behind the evolution of metabolic pathways. In yeast
the proportion of unduplicated genes is 42.9% for
TIM barrel-containing enzymes and 37.5% for en-
zymes containing no TIM barrel. In E. coli, the cor-
responding proportions are 62.5 and 61.9%. In both
cases, the difference between the two proportions is
not significant, so TIM barrel-containing enzymes
and non-TIM-barrel enzymes have approximately the
same gene duplicability. It should be noted that while
Copley and Bork (2000) were concerned with ancient
duplications, we are concerned with more recent
duplications, i.e., duplicate proteins whose homology
can still be readily detected from sequence alignment.
Therefore, TIM barrel-containing enzymes in the
central metabolic pathways do not seem to have been
preferentially duplicated during the evolution of yeast
and E. coli at least in recent times.
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Fig. 1. Distributions of duplicates among all genes (denoted ALL), nonmetabolic genes (non-M), metabolic genes (M), non-central

metabolic pathway genes (non-CM), and central metabolic pathway genes (CM) for S. cerevisiae (A) and E. coli (B). The number at the top
of each bar represents the proportion of duplicate genes.

Table 3. Numbers of steps with singletons and duplicates for metabolic, non-central metabolic, and central metabolic pathways of S.
cerevisiae

Number of steps

With singletons (%) With duplicates (%)
Metabolic pathways 179 (63.92) 101 (36.08)
Non-central metabolic pathways 158 (68.40) 73 (31.60)*
Central metabolic pathways 21 (42.85) 28 (57.15)*

#Significant difference; p = 0.001, Fisher’s exact test.
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Fig. 2. Diagrams showing the locations of duplicates and single-
tons in both upstream-central metabolic (A) and central metabolic
(B; highlighted in light gray) pathways in S. cerevisiae. An arrowed
branch indicates the direction of the metabolic reaction, whereas an
unarrowed branch indicates a reversible reaction. The numbers

Generally, a gene duplicate accumulates deleteri-
ous mutations more quickly than advantageous ones
and has a high chance of becoming a pseudogene as

beside each branch indicate the number of duplicate genes on that
branch; 1 represents a singleton. If more than one duplicate family
or singleton is present for a step, the numbers of genes are sepa-
rated by a slash.

long as the other copy maintains the original func-
tion. Thus, the persistence of both duplicates in a
genome would require a selective advantage such as
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Fig. 3. Diagrams showing the locations of duplicates and single-
tons on downstream-central metabolic pathways in S. cerevisiae.
An arrowed branch indicates the direction of the reaction, whereas
an unarrowed branch indicates a reversible reaction. The number
beside each branch indicates the number of duplicate genes on that

functional diversification or a larger dosage require-
ment. Therefore, it seems that duplication of a met-
abolic gene tends to have a higher chance to become
advantageous than duplication of a nonmetabolic
gene.

Most universal precursors for biosynthesis are
produced by the central metabolic pathways (e.g.,
glyceroldehyde 3-phosphate, fructose 6-phosphate,
citrate, a-ketoglutarate [Neidhardt et al. 1990]). For
this reason, duplication of a gene in a central meta-
bolic or upstream-CM pathway might have been fa-
vored. As noted above, in S. cerevisiae and E. coli,
genes in the central metabolic and upstream-CM
pathways have the highest gene duplicability
(Table 2, Figs. 1 and 2).

This argument may be strengthened by the fol-
lowing observation. In S. cerevisiae intracellular
hexoses (mainly glucose) that enter the glycolytic
pathway are converted to pyruvate and oxidized to
ethanol via fermentation. After the fermentable hex-
oses are exhausted, ethanol is used as a carbon source

-Histidine

mn

Downstream-CM

branch; 1 represents a singleton. If more than one duplicate or
singleton family is present on a step, the numbers of genes are
separated by a slash. The two-headed arrow indicates that the
enzymes at the tip of the arrow are duplicate members of a gene
family.

for aerobic growth, which involves the TCA cycle.
Alternatively, glucose can be oxidized in the pentose—
phosphate shunt. This pathway provides the cell with
pentose sugar and cytosolic NADPH. Ribose sugars
generated are used further in the biosynthesis of nu-
cleic acid precursors and nucleotide coenzymes.
Therefore, in order to utilize the hexoses rapidly,
duplication of an enzyme in an upstream-CM or CM
pathway might have been an advantage during some
period in evolution. Furthermore, the importance of
glycolysis is obvious in view of the fact that glycolytic
enzymes are present around 30-68% of soluble pro-
tein in the yeast cell (Banuelos and Fraenkel 1982).
The presence of gene duplicates may also increase
genetic robustness against null mutations (Gu et al.
2003). Using the data on the fitness effects of single-
gene deletions for the whole yeast genome (Steinmetz
et al. 2002), we find that essential genes in the central
metabolic pathways are all singletons (i.e., in CM
100% of genes with lethal single-gene deletions are
singletons), but no deletion of a duplicate is lethal.



Enzyme duplication could provide an opportunity
for an enzyme with a multiple substrate specificity to
specialize in different functions. Recent biochemical
studies provide evidence that many enzymes in cen-
tral metabolic pathways have binding specificities to
not-normally-known substrates (e.g., O’Brien and
Herschlag 1999; for a review, see D’Ari and Ca-
sadesus 1998). For example, the glycolytic kinases
such as 6-phosphofructokinases, phosphoglycerate
kinases, pyruvate kinases, and acetate kinases of the
small genome wall-less Mollicutes (Mycoplasma spe-
cies) could use other nucleoside diphosphates besides
their normally known reactants (Pollack et al. 2002).
Such usages of unnatural reactants of these glycolytic
kinases are reported in various organisms including
E. coli, dog, and cat (Brenda Enzyme Database;
http://www.brenda.uni-koeln.de [Schomburg et al.
2002]). Moreover, duplicates may be regulated and/or
expressed in different environmental conditions. In
yeast, pykl (pyruvate kinase 1) mutants fail to grow
on fermentable carbon sources but can grow nor-
mally on ethanol or other gluconeogenic carbon
sources (a very low glycolytic flux). Under such
conditions, pyruvate kinase 2 (PYK?2), a PYKI par-
alog, is expressed (Boles et al. 1997). Such an
“underground metabolism’ could provide functional
diversification, which in turn provides metabolic
plasticity for organisms to survive in wider environ-
mental habitats (D’Ari and Casadesus 1998).

Gene duplication has been the major process
proposed for the evolution of enzymes and the met-
abolic pathways, but the issue has been under intense
debate for more than 50 years. Possible models for
describing its evolutionary mechanism have been
proposed such as duplication of either enzymes or
pathways, recruitment of enzymes from other path-
ways, or retro-evolution of the pathways (e.g., for a
review, see Schmidt et al. 2003). As metabolic data
from various organisms increased, it became clear
that the lower part of glycolysis has been well con-
served across eubacteria, archaea and eukaryotes,
whereas major variations are found in the upper part
from glucose to 3-phosphoglycerate (Ronimus and
Morgan 2003; Verhees et al. 2003). Although archa-
eal enzymes in the upper part of the glycolysis have
less sequence similarity than, and diverse functions
from, eubacteria and eukaryote counterparts, their
structures are homologous. In addition to this
observation, many downstream-CM pathways (e.g.,
individual amino acid biosyntheses) in E. coli show
high conservation in the number of orthologs in all
three domains of life (Peregrin-Alvarez et al. 2003).
Thus, in ancient times duplication in the central
metabolic and upstream-CM pathways might have
been a driving force for an organism to cope with
changes in metabolites.

813

These data provide evidence for gene function as
an important determinant of gene duplicability,
especially genes functioning in metabolism in S. ce-
revisiae and E. coli. Given that these free-living uni-
cellular organisms make a contact to the environment
directly, their source of nutrients depends on the
habitats. Often their inhabiting environments are
short in nutrient supplies, so that they have to com-
pete with each other in a species and/or with different
species for the available metabolites. The ability to
process these nutrients into metabolic precursors
quickly directly increases the growth and survival
rates. Therefore, duplication in upstream metabolic
genes may increase the ability to compete for re-
sources. In this study, we have indeed found that
many gene duplicates have been retained in the up-
stream-CM and CM pathways.
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