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Although the evolutionary significance of gene duplication has
long been recognized, it remains unclear what determines gene
duplicability. We find protein complexity to be an important
determinant because the proportion of unduplicated genes (P)
increases with the number of subunits in a protein. However, P is
high (=65%) for both monomers and multimers in yeast, but =30%
in human except for subunits of large multimers, implying that
organismal complexity is a stronger determinant of gene duplica-
bility than protein complexity. The same conclusion is reached from
a comparison of family sizes in yeast and human.

espite >30 years of effort (1), it remains unclear what

determines gene duplicability. Protein complexity, defined
as the number of subunits in a protein (n), might be an important
factor because duplication of a protein subunit may cause dosage
imbalance among the subunits of the protein (2, 3) and the
chance of imbalance might increase with the number of subunits
in a protein. By using yeast data, Papp et al. (3) found that 33%
of the single-copy genes (singletons) participate in protein
complexes (multimers), whereas this frequency drops to ~21%
for genes with three or more paralogues. They therefore con-
cluded that duplication of a subunit of a protein complex is less
likely to be successful than duplication of a monomer. However,
no monomers were included in their analysis, so the magnitude
of difference in survivability between duplication of a monomer
and duplication of a protein complex subunit is not known. It is
worth emphasizing that duplication of a monomer may also
cause dosage imbalance. This may be particularly true for
transcription factors, each of which may control many down-
stream genes. For example, Drosophila embryos produced by
mothers with four dosages of bicoid, a maternal morphogen, tend
to develop a larger head, and only ~30% of the embryos
produced by mothers with six dosages of bicoid are viable (4).
Thus, it is important to include monomers. Indeed, we study the
relationship between the survivability of a gene duplication and
n by classifying proteins into monomers (n = 1), dimers (n = 2),
midsize complexes (3 = n = 10), and large complexes (n > 10).
Another factor that may affect the survivability of duplicate
genes is organismal complexity. It was suggested that, for
transcription factors, dosage imbalance occurs more frequently
in a complex organism than in yeast because of the long
regulatory cascades during multicellular development (3). How-
ever, a complex organism may actually be more robust against
dosage increase than a simple organism (see below). Thus, we
also examine this factor by contrasting human with yeast. Here,
organismal complexity is loosely defined as the number of
different types of cells.

Previously we talked about survivability, which may be defined
as the probability for a duplicate gene to survive, but adaptive
evolution of duplicate genes may also be important. Because, in
the end, we see only whether a gene has been duplicated or not,
we will use gene duplicability more often than survivability of
duplicate genes. Here, gene duplicability is loosely defined as the
chance for a gene to be duplicated or, more precisely, the
proportion of genes in a genome that have one or more paralogs.
Note that here we are mainly concerned with small-scale dupli-
cations, but not large duplications such as chromosome or
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genome duplications, which are known to be deleterious in most
cases in higher vertebrates.

Materials and Methods

Identification of Duplicate Genes. Duplicate genes were identified
by the TRIBE-MCL method of Enright et al. (7); TRIBE-MCL is
based on the Markov cluster (MCL) algorithm, previously
developed for graph clustering by using flow simulation. The
presence of proteins having multiple domains has confounded
many previous methods for protein clustering, but this new
method, which relies on the MCL method, is able to handle this
problem well. Compared with the traditional pairwise grouping
method, this method uses graph theory, which clusters proteins
into families by using a global treatment that considers all
relationships in the similarity space at the same time. This
grouping method has been applied to many data sets and
Ensemble has used it to obtain gene family annotation for the
human genome. For Homo sapiens, we use the version of
Ensemble_family_13_1 from the Sanger database [created ac-
cording to Enright et al. (7)], which corresponds to the assembly
of NCBI 31. For Saccharomyces cerevisiae, the family classifica-
tion data were kindly sent to us by A. Enright (Memorial
Sloan—-Kettering Cancer Center, New York). The gene family
sizes were all computed by using the TRIBE-MCL method. We also
followed Papp et al. (3) to use BLAST with £ = 107!° and the
method of Gu et al. (8) to cluster proteins into families from the
protein database. The method of Gu et al. is more stringent,
whereas the simple BLAST with E = 10710 is more relaxed, than
the TRIBE-MCL method. The numbers of duplicate genes detected
by the three methods were 1,687, 2,334, and 2,696, respectively.
Thus, the estimate by TRIBE-MCL was intermediate and was used
in our analysis. However, our conclusions were essentially the
same for the three methods.

Identification of Protein Complexes. We searched through Swiss-
Prot/TrEMBL manually to collect the protein complex infor-
mation, taking advantage of the high quality of this database. For
H. sapiens, we found a total of 3,923 entries with subunit
information. After a detailed examination of the annotation on
each subunit, we only kept those entries that had unambiguous
subunit descriptions (n = 2,647). We exclude from our analyses
those entries that have more than one possible complex, e.g.,
those that can form both a dimer and a trimer. For monomer
identification, we used only those that have been clearly stated
as monomers. We excluded from our analysis each polypeptide
that lacked information on whether it was a complex subunit.
For yeast, we used not only the Munich Information Center
for Protein Sequences (MIPS) data (5), as did Papp et al. (3), but
also the Swiss-Prot/TTEMBL data (6), which provide better
information on subunit structure than the MIPS data. First, a set
of annotated protein complexes was assembled from the MIPS

Abbreviations: MCL, Markov cluster; MIPS, Munich Information Center for Protein Se-
quences.
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Table 1. Proportion of polypeptides encoded by single-copy genes (singletons)

Total no. of Proportion of
polypeptides No. of Proportion of Total no. of singleton
Protein structure (n = subunit no.) studied singletons singletons, Q gene families families, P
Yeast
Monomers* 754 474 0.629 669 0.709
Monomers® 341 192 0.563 306 0.627
Protein complex subunits* 1,136 697 0.614 902 0.773
Dimer subunits (n = 2)* 171 96 0.561 135 0.711
Hetero 75 43 0.573 62 0.694
Homo 9% 53 0.552 73 0.726
Midsize complex subunits (3 = n = 10)* 278 177 0.637 231 0.766
Hetero 216 150 0.694 183 0.820
Homo 62 27 0.435 48 0.563
Large complex subunits (n > 10) 196 160 0.816 183 0.874
Human
Monomers (n = 1) 198 33 0.167 161 0.205
Dimer subunits (n = 2)* 1,492 141 0.095 555 0.254
Hetero 916 52 0.057 208 0.250
Hetero$ 358 52 0.145 205 0.254
Homo 372 69 0.185 258 0.267
Midsize complex subunits (3 = n = 10)* 958 156 0.163 521 0.299
Hetero* 538 97 0.180 313 0.310
Homo 233 40 0.171 153 0.261
Large complex subunits (n > 10)* 377 128 0.340 295 0.434
All protein complex subunits* 2,963 453 0.153 1,399 0.324

For yeast, data for monomers and protein complex subunits are from MIPS; data from dimer subunits, midsize complex subunits, and large complex subunits

are from Swiss-Prot.
*Monomers, proteins of no recorded interaction.

TMonomers after excluding unclassified (unnamed) genes, which were genes that had the same names as their ORF names in the Saccharomyces Genome

Database.

*We excluded all ambiguous cases where a protein complex can be, for example, both a dimer and a trimer. Therefore, the total number of protein complex
subunits is larger than the sum of the three groups of protein complex subunits of different size. The same rule was applied to the classification of heteromers

and homomers.

SAfter excluding the three supergene families (558 genes) related to the immune system.

comprehensive yeast genome database (CYGD) catalog on
known protein complexes (http://mips.gsf.de/proj/yeast/
catalogues/complexes/index.html). Where complex annotations
were hierarchical, we stayed at the lowest level, and we finally
obtained 1,136 proteins that were verified complexes. We used
only protein complexes that are stable and clearly defined. As
pointed out by Papp et al. (3), the balance theory may not be
applied to transient interaction and unstable complexes. There-
fore, we did not use any high throughput data to identify protein
complexes because they may include transient interactions and
have high false positive and negative rates (9-11). Second, from
Swiss-Prot/TrTEMBL we found a total of 874 entries with a
record of complex information for S. cerevisiae. For the same
reason as for the human data, we kept only 645 entries for further
analysis. We further classified them into dimers, midsize com-
plexes (3 = n = 10), and large complexes (n > 10). For
monomers, however, we could find only 36 known cases from
Swiss-Prot/TrEMBL. Therefore, we used the data obtained as
follows. We first gathered all of the recorded protein—protein
interactions from both large-scale (high-throughput) and tradi-
tional approaches as summarized by von Mering ez al. (9). We
used the 5,714 ORFs from the Kellis ef al. (12) genome revision
as our genomic data for yeast. We then excluded all those
proteins (ORFs) with putative interactions detected by at least
one of the methods as described in Mering et al. (9), and obtained
754 ORFs with no recorded protein interactions. We assumed
that these latter polypeptides do not form complexes; that is, they
are monomers. This assumption seems reliable, because it is
unlikely that a stable protein interaction would have been missed
by all methods used to search for protein—protein interactions in
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yeast. To avoid including pseudogenes and erroneously pre-
dicted genes, in some analyses we also excluded unnamed or
unclassified genes (genes with the same gene name and ORF
name in the Saccharomyces Genome Database); after this ex-
clusion, our final collection of monomers was 341.

Results

We consider three measures of gene duplicability. The first one
is the proportion of polypeptides encoded by single-copy genes
(0); it is denoted by Qn for known monomers and by Q¢ for
known subunits of protein complexes. Obviously, a higher
proportion implies lower gene duplicability. For yeast, Opm =
0.629 is actually slightly higher than Q¢ = 0.614 (Table 1). In this
analysis, the monomers included many unclassified proteins,
which may be biased toward singletons (3). When the unclassi-
fied proteins are excluded, On = 0.563, which is similar to the
value (0.556) obtained from the 36 known monomers we found
in Swiss-Prot/TrEMBL. The true value is probably in between
the above two estimates and probably somewhat smaller than Qc.
For human, Oy = 0.167 and Q¢ = 0.153 are similar to each
other. Thus, in terms of Q, there is little difference between
monomers and complex subunits. What is interesting is that the
Owm and Qc for human are much lower than the corresponding
values for yeast, indicating much higher gene duplicability in
human than in yeast.

The second measure is the proportion of single-gene (single-
ton) families among the gene families that encode the studied
monomers (Py) and that among the families that encode the
studied protein complex subunits (Pc). Here, a single-gene
family is a family that consists of only one gene, and therefore
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Fig. 1. (A) Distributions of family sizes (m) for yeast monomers and subunits

of protein complexes. The distribution for monomerssignificantly differs from
that for complex subunits (P = 0.033) by the two-sample Kolmogorov-Smirnov
(K-S) test. After excluding the unnamed genes, P = 0.0001. (B) Distributions of
family sizes for human monomers, subunits of dimers, subunits of midsize
protein complexes, and subunits of large protein complexes. The K-S test gives
P = 0.076 for the difference between the distributions for monomers and
dimers and P = 0.058 after excluding the three supergene families of dimers
related to the immune system. The K-S test gives P = 0.014 for the difference
between the distributions for monomers and midsize complex subunits and
P = 3.6 X 107> for the difference between the distributions for monomers and
large-complex subunits.

Py is the proportion of monomers that have no paralogue in the
genome; Pc is similarly defined. For yeast, Py is somewhere
between 0.709 and 0.627 (Table 1) and so is probably signifi-
cantly lower than Pc = 0.773. However, Py may not be signif-
icantly smaller than Pc = 0.711 for dimers. Pc becomes slightly
larger (0.766) for midsize complexes and increases to 0.874 for
large complexes (Table 1). For human, Py (0.205) is only
somewhat smaller than Pc (0.254) for dimers, considerably
smaller than that (0.299) for midsize protein complexes, and only
half of that (0.434) for large complexes. Again, all these numbers
are much smaller than the corresponding values for yeast.

The third measure is the distribution of family sizes (Fig. 1).
For the human data we consider dimers, midsize complexes, and
large complexes separately, whereas for the yeast data we
consider all protein complexes together because of sample size
limitation. Clearly, the majority of yeast polypeptides (>60%)
are singletons, regardless of whether they are monomers or
complex subunits, and only a small proportion of them (<10%)
have a family size >5 (Fig. 14). In contrast, the majority of
human polypeptides (>55%) have paralogues, and >30% of the
polypeptide families, except for subunits of large complexes,
have a family size >5 (Fig. 1B). Thus, in yeast there are very few
large gene families, even for monomers, whereas in human, >5%
of the polypeptide families studied have a family size >40, even
for subunits of large complexes. In yeast, the mean family size for
monomers is between 1.98 and 2.40, depending on whether or
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Table 2. Mean family sizes of different types of polypepetides

Polypeptide type Mean = SE
Yeast*
Monomers 1.98 £ 0.12
Monomers after excluding unclassified proteins 2.40 = 0.21
Complex subunits (MIPS) 1.57 = 0.07
Human®
Monomers 8.52 = 0.95
Dimer subunits 10.54 = 2.60
Dimer subunits excluding supergene families 6.45 = 0.51
Midsize complex subunits 8.13 = 1.54
Large complex subunits 491 = 0.60
All protein complex subunits 7.06 = 1.05

*We use the Wilcoxon/Mann-Whitney rank sum test to evaluate the location
shift of two distribution functions. For yeast, P = 0.0007 when comparing
monomer and protein complex. This P value changes to 2.8 X 1078 after
excluding the unclassified proteins.

For the human data, the Wilcoxon/Mann-Whitney rank sum test gives P =
0.045 for the location shift of the two distribution functions for monomers
and dimers. This Pvalue changes to 0.034 after excluding the three supergene
families related to the immune system. The test gives P = 0.003 when
comparing the mean family sizes of monomers and midsize complexes and
P = 7.0 X 1072 for comparing monomers and large complexes.

not unclassified proteins are included (Table 2). If, for simplicity,
we take the simple average, i.e., 2.19, then the mean family size
for protein complexes (1.57) represents a 28% reduction (i.e.,
1.57/2.19 = 0.72). In contrast, in human the mean family size for
protein complex subunits (7.06) represents only a 17% reduction
compared with the mean family size for monomers (8.52).
Actually, this reduction is almost completely caused by subunits
of large protein complexes because the mean family size for
dimers (10.54) is actually significantly larger than that for
monomers and the mean family size for midsize complexes (8.13)
is comparable to that for monomers (Table 2). The mean family
size for large complexes is 4.91, which is considerably smaller
than that for human monomers. It is worth noting that all mean
family sizes in human are much larger than even that for yeast
monomers (2.19). This again suggests much higher duplicability
of human genes.

The above three measures reflect different aspects of polypep-
tide duplicability. The first one, the proportion of singletons (Q),
refers to the proportion of the studied polypeptides that are
encoded by single-copy genes. A large O value means that a small
proportion of the polypeptides studied are encoded by duplicate
genes, whereas a small Q value means the opposite. Because O
can be strongly affected by the presence of large gene families,
it is less desirable than P, the proportion of polypeptide families
that consist of a single member. P refers to the proportion of
polypeptide types that have no duplicate copy in the genome and
is not affected by the presence of large gene families (Table 1).
However, although (1 — P) means the proportion of polypeptides
that have been duplicated, it does not tell us how many times a
polypeptide has been duplicated. This is achieved by using the
third quantity, the family size distribution. From this quantity
one can see whether there are large gene families for monomers
and for protein complex subunits. Although the mean of this
distribution is strongly affected by the presence of large gene
families, it tells us on average how often a polypeptide type has
been duplicated.

Discussion

One caveat in the present study is that the yeast and human data
on protein structure are incomplete, so the estimates may be
biased to some extent and will need to be revised when better
gene and protein annotation data become available. Also, we
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have not considered the possibility of genome duplication. There
appears to have been no genome duplication in the human
lineage since the common ancestor of higher vertebrates, al-
though there is the possibility of one or two rounds of genome
duplication during early vertebrate evolution, i.e., >400 million
years ago (13, 14). On the other hand, the yeast genome has been
suggested to have gone through a genome duplication ~100
million years ago (15). Thus, there is no evidence that genome
duplication has contributed more to human than to yeast in
terms of the three quantities considered above. Furthermore, in
human, even if we include only duplicate pairs with the number
of synonymous substitutions per synonymous site (Ks) < 1.5, the
mean family sizes for monomers, dimers, midsize protein com-
plexes, and large protein complexes remain ~6.7, 3.6, 4.8, and
3.8, respectively, which are still much larger than the correspond-
ing values in yeast. With the assumption of an average synony-
mous rate of 2.5 X 10~? per site per year for mammals (16, 17),
Ks = 1.5 corresponds to 1.5/(2 X 2.5 X 10~?) = 300 million
years, which is around the fossil date for the divergence between
the mammalian and avian lineages and is much younger than the
putative genome duplications in early vertebrate evolution.

These caveats notwithstanding, our results clearly support the
dosage balance hypothesis. First, the results in Table 1 support
the prediction that dosage sensitivity increases with the number
(n) of subunits in a protein. Second, the hypothesis should
predict weaker dosage sensitivity for homomers than for het-
eromers because gene duplication for a homomer would not
produce free excess of subunits, and our data indeed suggests a
slightly higher gene duplicability for homomer subunits than for
heteromer subunits when n > 3; for both yeast and human, P is
smaller for homomers than heteromers for subunits of midsize
protein complexes (Table 1).

However, the rate of increase in dosage sensitivity with n
appears to be fairly slow (Table 1). For example, for the human
data the proportion of singleton families (P) changes from 0.205
for monomers to 0.254 for dimers, representing a change of only
0.049 in P value for an increase of 1 in n. The change in P is even
slower from dimers to midsize complexes (i.e., a change of only
0.045 for a mean increase of 4.5 in n) and from midsize
complexes to large complexes (i.e., a change of only 0.135 for an
increase of at least 4 in n). Interestingly, a similar rate of increase
in P with n holds for the yeast data if we assume that the P value
for yeast monomers is the average of the two estimates in Table
1, i.e., P = 0.668. We emphasize that if the proportion of
singletons (Q) or the mean family size is used instead of P, the
rate of change with # is even slower except when 7 is large. For
example, for the human data the mean family sizes are 8.52,
10.54, 8.13, and 491 forn = 1,n = 2, 3= n = 10, and n > 10,
respectively.

In yeast, the dosage sensitivity issue can be further examined
by using gene deletion data (18). Following Gu et al. (8), we
classify the fitness effect into four classes: (i) if f > 0.95 for all
of the five growth media tested, the deletion has a weak or no
fitness effect, (if) if 0.8 = fiin < 0.95, where fumin is the smallest
f value for all of the five growth conditions tested, the deletion
has a moderate effect, (i) if 0 < fmin < 0.8, the deletion has a
strong effect, or (iv) the deletion is lethal, i.e., f = 0. For
singletons, the proportion of gene deletions with a weak or no
fitness effect (Pw) is ~60% or 70% for monomers, depending
on whether unnamed genes are included or excluded (Fig. 24),
whereas @y is only =~17.9% for multimers (Fig. 2B). This
observation is in agreement with the finding that proteins with
many interactions are more likely to be essential in yeast (19). It
is also in agreement with that of Papp et al. (3), which they took
as evidence for a strong dosage effect for multimers. However,
this observation is based on the total absence of a gene product
and may reflect differences in functional requirement rather
than differences in dosage sensitivity. For example, a multimer
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Fig. 2. (A) Fitness distribution of singletons vs. duplicates for monomers in

yeast. (B) Fitness distribution of singletons vs. duplicates for multimers in
yeast.

might tend to be involved in more functions than a monomer, so
that its absence, on average, causes a stronger fitness reduction
than does the absence of a monomer. Actually, what is at issue
here is the survivability of a gene duplicate, that is, whether an
additional copy is good or bad for the fitness of the carriers of
the duplicate genes. Thus, it is more pertinent to see the fitness
effect of the deletion of a duplicate gene than that of the deletion
of a single-copy gene. Fig. 2 shows that the ®w value for
duplicate genes is ~12% higher than that for singletons, regard-
less of whether the gene product is a monomer or a subunit of
a multimer. Therefore, the data reveal no difference in dosage
effect between duplication of a monomer and duplication of a
multimer subunit. Note, however, that the data refer to the
subset of cases where the gene duplication apparently did not
cause any substantial deleterious effect; otherwise, it should
have been eliminated from the population. For this reason, the
data are likely to give a biased estimate of the dosage effect of
gene duplication.

What is most interesting from Fig. 2 is that, for duplicate
genes, 1 — Py, i.e., the proportion of cases with a moderate or
stronger fitness effect of gene deletion (including lethal), is
—70% for multimer subunits but only ~20-25% for monomers.
A deletion of a duplicate copy with a moderate or stronger
fitness effect may imply that the functions of the two duplicate
genes have already diverged to some extent, so that they can no
longer completely compensate each other for null mutations.
Therefore, we may conclude that for those duplicate genes that
have survived the chance for functional divergence seems to be
higher for the case of a multimer subunit than for a monomer.

Our results clearly indicate that human genes have a much
lower probability to be singletons (unduplicated) and have on
average a much larger mean family size than yeast genes,
regardless of whether they encode for monomers or complex
subunits. This observation suggests that single-gene duplication
is less likely to be deleterious in human than in yeast, contrary

Yang et al.
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to the conjecture of stronger dosage sensitivity in complex
organisms than in yeast. There are several possible reasons for
higher gene duplicability in human than in yeast. First, human
may be genetically robust against dosage increase. It has been
suggested that large developmental systems are robust against
variation in many of their components, although they are also
likely to be sensitive to variation in a small subset of their
component processes (20). In Drosophila, the expression level of
regulatory genes, which are in general subject to tighter regu-
lation than other genes, changes 2- to 10-fold in the process of
regulation (20). An interesting example is that the spatial
gradient of bicoid displays a high embryo-to-embryo variability,
and this variation is strongly decreased at the expression level
of the downstream gene hunchback (21). Indeed, the embryos of
mothers with four dosages of bicoid are as viable as those of
mothers with two dosages (i.e., wild-type mothers) (4). In
human, a study using cultured cells showed that >60% of
promoter polymorphisms caused >2-fold differences in gene
expression level (22). Thus, in complex organisms, a dosage
increase caused by gene duplication may often not have a
significant consequence in development or physiology. It is
interesting to note that large variations in TRNA gene copy
number have been observed in Drosophila populations (23),
suggesting that Drosophila is not sensitive to dosage variation in
rRNAs, which interact with ribosomal proteins. Second, human
may have a better feedback system to adjust gene expression
levels than yeast, so that gene duplication may not necessarily
double the expression level. Third, human may have more
efficient systems (e.g., chaperons, ubiquitins, proteases) to pro-
tect the cell from or to rid it of free excess subunits of protein
complexes. Fourth, overproduction of certain mRNAs or
polypeptides may not represent a large physiological burden to
human. For example, a human expresses many transposable
genes and a large amount of noncoding DNA, a substantial
portion of which may not be functional (24). Fifth, and impor-
tantly, human may have a higher chance for a gene duplication
to be advantageous (adaptive) than yeast. For example, human
may require large dosages for certain functions and gene dupli-
cation for any of these functions may be advantageous. Further-
more, human has many more cell types than yeast and thus may
have a higher chance for duplicate genes to become diversified
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in function. This is particularly true for defense systems; e.g., if
we exclude the three large gene families related to the immune
system, the mean family size for dimers decreases from 10.54 to
6.45 (Table 2). Adaptive evolution may be the major factor for
the existence of many large gene families in human. This
argument is in line with the view that metazoans have a higher
evolvability than single-cell organisms and that gene duplication
increases evolvability (25). Besides the above reasons, the effect
population size of vertebrates would in general be considerably
smaller than that of yeast, and this may increase the chance for
a slightly deleterious duplication to become fixed in vertebrates
compared with that in yeast. However, this factor is unlikely to
be responsible for a large gene family size.

In conclusion, the contrast between yeast and human data
provides much insight into gene duplicability. It suggests that
organismal complexity is a better indicator for gene duplicability
than protein complexity. There are two possible reasons. First,
complex organisms may tend to be more robust against dosage
increase than simple organisms. This robustness might be the
major factor that determines whether a gene can be duplicated
or not and it may explain why compared with yeast human has
a much lower proportion of unduplicated polypeptides. Second,
complex organisms may need large dosages for certain functions
and may have a higher chance for duplicate genes to diversify in
function than simple organisms. That is, there might be a higher
chance for adaptive evolution of duplicate genes to occur in
complex organisms than in simple ones. This may explain the
existence of many large gene families and much larger mean
family sizes in human than in yeast. In addition, the classification
of proteins into monomers, dimers, midsize protein complexes,
and large protein complexes revealed that protein complexity is
indeed an important factor for determining gene duplicability.
However, the rate of decrease in gene duplicability with subunit
number seems to be fairly slow. It will be interesting to see
whether these conclusions hold in general when more genomes
become available for such analyses.
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