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INTRODUCTION

 

The February 15th, 2001 announcement of the draft human
genome sequence was the culmination of a momentous un-
dertaking. The analyses of this sequence (International Hu-
man Genome Sequencing Consortium 2001; Venter et al.
2001) predicted a surprisingly modest 31,000 genes for

 

Homo sapiens

 

 (although this number has yet to be finalized),
as compared with estimates as high as 140,000 genes just a
few years ago (Fields et al. 1994). Given this, we narrowly
top the list for the eukaryotic genomes that have been

 

completely sequenced (Table 1). Even though sequencing the
human genome may be merely a first pass at a deeper under-
standing of our biology, one fact stands out as demanding an
immediate explanation: Why do humans have so few genes?

The assumptions and chauvinism implicit in this ques-
tion—that humans are vastly more complex than the other
fully sequenced eukaryotes and should therefore have a com-
mensurately larger suite of genes—are difficult to argue
clearly and may be even more difficult to justify biologically
(McShea 1996). Still, it is hard to deny our intuitive percep-
tion that the number of genes in a genome should be roughly
correlated with complexity and that organismal complexity
can be ranked as yeast 

 

�

 

 nematodes 

 

�

 

 flies 

 

�

 

 humans (we
reserve judgment on the relative position of the “green fly,”

 

Arabidopsis

 

). However, the number of genes in the genomes
of these organisms does not match our naive expectation.

This disjunction between the number of genes and organ-
ismal complexity, what we call the “G-value paradox,” par-
allels the finding during the 1950s that the physical size of
genomes does not correlate with organismal complexity, a
relationship known as the C-value paradox (Cavalier-Smith

 

1985; Appendix and Table 1). The finding that much of
the genome contains noncoding repeats and “junk” DNA
seemed to resolve the C-value paradox. Implicitly, this reso-
lution rested on the assumption that once noncoding DNA
was taken into account, the total number of genes would then

 

correlate with organismal complexity (Cavalier-Smith 1985).
However, the published G values of the completely se-
quenced eukaryotes make it clear that we have not yet re-
solved the C-value paradox—it has merely given way to the
G-value paradox.

Just as the discovery of noncoding DNA seemed to re-
solve the C-value paradox, so a few simple observations may
in time resolve the G-value paradox. These observations all
attempt to give more value to each of our genes and thus to
give us a more accurate genomic predictor of organismal
complexity by identifying the true measure of information
encoded by a genome, the “I-value” (Appendix; the concept
of “information” with respect to genes is itself highly debated,
see Oyama 1985 and Sarkar 1998, but a philosophical resolu-
tion to this issue is beyond the scope of this article). Some of

 

the observations we discuss here have been offered as 

 

the

 

answer to explaining our modest number of genes (David-
son 2001; Hanke et al. 1999; Szathmáry et al. 2001), whereas

 

some have been invoked in combination (International Human

 

Genome Sequencing Consortium 2001; Petsko 2001). These
observations indicate that the evolution of organismal com-
plexity will typically involve changes in the genome that are
subtler than simply adding genes. The C-value paradox was
resolved by a plea to the G value; a resolution of the G-value
paradox may be offered by a plea to the I value.

However, what if no measure of genomic information
content, no matter how precise, correctly predicts organis-
mal complexity? Our last observation will attempt to under-
mine the basic assumption that organismal complexity
somehow corresponds to even a refined measure of genomic
complexity.

 

cis

 

 REGULATION: DIVERSIFYING FUNCTION 
THROUGH TRANSCRIPTIONAL CONTROL

 

Many genes are expressed at several times and places during
development. In principle, increasing the complexity of a
protein’s expression profile allows it to carry out a greater
diversity of functions (Davidson 2001). Approximately 50%
of the human genome is made up of repeated elements, and
only 5% of the remainder is actually transcribed (Interna-
tional Human Genome Sequencing Consortium 2001); this
leaves an enormous fraction of the genome with the potential
to contain cis-regulatory elements. Although not all of the
noncoding regions may be used or needed for cis regulation,
it does not appear that many eukaryotes are space limited
(Table 1).
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INTERGENIC COMBINATORICS: AN 
ACCELERATING RATE OF RETURN

 

As the number of genes in an organism increases, the com-
binations of encoded protein that can operate together to per-
form complex functions increase much faster. This is true of
both metabolic (Fell and Wagner 2000; Jeong et al. 2000)
and signaling (Szathmáry et al. 2001) protein networks. If
each gene in the 

 

C. elegans

 

 genome produced just one pro-
tein, 162 million pairwise combinations of these proteins
would be possible; in comparison, 480 million combinations
are possible with the complement of human genes (Sokal
and Rohlf 1995). Adding just 100 genes to our genome
opens up 3.1 million additional pairwise combinations. For a
rather modest increase in G value, an organism can in prin-
ciple gain a disproportionate amount of complexity.

 

MORE FUNCTIONS PER GENE: “SWISS-ARMY 
KNIFE” PROTEINS

 

The proportion of multifunctional proteins encoded in our
genome appears to be higher than that in flies and nematodes
(International Human Genome Sequencing Consortium 2001);
that is, each of our proteins has, on average, a greater number of
distinct biochemical functions than do those of either of 

 

D. mel-
anogaster

 

 or 

 

C. elegans

 

. This has been described as the “Swiss-
army knife” explanation for our smaller than expected G value.

 

ALTERNATIVE SPLICING: FROM GENOME TO 
TRANSCRIPTOME

 

By the best estimates currently available, 59% of our genes are
alternatively spliced during transcription (Hanke et al. 1999;
International Human Genome Sequencing Consortium 2001).
If one only considers splice variants that affect protein-coding
regions, one obtains an estimate of approximately 69,000 dis-
tinct protein sequences encoded by our genome. This is a
greater than 300% increase on the number of genes. In com-

parison, the nematode genome contains a smaller proportion
of alternatively spliced genes, producing at most 25,000 pro-
teins (International Human Genome Sequencing Consortium
2001; The 

 

C. elegans

 

 Sequencing Consortium 1998). This
represents only a 33% increase over a simple count of genes.

 

POSTTRANSLATIONAL MODIFICATION: FROM 
TRANSCRIPTOME TO PROTEOME

 

Following translation, a variety of modifications can further
increase the number of functionally distinct proteins en-
coded by a single gene. Common modifications include gly-
cosylation, proteolytic cleavage, and phosphorylation (Al-
berts et al. 1989). A comparison of the human proteome (the
complement of proteins in a cell) to the transcriptome (the
complement of transcripts in a cell) will give us an estimate
for how prevalent this mechanism is in our genome.

 

GENE REDUNDANCY: G-VALUE INFLATION

 

Sometimes the G value will overestimate the information en-
coded in our genome. Duplications of single genes, whole
chromosomes, or even whole genomes are common evolu-
tionary events (Cavalier-Smith 1985). Fully 40% of the loci
in the 

 

C. elegans

 

 genome are the result of tandem duplica-
tions (The 

 

C. elegans

 

 Sequencing Consortium 1998), which
may account for much of its unexpectedly large G value
compared with 

 

Drosophila

 

. Single knockouts of duplicated
genes in mice often have no effect (Hurst and Smith 1999),
suggesting a significant degree of informational redundancy
among duplicated loci within mammalian genomes.

 

THERE IS NO G-VALUE PARADOX: RUBE 
GOLDBERG GENOMES

 

Even given the six points just discussed, genomic complexity
may not always be correlated with organismal complexity.
Like a Rube Goldberg Contraption, our genome may be
overly complex: There may be a simpler way to encode our
bodies and behaviors than actually exists in our genome. In-
deed, the G-value paradox (and the C-value paradox) is only
a paradox under the assumption that organismal complexity
somehow corresponds to the number of components in a ge-
nome (even a more refined number than a count of genes).
Complexity theory addresses the emergent properties of a set
of interactors and emphasizes the lack of a simple relation-
ship between the complexity of instructions (

 

�

 

 genes) and
the complexity of the product (

 

�

 

 organism) (Kauffman
1993). For example, biosynthesis of the amino acid proline
requires three different enzymes in enterobacteria, two en-

 

Table 1. Comparisons of C value to G value

 

Species C value* G value

 

†

 

Saccharomyces cerevisiae

 

12 6000

 

Drosophila melanogaster

 

120 14000

 

Caenorhabditis elegans

 

97 19000

 

Arabidopsis thaliana

 

125 26000

 

Homo sapiens

 

2900 31000

*In millions of base pairs.

 

†

 

Number of estimated genes.
Sources: Goffeau et al. 1996, Adams et al. 2000, The 

 

C. elegans

 

 Se-
quencing Consortium 1998, The Arabidopsis Genome Initiative 2000,
International Human Genome Consortium 2001, Venter et al. 2001.
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zymes in fungi and higher plants, but only a single, unrelated
enzyme in the gram-positive bacteria, 

 

Clostridia

 

 (Herrmann
and Somerville 1983). In fact, variation in the number of
genes necessary to synthesize a given amino acid is common
across the tree of life (Herrmann and Somerville 1983). This
is not functional redundancy but simply different recipes for
the same product. The historical necessity of working with
existing materials also means that the number of biological
instructions often does not correlate with the complexity of
biological products. During the development of 

 

C. elegans

 

,
131 cells are produced at various times and places that sub-
sequently undergo programmed cell death (this is approxi-
mately one eighth of the total cells produced) (Sulston and
Horvitz 1977). Like the human appendix, these cells may
have evolved in ancestors in whom they had a function.

 

CONCLUSIONS

 

Our previous discussion emphasizes that a count of the num-
ber of genes in a genome may underestimate or overestimate
the information encoded by those genes and may be no better
than genome size at predicting organismal complexity. In-
stead, data from the sequenced eukaryotic genomes impli-
cate more subtle genetic changes as being responsible for
changes in morphological and behavioral complexity. How-
ever, a refined estimate of genomic information content, no
matter how sophisticated, may not correlate simply with or-
ganismal complexity either. Within the next few years, some
lowly organism (our guess is that it will likely be a plant) will
be found to have a G-value in excess of our own. When that
day arrives and we lose our exalted status as G-value cham-
pions, we can console ourselves with the knowledge that (ge-
nome) size is not everything.
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APPENDIX. GLOSSARY

C value

 

The amount of DNA found in a haploid genome, usually
measured in millions of base pairs (Mb) or picograms (pg).
The “C” is used to denote the constancy of this number in a
species.

 

G value

 

The number of genes found in a haploid genome. These
numbers are usually a combination of known genes and pre-
dicted open reading frames. Posttranscriptional processes
such as alternative mRNA splicing and phosphorylation are
not taken into account in calculating this number.

 

I value

 

The amount of information encoded by a genome. This esti-
mate attempts to incorporate both the effective number of
genes (by including alternative splicing, posttranslational
modification, multidomain proteins, and gene redundancy)
and the complexity added by gene expression and interacting
genes.


