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Summary
There are two intriguing paradoxes in molecular
biology—the inconsistent relationship between organismal complexity and (1) cellular DNA content and
(2) the number of protein-coding genes—referred to as
the C-value and G-value paradoxes, respectively. The
C-value paradox may be largely explained by varying
ploidy. The G-value paradox is more problematic, as the
extent of protein coding sequence remains relatively
static over a wide range of developmental complexity. We
show by analysis of sequenced genomes that the relative
amount of non-protein-coding sequence increases consistently with complexity. We also show that the distribution of introns in complex organisms is non-random.
Genes composed of large amounts of intronic sequence
are significantly overrepresented amongst genes that are
highly expressed in the nervous system, and amongst
genes downregulated in embryonic stem cells and
cancers. We suggest that the informational paradox in
complex organisms may be explained by the expansion
of cis-acting regulatory elements and genes specifying
trans-acting non-protein-coding RNAs.
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Introduction
The relationship between genomic information, DNA content
and biological complexity has been a subject of considerable
interest since the dawn of the genetic age.(1,2) The definition of
biological complexity is itself a matter of debate, but may be
considered a combination of metabolic and developmental
complexity, the latter broadly defined as the number(3)
and different types of cells, and the degree of cellular
organization.
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There is generally a close relationship between genome
size and genetic capacity in the prokaryotes, whose genomes
are haploid and primarily composed of closely packed proteincoding sequences. Bacterial genome sizes vary from
obligate endosymbionts such as Carsonella ruddii (0.16 Mb,
182 protein-coding genes)(4) which rely heavily on host
functions, to free-living bacteria with considerable metabolic
and catabolic capacity, such as Burkholderia xenovorans
(9.7 Mb, 8,602 protein-coding genes).(5) With the exception of
a few species whose genomes appear to be in the process of
degradation, prokaryotes contain relatively low amounts of
non-protein-coding sequences, on average 12%, which
mainly function as 50 and 30 regulatory elements that control
gene expression at the transcriptional and translational levels,
and also encode a limited number of infrastructural or
regulatory RNAs.(6)
In contrast to the prokaryotes, there are major incongruities
between both cellular DNA content and the number of proteincoding genes in relation to developmental complexity in the
eukaryotes, whose genomes contain larger amounts of
intragenic (i.e. intronic) and intergenic non-protein-coding
sequences, totaling almost 98% in humans. These sequences
have been considered, in the main, to be genetically inert.
Coupled with the presence of large amounts of ‘repetitive’,
usually transposon-derived, sequences in animal and plant
genomes, this has led to the conclusion that complex
eukaryotes can happily tolerate, and have either retained
or accumulated, variable amounts of ‘‘junk’’ or ‘‘selfish’’
DNA,(7–9) in contrast to rapidly dividing, free-living cells that
have been under sustained pressure to streamline their
genomes.(10) The possibility that these sequences may
themselves have function has, with some exceptions,(11)
rarely been considered, due to the underlying assumption
that most genes are synonymous with proteins, and the
accompanying expectation that the number of (protein-coding)
genes embedded in these otherwise junk-laden genomes
would emerge as the underlying dictate of biological complexity.(12) The latter has now been contradicted by genome
sequencing, which raises the question of where in genomes
the information that underpins biological function and developmental complexity lies, and how this information scales with
increasing complexity.
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This article reviews the relationship of cellular DNA content
and gene number to organismal complexity. We show that
incongruities in the former are due primarily to varying ploidy in
different lineages. We suggest that the lack of correlation in
the latter is explained by the evolution of an increasingly
sophisticated architecture to control gene expression and
gene product diversity during multicellular ontogeny, involving
both the expansion of cis-acting regulatory elements acting at
multiple levels (e.g. chromatin architecture, transcription,
splicing, RNA modification and editing, mRNA translation
and RNA stability), and the expansion of non-protein-coding
genes specifying regulatory RNAs that fulfill a wide range of
functions in cell and developmental biology.
The C-Value paradox
The C-value paradox or enigma refers to the historical
observation that the amount of cellular DNA in different
organisms does not correlate with their relative biological
complexity, or at least that there appear to be significant
exceptions to such correlations. Iconic examples include
amphibians and amoebae, which have much more DNA per
cell than mammals.(13)
The term C-value was first introduced in 1950 by Swift,(14)
and the C-value paradox nearly a quarter of a century later by
Thomas.(15) There has been considerable uncertainty regarding the meaning of ‘C-value’ which has had a rather loose
definition ranging from the complete complement of DNA per
nucleus to the haploid genome size, which has in turn led to
some confusion.(16) It is important to note, however, that until
recently the C-value was biochemically ascertained
and measured in picograms, and as such was generally a
crude estimate that did not give any insight into the sequence
composition or nature of the genetic information in the
genome concerned. It is also now clear that there are at least
four variables affecting estimations of the C-value—the
ambiguity of the term, polyploidy, repetitive sequences and
experimental errors—of which polyploidy may be the most
significant.(2)
Polyploidy is rare in mammals,(17) but relatively common in
amphibians and fish,(18) the vertebrate classes with the
highest known C-values. However, catalogued C-values
are not usually corrected for ploidy.(13) For example, the
C-value for the salamander genus Ambystoma(19) has been
taken to indicate a genome size 10–25 times larger than other
vertebrates(20) although polyploidy is known in Ambystomatidae,(21) and a recent genetic map suggests that the
salamander genome may not be greatly dissimilar in size to
other vertebrate genomes.(20) The lungfish also has a high
C-value, superficially suggesting that its genome is over an
order of magnitude larger than primates, but is again known to
be polyploid.(22) Other groups of organisms that exhibit a wide
range of C-values, such as crustaceans and insects, are also
frequently polyploid.(23)

There may also be significant measurement errors stemming from different experimental methodologies, interfering
compounds and physiological states.(24–26) For example,
there are widely differing estimates of the DNA content of
the lungfish Proteopterus aethiopicus, with measurements
ranging from 40 to 130 pg.(24)
In addition to lungfish and amphibians, amoebae are often
cited as the most-dramatic example of the lack of correlation
between genome size and biological complexity.(27) There are
many problems with this conclusion, including a likely variation
in ploidy, since some amoeba have hundreds of chromosomes,(28) which may be generally related to cell size, not just
in protists but in many different organisms,(29) as well as the
presence of significant amounts of contaminating DNA from
their prey.(24) The amoeba genome is probably smaller than
20 pg, far less than the 700 pg commonly cited,(24) but the
effective or haploid genome size of such protists may be in fact
far lower in light of the recently sequenced Paramecium
tetraurelia genome, which is only 72 Mb (i.e. approximately
0.07 pg).(30) There is also wide variation in C-values
and ploidy in plants,(23,31) which has led to the suggestion that
C-value might be best defined as ‘‘mean basic’’ genome size,
i.e. the size of a single unique copy of the genome.(31)
In this context, it is worth noting that a widely accepted
measure of relative complexity is the minimum amount of
information required to specify the ontogeny and operation of a
system (referred to as Kolmogorov or program-size complexity).(32) Interestingly, the minimum genome sizes observed
across metazoa show a consistent increase with complexity
from simple nematode worms to insects to vertebrates. This
holds true for both biochemical and genome sequence
measurements, as well as for computationally compressed
genome sizes (Table 1). Importantly there is no clade of
organisms whose minimum genome size is not substantially
larger than the minimum observed in a clade of lower
complexity.
It is clear that gene, segmental or whole genome duplication is one of the two major sources of raw evolutionary
material for genome expansion and the generation of new
functions.(33) This has been well documented in yeast where
there appears to have been at least one round of whole
genome duplication, followed by large-scale but highly
selective gene and genomic sequence losses, retaining genes
that evolved useful alternative (non-redundant) paralogous
functions and shedding many of those that were redundant.(34)
Similar observations have been made in flowering plant
Arabidopsis thaliana.(35) There is also evidence that the
vertebrates have undergone at least one round of duplication
compared to other metazoans, which may have provided the
platform for their subsequent evolution.(36) However, the
extent to which genome duplication via polyploidy has
contributed to greater functional complexity, as opposed to
allelic diversity, in extant organisms is difficult to assess,
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Table 1. Minimum genome size per clade
Biochemical genome
measurements
Clade

Mb

Nematodes
Insects
Non-vertebrate chordates
Fish
Amphibians
Birds
Reptiles
Mammals

29
88
68
342
929
949
1,027
1,692

Sequenced genomes

Common name

Mb

Compressed size (Mbits)

Common name

Root-knot nematode
Hessian fly
Larvacean
Green pufferfish
Ornate burrowing frog
Common pheasant
Skink
Bent-winged bat

97
118
159
385
1,700
1,047

240
312
344
776
3,312
2,544

Nematode
Fruitfly
Sea squirt
Pufferfish
Frog
Chicken

2,445

5,952

Dog

Minimum genome size per clade as an indicator of the minimum information required to specify a representative of the clade. Biochemical assessments, taken
from the Animal Genome Size Database,(13) sample a large number of species but are affected by a number of factors (see text). Figures for sequenced
genomes, obtained through the UCSC genome browser (see Hinrichs AS et al. 2006. The UCSC Genome Browser Database: update 2006. Nucleic Acids Res
34:D590–598) are more accurate but far fewer species have been sampled. The compressed size in megabits is an approximation of the Kolmogorov
complexity of the genome and is calculated as the size of the gzip compressed genome sequence file size.

especially, for example, when one compares different protists,
amphibians with mammals, or wheat with other grasses.
The other major source of raw evolutionary material
and of variation in genome size is transposon-derived
sequences,(37–40) which comprise almost half of the human
and mouse genomes(41,42) (Table 2). These sequences are
often but somewhat pejoratively referred to as ‘repetitive’
sequences. Nonetheless, there is increasing evidence that at
least some have acquired functions (for examples see Refs
(43–46)
), but it remains unclear what proportion have done
so and therefore what contribution they make to genetic
complexity in different lineages.(29,47)
However, it is also clear that deletion of sequences occurs
at a significant frequency over evolutionary time.(29,48) There-

fore, any extant genome sequence must reflect a balance
between (i) sequence acquisition by duplication and transposition, a proportion of which will have been fixed by positive
and subsequently negative selection following acquisition
of function, and (ii) sequence loss, which will be largely
restricted to those that have not yet acquired function or that
are functionally redundant. Again, what proportion of these
sequences fall into these categories is presently impossible to
determine. One may safely predict, however, that the more
ancient a sequence, the more likely it will have suffered one or
the other fate (i.e. acquired function or have been deleted),
and, therefore, the more likely that those that remain are
functional. This may throw doubt on the use of ancient ‘repeats’
(transposon-derived sequences) as an index of the rate, and

Table 2. Genomic feature comparison across eight species
Species
D. discoideum
C. elegans
D. melanogaster
T. nigroviridis
G. galus
M. musculus
H. sapiens

CDS
Mb (%)

UTR
Mb (%)

Intron
Mb (%)

Intergenic
Mb (%)

Total Genome size
Mb

Repeats
Mb (%)

21.1 (61.7)
25.4 (25.3)
21.8 (16.6)
30.5 (8.9)
25.0 (2.4)
27.5 (1.1)
31.7 (1.1)

NA
2.2 (2.2)
6.5 (4.9)
NA
4.9 (0.5)
25.8 (1.0)
30.0 (1.1)

2.5 (7.4)
30.4 (30.4)
38.4 (29.1)
190.1 (55.5)
345.0 (32.7)
757.0 (29.3)
1009.0 (35.2)

10.6 (30.9)
42.3 (42.1)
65.1 (49.4)
121.9 (35.6)
679.0 (64.4)
1773.0 (68.6)
1795.0 (62.6)

34.2
100.3
132.0
342.0
1054.0
2583.0
2866.0

3.4 (10.0)
12.9 (12.9)
16.2 (12.3)
10.3 (3.0)
104.3 (9.9)
1092.6 (42.3)
1391.0 (48.5)

Sequence analysis was accomplished using the featureBits program of the UCSC genome browser for each species (C. elegans ¼ ce2,
D. melanogaster ¼ dm2, C. intesinalis ¼ ci1, T. nigrovirdis ¼ tetNig2, G. galus ¼ galGal1, M. musculus ¼ mm7, and H. sapiens ¼ hg17) and the corresponding
gene annotation track (dictyBase, NCBI refGene, flyBaseGene, Genscan, Ensemble ensGene, UCSC knownGene, UCSC knownGene). In the case of
Dictyostelium, we constructed a partial UCSC browser using genome sequence and gene annotations obtained from dictyBase (http://www.dictybase.org/);
repeats were identified from the relevant literature. It should be noted that exon discovery will not significantly affect these data, other than altering proportions
of sequence in either intronic or intergenic bins. NA, data Not Available.
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variance of the rate, of neutral evolution in mammalian
genomes.(42)
The G-value paradox
As noted earlier, the apparent inconsistencies between DNA
content and organismal complexity, leaving aside the fact that
some may be ascribed to measurement errors and polyploidy,
were widely assumed to reflect the likelihood that the relevant
genetic information was obscured by the presence of variable
amounts of non-functional evolutionary debris in different
species or lineages. Reciprocally, it was assumed that the
relevant indicator, the underlying number of ‘genes’, would in
fact scale appropriately with complexity.(12) This depends on
the definition of a gene,(49) which has clearly evolved over
recent decades,(40) but has in the main been taken to mean
protein-coding sequences and associated regulatory elements, on the general expectation that most genetic information is expressed as and transacted by proteins, and that
proteins carry out most cellular functions, including most
regulatory functions.
The expectation that increased developmental complexity
would be reflected in an increased number of protein-coding
genes has not been borne out, and has been termed the
G-value paradox.(49) Predictions of the estimated number of
protein-coding genes in the human genome prior to
genome sequencing ranged from as low as 50,000 to as
high as 140,000,(50) whereas the latest estimates from
genome analysis indicate that humans have approximately
20,000 protein-coding genes,(51) similar to other vertebrates
such as the mouse,(42) chicken(52) and pufferfish.(53)
Unexpectedly, the nematode worm Caenorhabditis elegans,
which comprises only 1,000 cells, has 50% more annotated
protein-coding genes (19,300 genes)(54) than the far more
complex insects (13,500 genes)(55) and nearly as many
genes as currently estimated for vertebrates. Indeed, there
is no more than 50% variation in the extent of annotated
protein-coding sequences between slime molds, nematodes,
insects and vertebrates (Table 2). Moreover, despite their
considerable developmental and neurological complexity,
mammalia do not appear to have any more, and at present
are predicted to have less, protein-coding genes than plants
such as A. thaliana (latest estimate 26,000)(56) and rice
(37,000)(57) or protists such as Paramecium tetraurelia
(40,000)(30) and Tetrahymena thermophila (27,000)(58)
(Fig. 1B).
Thus, although these estimates may have significant
errors, particularly in plants,(59) and are still being refined(57,60)
(see below), whatever differentiates humans from fish, and
vertebrates from worms and protists, does not presently
appear to be reflected in the extent of protein-coding
sequences or the number of protein-coding genes (Table 2,
Fig. 1B). This post-genomic realization has been termed the
gene number, or G-value, paradox.(49) Part of this paradox

can be explained by an increased utilization of alternative
splicing, which allows a greater range of protein isoforms to
be expressed,(61) which clearly occurs in the complex
organisms, although this in turn necessitates an increase
in regulation.
Indeed, there is ample evidence that complex organisms
utilize a wide range of gene regulatory processes in addition
to alternative splicing, including chromatin architecture,
promoter selection, RNA modification and editing, RNA
localization, translation, and RNA stability, among others.
Recent studies have suggested that regulatory information
scales more than linearly with function in organisms and other
integrated systems, and may ultimately come to dominate their
information content.(62,63) Most, if not all, of this regulatory
information would be expected to reside outside of protein
coding sequences.
The expansion of non-protein-coding
sequences in eukaryotic genomes
We have previously shown a strong correlation between the
amount of non-protein-coding sequence and biological complexity by examining the ratio of non-protein-coding DNA to
total genome size (nc/tg), which intrinsically corrects for
varying ploidy or partial ploidy.(62,64) For the purposes of this
study, we were primarily concerned with broad increases in
complexity between different classes of organisms, such as
prokaryotes and eukaryotes, single cell and simple multicellular organisms, and invertebrates and vertebrates. However, this correlation itself exhibited some incongruities,
including the initial annotation of the mosquito (Anopheles
gambiae) genome which indicated an unusually high proportion of non-coding sequences (93%), clustering it with
vertebrates, rather than with other insects. The data for
eukaryotes has since been reassessed and, due largely to
improvements in the resolution and annotation of sequenced
genomes, shows a more consistent scaling, in line with our
earlier predictions (Fig. 1A).
Interestingly, the annotation history of completed genomes
shows that genomes, such as human, which were predicted to
have high gene counts were initially annotated correspondingly, followed by a gradual decrease.(60) Conversely, there is
some indication that there has been an increase in proteincoding gene number in genomes where initial predictions,
conditioned by corresponding expectations, were low.(55,65)
In the case of Anopheles, recent EST sequencing and a reevaluation of its genome size suggest that its genome is in fact
81–89% non-coding, congruent with other arthropods.(66,67)
Likewise, the silkworm Bombyx mori (68) has an nc/tg value of
0.8. The increased annotation fidelity of vertebrate genomes
reveals a clustering at the high end of the nc/tg spectrum,
which includes the compact puffer-fish genomes.(53,69) We
suspect that recently sequenced genomes from lower
eukaryotes, which are currently predicted to have high
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Figure 1. The fraction of non-protein-coding DNA and megabases of protein-coding sequence (CDS) per haploid genome across
species. A: The ratio of the total bases of non-protein-coding to the total bases of genomic DNA per sequenced genome across phyla
(i.e. the percent ncDNA). The four largest prokaryote genomes and two well-known bacterial species are depicted in black. Single-celled
organisms are shown in gray, organisms known to be both single and multicellular depending on lifecycle are light blue, basal multicellular
organisms are blue, plants are green, nematodes are purple, arthropods are orange, chordates are yellow, and vertebrates are red. Species
names are listed below section B of the figure. B: The amount (in megabases) of CDS per genome for species ranked by fraction of nonprotein-coding DNA. A description of the calculation methods and references for each genome can be obtained upon request.

proportions of non-coding sequence, for example the
diatom Thalassiosira pseudonan,(70) are mis-annotations
due insufficient EST coverage and to the fact that many gene
prediction algorithms have been trained on higher eukaryotes
or prokaryotes.(71) Moreover, two sequenced protist species,
Paramecium tetraurelia and Tetrahymena thermophila,
despite having an unexpectedly large amount of predicted
protein-coding sequences (56 Mb and 55 Mb, respectively)
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and genomes nearly as large as C. elegans,(30,58,72) have
nc/tg ratios that place them broadly in the same cluster as
other unicellular eukaryotes (Fig. 1).
Intron size and distribution
Despite the fact that introns, consistent with the nc/tg trend
discussed above, are much larger in developmentally complex
organisms (Table 3), are transcribed, include significant
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Table 3. Intron comparison across eight species
Number of genes

Introns

Intron size

Species

total

with introns

%

per gene

median

mean

max

D. discoideum
C. elegans
D. melanogaster
C. intestinalis*
T. nigroviridis
G. galus
M. musculus
H. sapiens

16362
19957
14034
246
28060
24747
18908
20181

11386
19413
11467
222
21219
23476
17031
17753

69.6
97.3
81.7
90.2
75.6
94.9
90.1
88.0

1.53
5.46
4.22
7.06
8.07
6.93
9.84
9.10

104
67
82
339
281
733
1360
1609

145
315
1179
826
1110
2347
5413
6486

2842
103002
132737
161573
150886
675663
996015
1096453

The number of genes, introns with genes and introns per gene were calculated using the UCSC genome browser for each species and the corresponding gene
annotation track (see Table 2 for more detail). For these analyses, we considered introns obligate CDS and UTR free regions within a known protein-coding
transcriptional locus. Intron size analysis was accomplished using the UCSC genome browser and the corresponding mRNA track. Unique introns from
cataloged mRNAs were analyzed, yielding a transcript-based (as opposed to genomic location based) description of intron distribution. It should be noted that
these data are likely affected by the amount of ESTand mRNA coverage (e.g., Drosophila has much higher coverage than T. nigroviridis). Descriptive statistics
are also affected by the fact that introns sizes for large genomes are right-skewed. *The current data for C. intestinalis are limited, and are included here for the
purposes proving an estimate of Ciona’s intronic landscape.

amounts of conserved sequences, and house all known small
nucleolar RNAs and a large fraction of microRNAs, they are
still thought to be largely devoid of important genetic
information. Correspondingly, their presence has been commonly rationalized as either the remnants of the early
assembly of genes and have been subjected to minimal
pressure for their removal in complex organisms compared to
microorganisms—the ‘‘introns-early’’ hypothesis—and/or the
result of the increased capacity of multicellular organisms to
accumulate evolutionary debris from transposons and other
sources—‘‘introns late’’.(10,73–75)
In either case, there has been little suggestion that the
retention and/or expansion of introns in complex organisms is
due to selection for functions encoded within them,(11,74) and that,
with the exception of a limited amount of obviously conserved
sequence (currently estimated at about 5%), they are presumed
to be evolving neutrally.(76) This presumption makes a specific
prediction, which the availability of multiple whole genome
sequences now makes it possible to test. If introns are largely
genetically inert, their lengths should be relatively random within
different types of genes, resulting from either primordial events in
gene assembly or the random accumulation of sequence from
transposon insertions, etc. However, this is not what is observed.
We examined the relationship between the total intronic
sequence (TIS) within annotated protein-coding genes and their
functions as defined by their Gene Ontology (GO) designations.
(GO is a formalized consistent vocabulary, whose category terms
are related to one another in a hierarchical manner, which is used
to describe the biology of a gene product in three independent
dimensions: (i) its molecular function, (ii) the biological process in
which it participates, and (iii) the cellular component wherein it is
located.)

We found significant GO category enrichment for genes
with the highest and lowest TIS lengths in human, mouse, fly
and worm (Fig. 2). To explore if this effect was driven by
repeats, we examined the most-repeat-dense genome of our
set, human. GO enrichment was not significantly affected by
repeat removal: greater than 85% of GO terms are identical
between repeat-included and repeat-removed enrichment
sets (Table 4). GO enrichment trends are also unaffected by
repeats in the mouse genome, or if genes are examined using
the ratio of cumulative intron to coding sequence (CDS) size,
which corrects for the size of protein-coding exons (data not
shown). Human enrichment sets show that large TIS genes
are strongly associated with neural functions and processes.
Similar enrichment is observed in large introns gene sets in
mouse and fly, but not worm (Table 5). We speculate that this is
due to the relatively small amount of neural tissue and GO
annotations (6500) in C. elegans (compared to >15,000 in
human).(77) Conversely, when examining across species for
small TIS GO enrichment, we find terms for ribosomal
processes and functions in human, mouse and worm,
although not in fly (Table 5). This may be due to the depth of
Drosophila GO annotation. If it is validated that ribosomal
related genes generally have small TIS compared to their host
gene sets, it would argue strongly against the hypothesis that
intronic sequences can tolerate indiscriminate insertion and
therefore generally increase in size over time.
GO annotation is a relatively blunt tool, limited by electronic
annotation, curation bias and GO ID term ambiguities and
relationships. In order to examine if there was systematic
tissue bias based on TIS size, we obtained the publicly
available Genomics Institute of the Novartis Research
Foundation (GNF) Expression Atlas 2 and sets for human
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Figure 2. Protein-coding genes binned by percent total intronic sequence (TIS) show a non-random distribution in the number of
statistically significant Gene Ontology terms per decile. An equal number of genes were evaluated for each decile based on TIS for human,
mouse, fruit fly, and round worm (e.g. assuming 20,000 genes in the human genome, 2,000 were analyzed in each decile). Clusters of
enriched terms are evident for genes with very little (i.e. 0–20%) and large amounts (i.e. 91–100%) of TIS. Gene Ontology enrichments were
determined using a Fisher’s Exact test, using threshold criteria of two fold enrichment and a P value of less than 106.

Table 4. GO enrichment for largest TIS human
genes
GO ID
GO:0007215
GO:0007409
GO:0030182
GO:0031175
GO:0048667
GO:0007417
GO:0000904
GO:0007169
GO:0048699
GO:0007167
GO:0030029
GO:0030036
GO:0048731
GO:0007399
GO:0006813

GO term
glutamate signaling pathway
axonogenesis
neuron differentiation
neurite morphogenesis
neuron morphogenesis during differentiation
central nervous system development
cellular morphogenesis during differentiation
transmembrane receptor protein tyrosine kinase
signaling pathway
neurogenesis
enzyme linked receptor protein signalling pathway
actin filament-based process
actin cytoskeleton organization and biogenesis
system development
nervous system development
potassium ion transport

GO terms which are at least twofold enriched (and a Fisher’s Exact
P value <106) for the 10% of human genes with the largest TIS
measured with or without repeats.
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(including the Gladstone array dataset) and mouse,(78) the
Arbeitman et al. life cycle expression set for fruit fly,(79) and the
Kim et al. life cycle set for C. elegans(80) through the UCSC
Genome Browser. Using tissue type or life cycle stage as a
surrogate for gene ontology type, we used a Fisher’s Exact
test to assess if the large or small TIS genes were overrepresented among genes highly or lowly expressed in a tissue
type.
Strikingly, both large and small TIS genes yield significant
enrichment biases in the human GNF Atlas 2 data sets. In
agreement with the GO analyses, large TIS genes are
significantly over-represented among highly expressed genes
in nervous system tissues, as well as in the uterus (Table 6).
Interestingly, large TIS genes are over-represented amongst
under-expressed genes in several cell types, including
immunologic, embryonic stem and cancer cells, which are
undifferentiated and pluripotent, or de-differentiated.(80) Small
TIS genes, however, are over-represented among highly
expressed genes in heart, bone marrow, lung, and pancreatic
islets (data not shown). The enrichment trends for large TIS
genes are consistent in mouse (data not shown), although no
significant tissue or life cycle expression patterns could be
gleaned from the D. melanogaster or C. elegans datasets. We
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Table 5. GO enrichment for genes with respect to total intronic sequence across 4 species
GO Terms common to the largest 10% TIS genes
Organism

GO term category

D,H,M
D,H,M
C,D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
D,H,M
C,H,M
C,D,H,M
D,H,M
D,H,M
C,D,M
D,H,M

biological process

cellular component

molecular function

GO identifier

GO term

GO:0000904
GO:0006468
GO:0007155
GO:0007169
GO:0007268
GO:0007399
GO:0007409
GO:0019226
GO:0030182
GO:0031175
GO:0048667
GO:0048699
GO:0048731
GO:0005578
GO:0031012
GO:0045202
GO:0003779
GO:0004672
GO:0004674
GO:0004713
GO:0005083
GO:0005085
GO:0005216
GO:0005261
GO:0008092
GO:0015268
GO:0030695

cellular morphogenesis during differentiation
protein amino acid phosphorylation
cell adhesion
transmembrane receptor protein tyrosine kinase signaling pathway
synaptic transmission
nervous system development
axonogenesis
transmission of nerve impulse
neuron differentiation
neurite morphogenesis
neuron morphogenesis during differentiation
neurogenesis
system development
extracellular matrix (sensu Metazoa)
extracellular matrix
synapse
actin binding
protein kinase activity
protein serine/threonine kinase activity
protein-tyrosine kinase activity
small GTPase regulator activity
guanyl-nucleotide exchange factor activity
ion channel activity
cation channel activity
cytoskeletal protein binding
alpha-type channel activity
GTPase regulator activity

GO Terms common to the smallest 10% TIS genes
Organism
C, H, M
C, H, M
C, H, M

GO Category

GO ID

molecular function
cellular component

GO:0003735
GO:0005840
GO:0030529

GO Term
structural constituent of ribosome
ribosome
ribonucleoprotein complex

We used the latest builds of the human (Homo sapiens, hg17), mouse (Mus musculus, mm7), fruit fly (Drosophila melanogaster, dm2) and nematode
(Caenhorabditis elegans, ce2) genomes in the UCSC genome database as our initial datasets. Protein-coding genes for each genome were obtained from the
hg17.knownGene, mm7.knownGene, dm2.flyBaseGene and ce2.sangerGene SQL tables respectively. These genomes and gene annotations sets were chosen
due to their well-curated protein-coding sequences and Gene Ontology annotations. Alternative isoforms were grouped to one canonical gene (most 50 start and
most 30 stop of clustered transcripts) according to the provided annotations. Intronic regions were defined as bases within the genomic bounds of a canonical gene
that were never annotated as CDS or UTR in any isoform, and aggregated to give a total. We also excluded regions annotated as CDS or UTR by the NCBI RefSeq
gene annotation set in each genome.(126) In a small number of cases, genes were removed from the analysis if they mapped to more than one locus. Genes were
then binned into deciles based on their total intronic sequence (TIS) size, and these bins were assessed for possible Gene Ontology (GO) enrichment.(77) Gene
Ontology structure and vocabulary were obtained from the GO website (http://www.geneontology.org). Annotations for each species were taken from the Gene
Ontology Annotations (GOA) database at the European Bioinformatics Institute (ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/). Human and mouse Known Genes
annotations were derived from the GOA gene_association Table. C. elegans and D. melanogaster annotations were derived from the GOA gene_product Table. A
Perl script and SQL code were created to calculate enrichment of terms and Fisher’s Exact P-values against a background of all GO annotated genes in the
molecular function, biological process, and cellular compartment ontologies for each species. Any GO term with less than two-fold enrichment or a P-value greater
than 106 was discarded. We chose these criteria to ensure that after correcting conservatively for multiple-hypothesis testing (bonferroni with at most 2000 tests)
our P-values would still be significant at less than 103. This relatively relaxed cut off was chosen to allow comparison between species with high (e.g. human) and
low (e.g. C.elegans) GO annotations. In the organism column C ¼ C. elegans, D ¼ D. melanogaster, H ¼ H. sapiens, and M ¼ M. musculus. Genes with small
intronic sequence show enrichment for ribosomal-related terms in C. elegans, human, and mouse. Threshold criteria are two-fold enrichment and a P value of less
than 106. Nervous system enrichment is common across human, mouse and Drosophila for genes with large intronic sequence.

suspect that this is due to the restrictions of the statistical
methods that we employed and the limited data sets in these
organisms. The Arbeitman et al. expression data(79) covers
less than one third of known Drosophila transcripts (4,028),

and the Kim et al. expression set(81) is specific to developmental stage rather than tissue.
These results suggest a highly nonrandom distribution of
intronic sequences in relation to gene function and tissue
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Table 6. Expression enrichment in Homo sapiens of genes with large total intronic sequence size
Gene set: 9-fold overexpressed
P Value
E-25
E-21
E-19
E-15
E-15
E-14
E-13
E-11
E-11
E-09
E-09
E-09
E-08
E-08
E-07
E-06
E-19
E-12
E-11

Tissue Type
prefrontal cortex
fetal brain
occipital lobe
amygdala
parietal lobe
thalamus
hypothalamus
subthalamic nucleus
medulla oblongata
caudate nucleus
globus pallidus
cingulated cortex
whole brain
cerebellum peduncles
spinal cord
temporal lobe
Gladstone Dataset
whole brain
uterus
spinal cord

Gene set: 2-fold underexpressed
P Value
E-47
E-36
E-36
E-36
E-34
E-33
E-31
E-31
E-30
E-28
E-26
E-24
E-24
E-24
E-20
E-16
E-16
E-15
E-13
E-09
E-06
E-06

Tissue Type
leukemia chronic myelogenous k562
thymus
BM-CD71þ early erythroid
leukemia lymphoblastic molt4-1
PB-BDCA4þ dentritic cells
colorectal adenocarcinoma
PB-CD56þ NK cells
PB-CD8þ T-cells
PB-CD4þ Tcells
PB-CD19þ B-cells
BM-CD34þ
leukemia promyelocytic hl60
bone marrow
tonsil
fetal lung
lymphoma burkitts raji
lymph node
cardiac myocytes
pancreatic islets
Gladstone Dataset
thymus
whole blood
embryonic stem cell

Human GNF expression tissue enrichment with respect to total intronic sequence size. Using the genome and gene database builds outlined in the Table 5 legend,
we analyzed large TIS genes for enrichment among highly and lowly expressed genes in 72 tissue types. We used expression threshold criteria to obtain groups of
overexpressed and underexpressed genes within the GNFAtalas data sets. Using tissue type as a surrogate for gene ontology type, we examined for enrichment
using a Fisher’s Exact test against a background of all genes within the probe set (e.g. genes 9-fold overexpressed). Threshold criteria for inclusion were 2-fold
enrichment and a P value of 106 for overexpression gene sets and 1.5-fold enrichment and a P value of 106 for underexpression gene sets, due to differences in
the total number of genes/probes in each set. As with our GO term enrichment analysis, we did not directly correct for multiple-hypothesis testing but in practice we
performed less than 100 tests per sample.

expression. This is in agreement with a number of recent
reports that examined intron size distributions but limited their
analyses to conserved regions.(82–85) In this study, we ignored
conservation, instead basing our work on the hypothesis that
many undiscovered cis-acting non-protein-coding DNA and
trans-acting non-protein-coding RNA elements reside in
introns, and that these may be adaptively plastic and therefore
undetected by conservation alone, as has been shown for a
number of transcriptional regulatory elements (see below).
However, we also acknowledge that there are other, not
mutually exclusive, explanations for these observations. For
example, recent experiments in yeast have shown that
introns may improve transcriptional and translational yield.(86)
Additionally, genes involved in house-keeping processes are
generally highly expressed and may have been evolutionarily
selected to be compact by deletion of intronic sequences,(82,84,85,87 –89) perhaps permitted by their lower
requirement for tissue-specific regulation, which potentially
artificially inflates the tissue-specific associations seen with
large TIS genes in this study. Genes involved in differentiation
and development, nonetheless, are known to be significantly
larger than average and to contain large amounts of regulatory
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information in their introns, consistent with a ‘‘genome design’’
model.(84,39)
Regulatory sequences and non-protein-coding
RNAs in complex organisms
For years, the relationship between cellular DNA content and
developmental complexity has been obscured by variations in
ploidy and by the assumption that the large amounts of ‘‘nongenic’’ information (that is, DNA sequences that do not
code for proteins) in introns and intergenic regions of the
genome were mostly non-functional. This may be incorrect.
Genome sequence comparisons have shown that multicellular organisms exhibit significant conservation of nonprotein-coding DNA,(42,90,91) indicating that a sizeable fraction
of these sequences have genetic function. Moreover, a recent
comparative study of Drosophila genomes indicated that a
large fraction of the non-protein-coding sequences are
functionally important and subject to both purifying selection
and adaptive evolution.(92) In addition, it seems clear that
the extent of promoter-enhancer regions, especially around
genes involved in differentiation and development, have
greatly expanded in complex organisms.(93–95) Many of these
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sequences appear to be evolving rapidly at the primary
sequence level while still maintaining similar function, indicating that important regulatory information resides not only in
conserved(95,96) but also in non-conserved regions,(97–99)
whose extent is as yet unknown. Cis-regulatory sequences in
vertebrates have also been shown to undergo shuffling,
increasing the number of recognizably conserved elements.(100) The length of UTRs in mRNAs has also expanded
in the complex organisms, particularly in mammals,(101)
suggesting an increase in cis-acting regulatory sequences
that control translation and mRNA half-life.
It has also become evident that the genomes of complex
organisms express large numbers of non-protein-coding
RNAs (ncRNAs), some, if not many, of which have regulatory
functions. Both cDNA and genome tiling array transcriptome
analyses have shown that the majority (at least 70%) of the
mammalian genome is transcribed in extremely complicated
patterns of interlaced and overlapping transcripts, many of
which are not polyadenylated.(101 –104) Most mammalian
genes also have antisense transcripts that appear to play a
role in regulation of their expression.(105) The majority of
the Drosophila genome has also been shown to be
transcribed.(106) Many of these non-coding transcripts
show developmental regulation and common structures,(102,103,103,107,108) and, in those cases that have been
examined in more detail, specific cellular locations and
functions.(109–112) Interestingly, known functional ncRNAs
show different extents of primary sequence conservation,
indicating that they are evolving at different rates under
different structure–function constraints and selection pressures,(113,114) including positive selection during adaptive
radiation,(112) indicating that lack of conservation does not
necessarily imply lack of function.(113)
These observations suggest that there may be a vast
hidden layer of RNA regulatory information in complex
organisms and that increasing amounts of genetic information
in these organisms is expressed as and transacted by
RNA.(115,116) This suggestion is supported by the finding that
many genetic phenomena in the higher organisms, such as
imprinting, co-suppression, RNA interference and chromatin
modification, involve RNA signaling (for recent reviews see
Refs (116,117)). It is also supported by the unfolding discovery of
new classes of small regulatory RNAs, including increasing
numbers of miRNAs that control a range of developmental
processes in plants and animals, via control of mRNA
translation and degradation,(114,118,119) and other RNAs such
as snoRNAs that modify other RNAs(120,121) and testisspecific piRNAs whose function has yet to be determined but
which are evolving rapidly.(122,123)
The evidence for a central role of RNA in eukaryotic
evolution and gene regulation has been presented in detail
elsewhere.(62,104,116) We do not claim that all transcribed
sequences are necessarily functional. Indeed, there may be a

reservoir of such transcripts that are themselves simply raw
material for evolution.(124) Nonetheless, the observation that
the genomes of multicellular organisms contain large amounts
of non-protein-coding sequences that scale consistently
with developmental complexity, indicates that, in addition to
important innovations in proteins involved in developmental
regulation and cell signaling, most of which were in place at
the base of the metazoan radiation,(125) the expansion of the
cis- and trans-acting regulatory architecture has been a crucial
factor in the evolution of the more developmentally complex
organisms. Accordingly, we suggest that the realization that
non-protein-coding sequences in complex organisms contain
large amounts of regulatory information, much of which is
transacted by RNA, would finally resolve the informational
enigma that has confounded genetics and genomics for so
long.
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