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Abstract. In the half-century since the C-value paradox (the apparent lack of
correlation between organismal genome size and morphological complexity)
was described, there have been no explicit statistical comparisons between
measures of genome size and organism complexity. It is reported here that
there are significant positive correlations between measures of genome size and
complexity with measures of non-hierarchical morphological complexity in 139
prokaryotic and eukaryotic organisms with sequenced genomes. These
correlations are robust to correction for phylogenetic history by independent
contrasts, and are largely unaffected by the choice of data set for phylogenetic
reconstruction. These results suggest that the C-value paradox may be more
apparent than real, at least for organisms with relatively small genomes like
those considered here. A complete resolution of the C-value paradox will
require the consideration and inclusion of organisms with large genomes into
analyses like those presented here.

1 Introduction

In the years following the discovery that DNA was the hereditary material [1], and
even before the structure of DNA was fully understood [2], investigators measured
the amount of haploid DNA (or C-value) in the cells of various organisms, hoping
that this quantity might provide insights into the nature of genes [3]. They found no
consistent relationship between the amount of DNA in the cells of an organism and
the perceived complexity of that organism, and this lack of correspondence became
known as the C-value paradox [4].

The C-value paradox has become one of the enduring mysteries of genetics, and
generations of researchers have repeatedly referred to the lack of correspondence
between genome size and organismal complexity [3, 5-9]. In spite of all of the
attention devoted to the C-value paradox over more than five decades, there has yet to
be an explicit statistical correlation analysis between measures of genome size and
measures of organismal morphological complexity. Organismal complexity has been
difficult to examine rigorously because of the inherent difficulties in measuring the
complexity of organisms. Rather than trying to measure morphological complexity,
most researchers studying the C-value paradox referred explicitly or implicitly to a
complexity scale with bacteria at the bottom; protists, fungi, plants, and invertebrates
in the middle; and vertebrates (particularly humans) at the top (Figure 1). This scale,
called the Great Chain of Being, can be traced back to Aristotle and exerts a pervasive
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influence over popular and scientific perceptions of complexity [10]. This scale is not
quantitative and incorporates untested assumptions about the relative complexity and
monophyly of taxonomic groups.

Instead, researchers have focused on studying the statistically significant
relationships between genome size and a variety of other quantitative traits such as
cell volume, nuclear volume, length of cell cycle, development time, and ability to
regenerate after injury [5, 11-15], which had long been included as part of the C-value
paradox [3, 4], but which recently have collectively been redefined as a distinct
phenomenon known as the C-value enigma [6]. There have been two general
categories of hypotheses concerning the cause of the C-value enigma and of genome
size variation [5, 6]. Explanations in the first category suggest that the bulk of the
DNA has an adaptive significance independent of its protein-coding function. The
amount of DNA may affect features such as nuclear size and structure or rates of cell
division and development, suggesting that changes in genome size may be adaptive
[6, 12, 13]. The second category of explanation suggests that the accumulation of
DNA is largely nonadaptive, and instead represents the proliferation of autonomously
replicating elements that continue to accumulate until the cost to the organism
becomes significant [16, 17]. Gregory [6, 14, 15] has recently summarized the
available data and argues that variation in genome size (and by implication variation
in amounts of genomic heterochromatin) is predominantly due to direct selection on
the amount of bulk DNA via its causal effects on cell volume and other cellular and
organismal parameters.

The work described in this paper is explicitly not an examination of the C-value
enigma, which is relatively well studied. This study attempts to address a very different
question, the C-value paradox sensu stricto or the relationship between genome size and
organismal morphological complexity, which is virtually unstudied. There are several
developments that have increased the tractability of this type of investigation. One of
the most important of these is the availability of many organisms with sequenced
genomes, providing us with reliable estimates of both genome size and number of open
reading frames (an estimate of gene number) [18]. A second advance has been the
development of measures of non-hierarchical morphological complexity [19]. The
number of cell types produced by an organism is among the most commonly used
indices of non-hierarchical morphological complexity, and there are cell type counts
available for a wide variety of organisms [20-24]. A final advance has been the
development of comparative techniques such as phylogenetically independent contrast
analysis [25-27].  Phylogenetically independent contrasts allows the study of
correlations among traits between different species of organisms, even though the
organisms vary in their degree of relatedness and are therefore not independently and
identically distributed. It does this by using an explicit phylogeny to create a series of
contrasts between pairs of sister taxa which, by definition, are the same age, so the time
elapsed and the accumulated phylogenetic distance between the sister taxa is factored
out of the analysis. The resulting contrasts are independently and identically distributed,
and therefore suitable for correlation analysis. The novel approach presented here
builds on these developments, using measures of genome size and complexity from
sequenced genomes, numbers of cell types and numbers of subcellular parts as measures



A Partial Solution to the C-Value Paradox 99

of morphological complexity, and phylogenetically independent contrast analysis to
provide the first explicitly statistical analysis of the C-value paradox. The results of
independent contrast analysis suggest that the C-value and measures of morphological
complexity are significantly positively correlated.
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Fig. 1. Representations of the relative complexity of organisms. Above:  Pictorial
representation of the Great Chain of Being as depicted in Valades [28] (after Fletcher [29]).
Below: the correspondence between number of open reading frames (an estimate of gene
number) and the number of cell types produced for the first 139 organisms with sequenced
genomes
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2 Materials and Methods

While genome size has been the preferred metric for comparison with complexity, at
least initially it was intended to be a proxy for gene number [3], which was difficult to
estimate accurately until whole genome sequencing became possible. Genome size
and number of open reading frames (an estimate of gene number) for the first 139
completely sequenced genomes (including 121 prokaryotes and 18 eukaryotes) were
obtained from two genome databases [30, 31]. The number of cell types and for
prokaryotes, the number of types of cell parts, produced by each organism was
obtained from the literature (On-Line Supplementary Table 1). Cell types were
considered distinct if intermediate morphologies were rare or absent. Counts of types
of cell parts were determined from descriptions of prokaryote ultrastructure that were
included in species descriptions. The number of cell types and the number of types of
cell parts represent non-hierarchical indices of complexity—organisms with more cell
types or cell parts are considered to be more complex than organisms with fewer cell
types or cell parts [19]. To control for evolutionary relatedness that might confound
correlations between these measures, I used independent contrast analysis with
phylogenetic trees generated from the small subunit of ribosomal RNA [32], using
sequences available for each taxon from NCBI [33]. Sequences were aligned in
CLUSTALX [34] and phylogenetic trees were generated by Neighbor-Joining,
Parsimony, and Maximum Likelihood methods as implemented in PAUP* [35] with
Eukaryote 18s rRNA sequences used as the outgroup.

In addition, a data set for 45 taxa (4 eukaryotes and 41 prokaryotes), compiled and
aligned by Brown et al. [36], and consisting of amino acid sequences for 23 conserved
genes was kindly provided by James R. Brown. Open reading frame counts for two of
the species included in Brown et al. [36], Porphyromonas gingivialis and
Actinobacillus actinomycetemosomonas were not available when these analyses were
conducted, so these species were excluded in my analysis (leaving 43 taxa: 4
eukaryotes and 39 prokaryotes). The Brown et al. (2001) data set was analyzed using
Neighbor-Joining and Parsimony techniques. Jukes-Cantor branch lengths were
applied to all trees, branch lengths of 0 were converted to 0.000001, and all branch
lengths were transformed to the square root of the Jukes-Cantor distance to
standardize them for analysis by contrasts [27].

3 Results

The evolutionary trees produced by the phylogenetic analyses are not shown because
they largely replicate the results of Nelson et al. [37] and Brown et al. [36]. These
analyses had to be repeated because independent contrast analysis requires that the
species included in the phylogeny and the species included in the continuous
character data sets must be completely congruent. Independent contrast analyses
using trees produced by different tree-building algorithms from the same data set
produced highly similar correlation coefficients, while analyses using trees derived
from different data sets had larger differences in correlation coefficients. However,
the significance of independent contrast correlations was generally robust to changes
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in tree topology, suggesting that phylogenetic uncertainty due to tree differences is
unimportant in interpreting these correlations [38].

3.1 Small Subunit rRNA Phylogeny Independent Contrast Analysis

First, the small subunit rRNA data set will be considered. After independent contrast
analysis, the correlation between number of cell types and genome size was
significant or nearly significant depending on the tree used (Table 1), and the
correlation between the number of cell types and the number of open reading frames
was highly significant (Figure 1). As eukaryotes, with their larger genome size and
greater number of cell types, might unduly influence these results, so the eukaryotes
were pruned from the trees and the independent contrast analysis was repeated. A
significant correlation was detected between the number of cell types and genome
size, as was the number of cell types and number of open reading frames. To answer
the concern that prokaryote cell diversity might be better expressed in terms of
numbers of cell parts (organelle-like structures: prokaryotes by definition do not have
true organelles), rather than numbers of cell types, the number of types of cell parts
for each prokaryote was also collected. This yielded a significant correlation between
the number of types of cell parts and genome size and between the number of types of
cell parts and the number of open reading frames.

Table 1. Independent contrast analyses for the small subunit rRNA phylogeny

Indpendent Contrast N r p

With Eukaryotes
Genome size vs. Number of Cell Types 139 0.155-0.186  0.029-0.068
ORFs vs. Number of Cell Types 139 0.616-0.641 <0.0001

Without Eukaryotes
Genome size vs. Number of Cell Types 121  0.225-0.228 0.011-0.013
ORFs vs. Number of Cell Types 121 0.192-0.197  0.030-0.034
Genome size vs. Number of Cell Parts 121  0.278-0.283 0.002
ORFs vs. Number of Cell Parts 121 0.276-0.277 0.002

3.2 Conserved Gene Amino Acid Phylogeny Independent Contrast Analysis

Substantially similar relationships were found using alternative phylogenetic trees
derived from conserved protein sequences for 43 species [36], suggesting that these
correlations are not an artifact of trees derived from small subunit rRNA sequences.
The independent contrast analysis using the Brown et al. (2001) data set showed a
significant positive correlation between number of cell types and genome size and
between the number of cell types and the number of open reading frames (Table 2).
Pruning eukaryotes from the trees and repeating the analysis yielded significant
correlations between number of cell types and genome size and between the number
of cell types and the number of open reading frames. Continuing to restrict the
analysis to prokaryotes and considering the number of types of cell parts gave
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significant or nearly significant correlations between this quantity and both genome
size and the number of open reading frames size.

Table 2. Independent contrast analyses for the conserved gene amino acid phylogeny

Indpendent Contrast N r p

With Eukaryotes
Genome size vs. Number of Cell Types 43 0.785-0.800  <0.0001
ORFs vs. Number of Cell Types 43 0.899-0.908 <0.0001

Without Eukaryotes
Genome size vs. Number of Cell Types 39 0.438-0.462  0.004-0.005
ORFs vs. Number of Cell Types 39 0.432-0.459  0.003-0.006
Genome size vs. Number of Cell Parts 39 0.308-0.320 0.047-0.056
ORFs vs. Number of Cell Parts 39 0.345-0.360 0.024-0.031

4 Discussion

For all of the data sets examined here, there are significant positive correlations
between genome size or numbers of open reading frames and numbers of cell types
and numbers of types of cell parts. These results suggest that the greatest irony about
the C-value paradox may very well be that there is no paradox at all and that genome
complexity and morphological complexity actually do significantly positively
correlate with one another, at least for the organisms with sequenced genomes in this
data set. This is not the first time a correspondence between genome size and
morphological complexity has been suggested [16, 39, 40], but this is the first time
the correspondence is supported by an analysis of independent contrasts that reveals a
statistically significant positive correlation.  This suggests that organismal
morphological complexity may follow some of the same scaling laws that have
already been observed in other combinatorial systems [41].

While these results differ from those of most previous studies of the C-value
paradox, previous methods for measuring these quantities (such as haploid DNA
content, chromosome number, or placement on the scale of the Great Chain of Being
[10]) may have been inadequate to detect these correlations. The development of
whole genome sequencing and annotation [30, 31] and the creation of new metrics for
measuring complexity [19] have permitted this finer-scale understanding of the
relationship between morphological complexity and genomic complexity. For those
interested in the relationship between genotype and the generation of morphological
complexity [42], the detected correlations between numbers of open reading frames
and numbers of cell types or types of cell parts suggest that the number of genes
present in an organism may have a greater role in permitting, generating, or
maintaining morphological complexity than previously anticipated.

A note of caution is warranted in interpreting these results because the selection of
genomes to be sequenced has been influenced by genome size, because larger
genomes are more costly to sequence. As a result, the tendency has been to select,
particularly among eukaryotes, morphologically complex organisms with the smallest
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possible genome sizes for sequencing. This could predispose data sets containing
eukaryotes to reveal positive correlations between genome size and morphological
complexity because of issues of taxon sampling. However, the selection of
prokaryotes for sequencing, because of their universally much smaller genome sizes,
is largely free from this bias, so the analyses of the prokaryote-only data sets included
here are probably revealing real positive correlations between measures of genome
size and complexity and measures of morphological complexity.

Complete resolution of the C-value paradox will require the consideration of
eukaryotic organisms with large genomes and significant amounts of heterochromatin
so that a determination can be made concerning whether the relationships reported
here also hold at larger genome sizes, something that may not be possible until several
organisms with large genomes have been sequenced.
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