transcription-factor-binding site also correlates with
expression rather weakly. ‘It is widely accepted that
knowledge of transcription-factor-binding motifs is not in
itself adequate to elucidate transcriptional control mech-
anisms’ [33]. Therefore, the facility of chromatin (de)con-
densation and B—Z-transition in the gene and around the
promoter, which is tightly coupled (up to r=0.98) with
variation in GC content and CpG pattern, can determine
the expression characteristics of a given gene in a
synergistic (mutually enhancing) interplay with tran-
scription-factor-binding sites.
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small effective population size has generated much
controversy. In this article, we demonstrate that
freshwater fish species, which have smaller effective
population sizes than marine fish species, have larger
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genomes. We show that genome size is negatively
correlated with genetic variability, independent of
phylogeny, body size and generation time. Genome
duplication is also observed predominantly in fresh-
water fish. These results suggest that the raw materials
of complexity originate under conditions of reduced
selection efficiency.

Introduction

Genome size varies dramatically across the tree of life.
In general, larger genomes are more complex than
smaller genomes: they have more genes, more introns,
larger intergenic regions and a higher proportion of
mobile genetic elements [1,2]. Increases in genome size
might have triggered the evolution of biological complex-
ity, through regulatory diversification [3]. Therefore, it is
a major goal of modern biology to understand the factors
that influence genome size and complexity. Lynch and
Conery [4] have postulated that variation in genome
complexity is explained by differences in effective
population size among species. The effective population
size (N,, the number of independent individuals con-
tributing genes to the next generation) governs the
efficiency of natural selection against a mutation with a
given selective disadvantage (s). If the product of the
effective population size and the selective disadvantage
(N,s) is sufficiently small, natural selection is inefficient
and deleterious mutations can reach fixation by genetic
drift [5].

Lynch and Conery [4] argue that mutations that
increase genome size are deleterious, and that the small
N, of many eukaryotic species facilitates the fixation of
those mutations. Increasing genome size and complexity
can then evolve as a non-adaptive consequence of small
N, [4,6]. This proposal has been controversial [7-10]. It
has been argued that the model is not supported for
closely related groups [7], and that fundamental
differences between prokaryotes and eukaryotes can
compromise its predictions [8]. Most significantly, it is
often difficult to disentangle the effects of confounding
factors on genome size and N, [9]. For example, genome
size is negatively correlated with developmental rate
and hence negatively correlated with body size, which is
also correlated with N, [9,11]. This might reflect a
relationship between genome size, metabolic rate and/or
other mechanisms that govern these properties. Fur-
thermore, biologists rarely have access to true values of
N,. Instead, it is usually estimated from the level of
neutral genetic variability, which is the product of N,
and the mutation rate (commonly designated as u) at
equilibrium [4,5]. Because u can also vary between
species, using N.u to infer effective population size can
introduce an additional source of inaccuracy [8].
Mutation rate itself can co-vary with other traits such
as body size, metabolic rate and generation time [12].
Finally, it is important to analyze well-defined species
such that each taxonomic unit represents an indepen-
dent realization of population genetic processes [7,8].
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Figure 1. Marine species (M) have smaller genomes than freshwater species (FW).
We divided 1043 taxa into three approximately equal bins, according to the
distribution of genome sizes. Bins correspond to C-value<0.92 (353 species),
0.92<C-value<1.26 (339 species) and 1.26<C-value<6.58 (351 species). Within
each bin, the relative frequencies of M (blue) versus FW (white) species are shown.

Freshwater fish have larger genomes than marine fish
Here, we report analyses of the relationship between
genome size and N, in different species of ray-finned fish,
addressing the concerns mentioned earlier. Ray-finned
fish (Actinopterygii) comprise a monophyletic assemblage
that diverged from other vertebrate lineages ~425 million
years ago (Mya) [13]. We analyzed a non-redundant data
set of 1043 ray-finned fish species (from ~190 families)
whose genome sizes and habitat information are available
(supplementary material online). Haploid genome size in
ray-finned fish varies ~20 fold, from 0.37X10°bp
(guineafowl pufferfish, Arothron meleagris) to 6.44 X
10°bp (shortnose sturgeon, Acipenser brevirostrum).
Previous analyses with allozyme and microsatellite
markers suggest that freshwater fish species have lower
levels of genetic variability than marine species and hence
a lesser N, on average, because freshwater species are
confined to smaller geographic areas for breeding [14-16].
Based on this expectation, we hypothesized that fresh-
water species should have larger genomes than marine
species. Freshwater species indeed have larger genomes
than marine species (mean+SE=1.480pg+0.069 versus
0.976pg+0.039, respectively; Mann-Whitney, P<10"3;
Figure 1). We further analyzed the median genome sizes
per genus (n=593) and found the same pattern (mean+
SE=1.343pg+0.035 versus 0.976pg +0.023, respectively,
Mann-Whitney, P<10~3), suggesting that this result is
not caused by a few predominant genera.

Genome size is negatively correlated with neutral
variability in ray-finned fish

Next, we directly examined the relationship between
genome size and the level of neutral genetic variability
in a subset of species. For this analysis, we compiled
estimates of expected heterozygosities from microsatellite
markers. The expected heterozygosity is a function of Nu
at equilibrium following the stepwise mutation model [17].
We used a transformed value of expected heterozygosity,
referred to as ‘heterozygosity’ or Hr in the supplementary


http://www.sciencedirect.com

Genome size

Heterozygosity

TRENDS in Genetics

Figure 2. Heterozygosity (H7) is negatively correlated with genome size in ray-finned
fish. Blue circles indicate marine species, and the white circles indicate freshwater
species. The regression between natural log-transformed variables is statistically
significant (P<10~%), with an intercept of 1.11+0.22 (SE), a slope of—0.67+0.14,
and adjusted #=0.42, df=31.

material online. Our data set comprised 33 species (16
marine, 17 freshwater; from 24 families in 14 orders),
about which we had information from four to 28
microsatellite loci (298 loci total) in population samples
of 10-672 individuals (supplementary material online).
We found a strong negative correlation between genome
size and heterozygosity (Kendall’s 7= —0.426, P<10~ 3,
Figure 2). In other words, species with smaller effective
population sizes tend to have larger genomes.

We further assessed the effects of other traits that
might co-vary with N,u, namely body size and generation
time (supplementary material online). Body size and
generation time are significantly correlated with each
other in our data set (Kendall's 7=0.504, P<10" %),
consistent with previous studies (e.g. [12]). To tease
apart the relative contributions of these factors to
estimates of genome size, we performed a multiple
regression analysis with heterozygosity, body size and
generation time as explanatory variables, and genome size
as the dependent variable. We found that neither body size
nor generation time had a significant effect on genome
size, whereas heterozygosity had a significant effect
(F[1,31]=23.88, P<10~ ™).

The relationship between genome size and genetic
variability is independent of phylogeny

The taxa in our data set are not statistically indepen-
dent because of shared evolutionary history. For
instance, owing to data availability, fish from orders
Salmonidae and Cyprinidae are over-represented in the
analysis (Supplementary Table 1). To test the possibility
that such bias can confound our results, we computed
phylogenetically independent contrasts between char-
acter values (supplementary material online). Using
recent molecular phylogenies of ray-finned fish as the
reference, we calculated 23 independent contrasts in
our data set. Genome size and Hp are significantly
correlated among independent contrasts (Kendall’s
7=-—0.31, P=0.04). As above, heterozygosity is the
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only variable with a significant effect on genome size in
multiple regression analysis of contrasts (#[1,21]1=5.20,
P=0.03).

Concluding remarks

Therefore, we have shown that genome size in ray-finned
fish is negatively correlated with NV,, and this relationship
is independent of phylogeny, body size and generation
time. Our results lend strong support to the idea that
reduced N, underlies the evolution of larger and more
complex genomes. Another observation that can be
explained by this notion is the distribution of polyploidiza-
tion in ray-finned fish. All recorded cases of polyploidy
(~27 instances in eight orders; see Table 1 in Ref. [18]),
after the genome duplication in the ancestor of ray-finned
fish [19], are observed in freshwater lineages. Reduced N,
in freshwater fish might have permitted fixation of
otherwise deleterious [20] mutations that led to genome
duplications. Future research will address whether
passive increases in genome size have in fact been
co-opted for the adaptive evolution of complexity in fish
and other lineages.
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