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The Modulation of DNA Content: Proximate
Causes and Ultimate Consequences
T. Ryan Gregory1 and Paul D.N. Hebert
Department of Zoology, University of Guelph, Guelph, Ontario N1G 2W1, Canada

The forces responsible for modulating the large-scale features of the genome remain one of the most difficult
issues confronting evolutionary biology. Although diversity in chromosomal architecture, nucleotide
composition, and genome size has been well documented, there is little understanding of either the evolutionary
origins or impact of much of this variation. The 80,000-fold divergence in genome sizes among eukaryotes
represents perhaps the greatest challenge for genomic holists. Although some researchers continue to
characterize much variation in genome size as a mere by-product of an intragenomic selfish DNA “free-for-all”
there is increasing evidence for the primacy of selection in molding genome sizes via impacts on cell size and
division rates. Moreover, processes inducing quantum or doubling series variation in gametic or somatic genome
sizes are common. These abrupt shifts have broad effects on phenotypic attributes at both cellular and
organismal levels and may play an important role in explaining episodes of rapid—or even saltational—
character state evolution.

The advent of molecular tools such as PCR and auto-
mated sequencing has uncovered a veritable gold mine
of information regarding the structures and functions
of individual genes and gene complexes. However, as
intellectually profitable as this “gene rush” has been, it
has had the unfortunate consequence of leading many
genetic prospectors to ignore what Maynard Smith
(1982) has called “one of the most difficult, perhaps the
most difficult, question in evolutionary biology”—the
evolution of the large-scale features of the genome. In
addition, it has led to a sometimes fierce dichotomy
between geneticists focusing on the microevolutionary
fates of individual genes and paleontologists con-
cerned with interpreting the macroevolutionary pat-
terns depicted in the fossil record. The gap between
these two schools of thought is widened by the grow-
ing emphasis on patterns of punctuated change re-
ported by the latter and the lack of a mechanistic ex-
planation for them that is compatible with the well-
established principles of population genetics
demanded by the former.

It is increasingly recognized that measures of ge-
netic divergence in random segments of the genome
are unlikely to yield deep insights concerning the pro-
cesses responsible for major morphological reconfigu-
rations. As such, the key genes in developmental path-
ways or those that regulate the behavior of entire ge-
nomes represent more logical targets for analysis. The
study of genomic properties is a particularly intriguing
area for research because there is strong evidence that
bulk DNA has important phenotypic effects and that
several processes may lead to quantum variation in ge-

nome size. This review explores the nature of variation
in DNA content and investigates its role in provoking
morphological—and evolutionary—change.

The Nature of DNA Content Variation

The basal genome size of an organism, also known as
its C-value, is defined as the content of DNA (measured
by weight or number of base pairs) in a single copy of
the entire sequence of DNA found within cells of that
organism. Basal genome sizes among prokaryotes vary
only slightly, with those of Archea and Eubacteria
ranging only an order of magnitude, from 0.5 to 5 Mb
(Krawiec and Riley 1990). The genome sizes of eukary-
otes, on the other hand, vary >80,000-fold (Li 1997).
Even among animals there is a nearly 3000-fold varia-
tion, and in plants basal genomes sizes vary by a factor
of >6000 (Li 1997). The question of how—and why—
genome sizes have come to vary by such a surprising
degree through evolutionary time is an important is-
sue.

Patterns of Genome Size Variation

As with any other macroevolutionary topic, it is critical
to ascertain whether the large changes in genome size
now observed among taxa arose via the gradual accu-
mulation or deletion of small segments of DNA or
whether a more punctuated pattern of change pre-
dominates. In the case of birds, mammals, and teleost
fish, where there is little variation in basal genome size,
alterations in C-value ordinarily appear to have re-
sulted from the gradual accretion and/or deletion of
small blocks of DNA, as evidenced by the approxi-
mately normal distribution of genome sizes in these
groups (Bachmann 1972; Bachmann et al. 1972; Gold
et al. 1992).
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Because a convenient supply of nucleated blood
cells is unavailable in invertebrates, information on ge-
nome size distributions in these organisms is less abun-
dant than for vertebrates. However, it is clear that the
patterns of genome size variation among single taxo-
nomic groups of invertebrates often differ from those
typical of vertebrates. Not only is variation in genome
size among closely allied species often large, but C-
values often vary in a discontinuous fashion despite
stable chromosome numbers. For example, a recent
survey of 79 species of polychaete worms showed a
>70-fold variation (from 0.1 to 7.2 pg), with the ge-
nome sizes of closely allied species clearly varying in a
quantum fashion (Sella et al. 1993; Gambi et al. 1997).
Moreover, a comparison of genome sizes in different
families of these organisms reveals the recurrence of
specific nodal values, suggesting that there is a simple
process enabling major shifts in C-value. This pattern
of quantum variation in genome sizes is common
among other invertebrates, particularly those showing
high taxonomic diversity, such as insects and crusta-
ceans. Similar patterns of genome size variation have,
for example, been documented among copepods
(McLaren et al. 1989), tardigrades (Garanga et al.
1996), anemones (Rothfels et al. 1966), aphids (Finston
et al. 1995), and other insects (Hughes-Schrader and
Schrader 1956), as well as among some plants (Rees
1972; Narayan 1982, 1983) and prokaryotes (Wallace
and Morowitz 1973; Li 1997).

Quantum Shifts in Genome Size

The best-known mode of discontinuous change in
DNA content is polyploidy. This process, which in-
volves the multiplication of an entire chromosome set,
is exceedingly common among plants (nearly 50% of
angiosperms are polyploid; Grant 1981). In those few
cases in which discontinuous variation in DNA con-
tent is detected in vertebrates, such as among some fish
and certain amphibians, cytogenetic studies confirm
that it has derived from past polyploidization. Poly-
ploidization also occurs in invertebrates but most
quantum shifts in genome size in these organisms have
apparently not resulted from this process, as species
exhibiting different C-values share similar chromo-
some complements.

That genome sizes often do not vary continuously
among species has been known for >20 years. In 1976,
Sparrow and Naumann argued that the genome sizes of
a whole range of organisms followed what they be-
lieved to be a doubling series. They found no associa-
tion between genome size and chromosome number,
making it clear that this doubling series was not a con-
sequence of polyploidy. This process of genome dou-
bling was termed cryptopolyploidy, and although no
satisfactory mechanisms have been offered to explain
it, two mutually compatible possibilities exist. First,

this pattern of genome size modulation may result
from the coordinate replication of all repetitive ele-
ments in the genome—a prospect supported by the
discovery of mutations in the insect Chironomus that
provoke the orchestrated replication of scattered ge-
nomic elements (Keyl 1965). Second, quantum shifts
in C-value may simply occur via the additional repli-
cation of individual chromosomes. The accepted view
that chromosomes possess a unineme structure ap-
pears to preclude this possibility, but the work support-
ing this view focused almost exclusively on vertebrates,
which do not show cryptopolyploidy, and on other
eukaryotes such as Drosophila and yeast, which have
extremely small genomes.

Gradual Shifts in Genome Size

In some cases, such as among most vertebrates and to
a certain degree among invertebrates, genome sizes
vary in a more continuous fashion. These more gradual
alterations of genome size are often attributed entirely
to modulation of the repetitive DNA content of the
genome. In fact, over a 25-fold range in genome sizes
relevant to most fish, reptiles, birds, and mammals
(from 0.2 to 5 pg), the percentage of single-copy DNA
shows no significant change (Fig. 1), indicating that
within this range the amount of single-copy DNA
shifts in concert with changes in genome size. Thus,
the traditional claim that changes in single-copy DNA
have little to do with genome size shifts seems exag-
gerated. The role of single-copy DNA in genome size
modulation has been ignored in part because it has
never been obvious how such radical shifts in the
abundance of nonrepetitive DNA could arise.

The coding genes of eukaryotes ordinarily display
an intron–exon structure whereby sequences of coding

Figure 1 Relationship between haploid genome size and per-
cent single copy DNA over a 25-fold range in genome sizes
among a wide range of animals (both vertebrates and inverte-
brates). Although very large genomes consist primarily of repeti-
tive elements, there is little variation in the proportion of the
genome made up of single copy sequences over this smaller
range (which is relevant to most fish, reptiles, birds, and mam-
mals). Data from John and Miklos (1988).
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DNA are interrupted by often lengthy stretches of
seemingly superfluous nucleotides. Although the in-
trons are excised during transcription and generally
seem to play no critical role in gene function, their
positions are remarkably conserved (Kersanach et al.
1994). The lengths of exons average ∼200 bp in a broad
range of eukaryotes (Hawkins 1988), but mean intron
lengths vary >20-fold from a low of 25 bp in Parame-
cium (Russell et al. 1994) to 60 bp in Drosophila and
∼650 bp in most vertebrates (Hawkins 1988). Given
their regular interruptions with introns, a gene con-
taining 1 kb of coding sequence would have a total
length of 1.1 kb in Paramecium, 1.2 kb in Drosophila,
and 3.6 kb in vertebrates. These differences suggest
that variation in the amount of single-copy DNA
among species may largely be explained by shifts in
intron length. Moriyama et al. (1998) have suggested
that differences in genome size among Drosophila spe-
cies can be explained in part by differences in the
lengths of their introns. Moreover, the positive corre-
lation between genome size and bulk amounts of
single-copy DNA suggests that the processes that im-
pact intron length are also involved in regulating the
size of other noncoding segments of the genome. Al-
though differences in intron lengths may explain only
a portion of the variation in genome size among or-
ganisms, they may provide a useful sentinel system by
which to gauge the presence of factors causing the ex-
pansion or pruning of noncoding DNA on a genome-
wide scale. The precision with which such manipula-
tions of DNA content appear to be carried out raises
interesting questions regarding the nature of the forces
and mechanisms responsible (Petrov and Hartl 1997).
Some authors have proposed that the extremely small
selection coefficients relating to additions or deletions
of individual nucleotides could be sufficient, given
enough time, to account for the gradual alterations in
genome size observed in some groups (Charlesworth
1996). However, there is now increasing evidence that
both shifts in intron lengths and in the amounts of
other noncoding DNA are driven by genome-wide al-
terations in the incidence of deletion and insertion
events, resulting in selection coefficients of a much
more reasonable magnitude (Petrov et al. 1996).

The C-Value Paradox

The lack of a correlation between genome size and or-
ganismal complexity has so surprised biologists that it
has come to be known as the “C-value paradox” (Tho-
mas 1971). For example, Homo sapiens has a genome
size 200 times smaller than that of Amoeba dubia (Li
1997). Moreover, it has been well established that the
genomes of most eukaryotes contain thousands of
times more DNA than required to carry out all neces-
sary protein coding and regulatory functions. Some
early attempts to explain this lack of an association

between C-value and complexity proposed that the su-
perfluous DNA present in large genomes acted as a
storehouse of genetic variability that could be recruited
by evolution should the need arise (Jain 1980). The
fallacy of ascribing such foresight to the evolutionary
process is now well recognized, but several plausible
solutions to this puzzle remain.

Junk, Parasites, Nucleotypes, and Nucleoskeletons

Perhaps the simplest explanation for the C-value para-
dox offered to date is that the noncoding DNA is sim-
ply useless “junk” that accumulates over evolutionary
time (e.g., Ohno 1972; Pagel and Johnstone 1992). This
accumulation, it is argued, is driven by genetic drift, by
mutation pressure resulting in duplications of genomic
segments, or by the maintenance of “extinct” genes
whose function has been lost. Thus, proponents of the
junk DNA view suggest that there is a consistent drive
unrelated to natural selection for increased genome
size through time. The evidence supporting this view is
weak; there is, for example, no evidence that “primi-
tive” species invariably contain less DNA than their
derived counterparts (coelacanths may have small ge-
nomes, but lungfish do not). In addition, it does not
provide an explanation for the reductions in genome
size that are known to have occurred in many lineages.

The characterization of the evolutionary process as
the product of the differential reproductive success of
individual (or groups of) selfish replicators (Dawkins
1976) led to the hypothesis that similar types of selec-
tion could operate on selfish elements acting to in-
crease their representation within the genome, regard-
less of their effects on the “host” organism (Doolittle
and Sapienza 1980; Orgel and Crick 1980). Under this
view, the expansion or deletion of noncoding DNA
represents the outcome of a continuous struggle be-
tween selfish DNA and the host genome, the former
selected intragenomically to increase in number, and
the latter selected to minimize the costs of replication
associated with carrying a large amount of unnecessary
genetic baggage. Thus, both the junk and selfish DNA
hypotheses postulate that the C-value of a species is
merely a by-product of the persistent accumulation of
phenotypically neutral DNA that is excised only when
it becomes too costly. Under these views, DNA content
is not subject to direct adaptive modulation because it
has no effects on the organismal phenotype.

The simple lack of a correlation between C-value
and complexity is hardly strong grounds for conclud-
ing the phenotypic irrelevance of DNA content. It has
been known for some time that the DNA content of a
nucleus is closely related to the volume of its cell in a
wide range of organisms (Mirsky and Ris 1951). Indeed,
it has been asserted that “the most reliably established
fact about genome evolution is that C-values are gen-
erally positively correlated with cell and nuclear vol-
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umes” (Cavalier-Smith 1982). This relationship with
cell volume, in turn, results in strong inverse correla-
tions between genome size and important life history
characters such as rates of cell division (Cavalier-Smith
1985a), metabolism (Vinogradov 1995, 1997), and de-
velopment (Sessions and Larson 1987). These correla-
tions make it obvious that if a causative relationship
exists between C-value and cell volume, then genome
size could be subject to adaptive manipulation by natu-
ral selection acting on the organismal phenotype.

Proponents of the selfish and junk DNA hypoth-
eses argue that the well-established and approximately
linear relationship between DNA content and cell vol-
ume is strictly correlational; larger cells can simply tol-
erate more superfluous DNA. It is not clear, however,
why the tolerance of cells scales in such a direct way
with genome size that this relationship persists in a
linear fashion across several orders of magnitude and
among vastly diverse organisms with different replica-
tion requirements (Cavalier-Smith 1985b). Certainly, it
is equally attractive to postulate a causal link between
C-value and cell volume. Early attempts to describe
such a link suggested that bulk DNA, by its sheer pres-
ence and independent of its nucleotide sequence,
served to determine the volume of the cell by what
came to be known as “nucleotypic” effects (Bennett
1972). Unfortunately, no mechanistic explanation for
this causative relationship was offered. Later, Cavalier-
Smith (1978, 1982, 1985b) argued that although cell
volume was manipulated in response to natural selec-
tion, it was not determined by the amount of DNA
present in the nucleus. Under this view, cell volume
was modulated first via the actions of specific control
genes, and genome sizes were then subsequently modi-
fied to meet the need for changes in the numbers of
nuclear pores through which RNA could pass into the
cytoplasm. Changes in the availability of such pores
were believed to be accomplished by altering the vol-
ume of the nucleus, which, in turn, was determined by
bulk DNA acting as a “nucleoskeleton.”

Although genes capable of manipulating cell vol-
ume do exist (e.g., Nurse 1985), there is also strong
evidence that noncoding DNA itself influences cell
size. Changes in ploidy level, for example, have direct
effects on cell volume. Although some authors have
suggested that this is due to changes in regulatory gene
dosage, the addition of noncoding supernumerary B
chromosomes has a similar effect on cell size (Nurse
1985). Similarly, chromatin diminution (see below)
leads to a reduction in cell volume (Cavalier-Smith
1980). Finally, the quantum patterns of genome size
shifts described earlier provide a major challenge to the
hypothesis that genome sizes are manipulated only
secondarily in response to the nucleoskeletal needs of
cells of different adaptively determined sizes. As Cava-
lier-Smith (1985b) pointed out, it is difficult to see why

the nucleoskeletal requirements of related species
should lead to the selection of genome sizes that are
always multiples of some basal value. Again, it is more
parsimonious to assume that bulk DNA content is ca-
pable, in concert with control genes, of influencing cell
volumes, perhaps indirectly as a result of their nucleo-
skeletal effects on nuclear volume.

Under this assumption, it is clear that changes in
genome size, via their influences on cell size, could be
subject to strong selection pressures acting on the or-
ganismal phenotype. The potentially profound im-
pacts of these effects on fitness are demonstrated per-
suasively by the strong relationship between cell size
and morphological complexity in the brains of am-
phibians (Roth et al. 1994). In this case, even the mod-
est changes in cell volume—and perhaps more impor-
tantly the delayed cellular developmental rates—
associated with increased genome size have clear
effects on brain structure. Indeed, the simplified, al-
most paedomorphic appearance of the brains of am-
phibians with large genome sizes suggests strongly that
had there been only a few more polyploidization
events in our ancestry, humans would now be poorly
equipped to cogitate the minutiae of genome size evo-
lution. Similarly, it is relevant that birds (Hughes and
Hughes 1995) and bats (Van Den Bussche et al. 1995),
for which high metabolic rates are prerequisites for
flight, have the smallest genomes among homeo-
therms, and that lungfishes, which must tolerate pro-
longed periods of estivation under hypoxic conditions
where survival is aided by low metabolic rates, have the
largest genomes of all vertebrates (Cavalier-Smith
1985a).

Geographical Distribution of DNA Content Variation

In addition to the cytological and physiological corre-
lates discussed above, there exists a convincing corre-
lation between DNA content and thermal regime. In
diverse taxonomic groups there is a cline in DNA con-
tent with both latitude and altitude, with those species
inhabiting northern (i.e., arctic) or high-altitude cli-
mates exhibiting larger genomes or more frequent
polyploidy than their southern or low-altitude coun-
terparts. For example, the freshwater fish fauna of arc-
tic Canada is thoroughly dominated by salmonids, the
only one of 20 fish families in North America consist-
ing entirely of polyploids. Similarly, populations of the
dominant zooplankton genera in arctic lakes, Daphnia
and Bosmina, are typically composed of polyploids,
whereas their temperate zone counterparts are diploid
(Beaton and Hebert 1988). A similar climate-
dependent trend is apparent in Plethodon salamanders
(Xia 1995; Jockusch 1997) and in numerous groups of
plants (Grime and Mowforth 1982). It is obvious,
therefore, that natural selection can—and does—favor
the modulation of DNA content under certain condi-
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tions. This, coupled with the quantum nature of ge-
nome size shifts, suggests that there is a powerful and
as-yet-undescribed mechanism(s) responsible for the
adaptive manipulation of DNA content.

Intraindividual Variation in DNA Content

It has become common practice to neatly characterize
organisms, or life stages of organisms, as haploid, dip-
loid, or polyploid. In reality, the conglomerate of cells
that makes up the body of an individual exists as a
melange of ploidy levels; there is no such thing as a
strictly diploid organism (Brodsky and Uryvaeva 1985).
The DNA contents of cells within an individual organ-
ism are manipulated in two ways: The first involves the
expansion of DNA content in somatic cells; the second
results in the miniaturization of somatic genomes. The
importance of both these processes in evolution has
been sorely underestimated.

Endopolyploidy and the Expansion of Somatic DNA

Even more common than the occurrence of polyploidy
among different species is the tendency of certain cells
within organisms to exist in a polyploid state. This pro-
cess of endopolyploidy has been observed in every ani-
mal species studied to date (including humans) and is
especially common among arthropods. It is also preva-
lent in plants, particularly among angiosperms (Brod-
sky and Uryvaeva 1985), and in a few species nearly all
tissues are endopolyploid (Galbraith et al. 1991). The
mechanism by which this process occurs is well under-
stood; endopolyploidy arises when mitotic DNA repli-
cation is not followed by cell division. In cases where
the replicated chromosomes do not separate and re-
main juxtaposed, the cell is said to display polyteny
rather than strict endopolyploidy, but the outcome is
the same. Most biologists are aware of the presence of
polytene chromosomes in the salivary glands of Dro-
sophila, but fewer recognize that this is but one variant
of a very common phenomenon.

Endoreduplication of DNA is obviously under ge-
netic control as ploidy levels vary in a tissue-specific
fashion. For example, in species of the crustacean
Daphnia, nearly half of their DNA is in an endopoly-
ploid state with ploidy levels varying among tissues
from 2 to 2048C (Beaton and Hebert 1989). The modu-
lation of ploidy levels is apparently mediated by natu-
ral selection favoring larger cell volumes, delayed cell
cycles, or increased gene dosage in certain tissues. High
levels of endopolyploidy are typical of cells involved in
secretion or intense protein production, for example.
In this regard, it is interesting to note that the highest
level of endopolyploidy observed to date, exceeding
one million-ploid, occurs in the silk-producing glands
of the larval silkworm moth, Bombyx mori (Perdix-
Gillot 1979), which has undergone intensive artificial
selection over several thousand years to maximize silk

production. It is also interesting to note that the high-
est levels of polyploidy are found in plants and animals
with small basal genome sizes, suggesting that it results
from an evolutionary compromise between selection
pressures favoring the shorter generation times and
rapid development afforded by small genomes (De
Rocher et al. 1990) and those favoring the mainte-
nance of a minimum mass of DNA in certain cells.

Chromatin Diminution and the Deletion of Gametic DNA

The second form of intraindividual DNA content
modulation, chromatin diminution, occurs much less
commonly than does endopolyploidy and has so far
been identified in nematodes, copepods, ciliated pro-
tozoans, several dipteran families, and hagfish (Kubota
et al. 1994). Chromatin diminution is a curious process
whereby large amounts of DNA present in the zygote
are deleted from early somatic cell lines at the 8–32 cell
stage, resulting in gametic genomes that are substan-
tially larger than expected based on inspection of so-
matic cells. Indeed, 2C somatic cells in Cyclops strenuus
contain only ∼5% as much DNA as a newly fertilized
egg (Grishanin et al. 1994). This phenomenon has tra-
ditionally been interpreted by proponents of selfish
DNA as a process whereby invading sequences of para-
sitic DNA allow themselves to be deleted from the
dead-end somatic cell lines, but not from the germ
line. However, it is difficult to imagine how a collec-
tion of repetitive elements could exercise such a pow-
erful influence over the genetic mechanisms of their
“host.”

A more complete understanding of the process of
chromatin diminution may come from considering
the differential modulation of gametic and somatic ge-
nomes as an adaptive feature that has arisen in re-
sponse to nucleotypic selection. Many species that
show chromatin diminution, including nematodes
and some copepods, are known to exhibit determinate
cell numbers. Thus, any large-scale manipulations of
the somatic genome would have profound effects on
adult body size via their influences on cell volumes.
Thus, if there is selection for larger egg size, but selec-
tion against large body size—a situation that is not
difficult to envision—then one would expect to find
the evolution of mechanisms capable of either ampli-
fying gametic and/or reducing somatic DNA contents.
This could be accomplished by amplifying gametic
amounts of noncoding DNA or by eliminating somatic
satellite DNA and introns (Grishanin et al. 1996).

Alternatively, it may be useful to consider chroma-
tin diminution and endopolyploidy as two sides of the
same coin, rather than as unrelated phenomena. It is
possible that the gametic nuclei of species that un-
dergo chromatin diminution are highly polytenic,
having undergone endoreduplication of the entire ge-
nome in response to nucleotypic selection. Hence,
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chromatin diminution may simply be the return of
somatic cell lines to the diploid state via the deletion of
these additional copies of the genome. This interpre-
tation makes unnecessary any assumptions of complex
intragenomic contests or fantastically precise pruning
mechanisms and appeals only to the well-established
phenomena of nucleotypic selection and endoredupli-
cation. This hypothesis could be tested by examining
the percentage of the genome represented by repetitive
DNA before and after chromatin diminution. An un-
changed proportion of noncoding DNA in the post-
diminuted somatic genome would strongly suggest
that entire copies of the genome, and not just select
fragments, had been deleted during this process.

Bridging (Some of) the Gaps in Punctuated Evolution

The prevalence of quantum shifts in basal genome size
and the ubiquity of intraindividual DNA content
modulation make it clear that there exist simple
mechanisms, presumably involving only one or a few
control genes, that can effect large-scale changes in
DNA content both within and among individual or-
ganisms. This obviously is of great importance in evo-
lutionary biology, because it presents a plausible
mechanism for the origin of large, rapid changes in key
physiological and morphological parameters in re-
sponse to selection acting on only a small number of
genes. At last, it appears that at least one potential link
between the gene-level view of natural selection es-
poused by population geneticists and the punctuated,
organism-based interpretation of the fossil record ad-
vocated by palaeontologists has been found.

Polyploidy and Diversification

It has often been stated that polyploids have little evo-
lutionary potential relative to their diploid counter-
parts because the multiplicity of their genomes buffers
them against mutation. However, the high levels of
heterozygosity found within most polyploids, the pre-
dominance of polyploidy in plant evolution, and the
well-documented ability of polyploids to invade novel
habitats (Lewis 1980) all suggest strongly that poly-
ploidization presents no hindrance to evolutionary
change. In addition, newly polyploid genomes are of-
ten highly unstable, resulting in a radical reshuffling of
genes (Soltis and Soltis 1995; Song et al. 1995), which
can result in rapid diversification. Polyploidy also re-
sults in nearly instantaneous speciation, because the
altered chromosome complements of polyploid indi-
viduals typically lead to reproductive isolation from
their diploid ancestors. Although this mode of specia-
tion is much less common in animals than in plants,
past polyploidization events lurk in the ancestry of
most organisms, including vertebrates (Ohno et al.
1968; Comings 1972).

The duplication of single gene loci has long been

considered a “prime factor of evolution” (Ohno et al.
1968). The redundancy of previously constrained cod-
ing regions and the multiplication of key genes in-
volved in developmental regulation can have pro-
found evolutionary implications (Ruddle 1997). Poly-
ploids, which are configured with duplicates of all gene
loci, often show bursts of evolutionary divergence fol-
lowing their origin (Iwake et al. 1996). For example,
the multiplication of homeobox clusters following
polyploidization may explain the enormous diversity
of fish species (Amores et al. 1998; Vogel 1998).

Genome Jumps and Novel Niches

Aside from the effects arising through increased gene
diversity, any increase in DNA content exerts nucleo-
typic effects. The cells of polyploid taxa are invariably
larger than those of their diploid ancestors and so too
are structures with determinate cell numbers. These
nucleotypic effects undoubtedly also extend to taxa
whose genome size shifts arose through cryptopoly-
ploidy. These will include alterations in metabolic and
developmental rates, somatic cell and gamete size, and,
in cases where there is no compensatory change in cell
numbers, overall body size. As such, a rapid change in
DNA content can have major effects on the physiology
and ecological lifestyle of an organism, impacting its
ability to evade predators and acquire food as well as a
host of other relevant aspects of its life history.
Changes in genome size may not affect the “evolvabil-
ity” of a lineage, but they may very well open up a new
realm of ecological possibilities and selection pressures
that lead to rapid change and speciation.

The Hopeful Monster Gets Lucky

The genome size distributions in many taxonomic as-
semblages make it clear that mutations involving
quantum jumps in genome size and the associated
changes in key organismal attributes have often been
successful. This type of saltational change has often
been dismissed on the grounds that such a mutant
could not locate a mate that shared its newly acquired
genetic and morphological characteristics; the hopeful
monster would be without a monsterette. Thus, if a
novel mutation is to persist, some mechanism must
exist that improves the likelihood that two rare mu-
tants can meet. In the case of DNA content modula-
tion, this may be facilitated by the profound changes
in developmental rates among such mutants that cause
them to reach sexual maturity at a time offset from
that of the remainder of the population.

The Effects of Endopolyploidy

Much like shifts in basal genome size, the occurrence
of endopolyploidy sets the stage for abrupt changes in
important physiological and morphological traits, and
again can be mediated by the action of relatively few
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control genes. In contrast to the phenotypic effects of
basal genome size shifts, however, the impacts of these
changes will be more localized, occurring only in cer-
tain tissues or cell types, and therefore involving
changes in single characters. However, these characters
often possess linkages to key fitness traits. For example,
developing eggs of most arthropods originate from a
tetrad of cells; one undergoes meiosis to become an
egg, while the remainder differentiate into nurse cells
that provision the egg with nutrients. In many species,
these latter cells become endopolyploid, a process that
enhances their ability to donate large volumes of es-
sential nutrients. Not surprisingly, shifts in the ploidy
levels of nurse cells can affect egg size. For example, in
viviparous aphids, in which the eggs are nourished
only briefly, the nurse cells reach a ploidy level of only
16C. In contrast, the nurse cells in oviparous females,
which nourish the eggs for a prolonged period of time,
rise to a ploidy level of 2048C (Manicardi et al. 1995).
Endopolyploidy is also known to have morphological
effects, as evidenced by the apparent link between the
presence of endopolyploid cells and the formation of
different predator-induced head morphologies in
Daphnia (Beaton and Hebert 1997). If endopolyploidy
can provoke morphological change within the lifespan
of an individual, it can surely effect morphological
change in the evolution of a lineage.

Conclusions

It is obvious that changes in DNA content both among
and within individuals have profound effects on many
phenotypic traits directly related to organismal fitness.
The fact that genomic reconfigurations can occur in
response to selection acting on only a few genes, yet
provoke large-scale, rapid, phenotypic changes sug-
gests that the neo-Darwinian paradigm can be consid-
ered neither dead nor complete. Specifically, an under-
standing of the structure, regulation, and evolutionary
dynamics of genomes at large represents a necessary

component of evolutionary theory that has been over-
looked to date, as emphasized by its conspicuous omis-
sion from the traditional biological hierarchy. In real-
ity, there exist separate but converging biological hier-
archies (Fig. 2), with DNA playing a dual role—both in
regard to its coding and regulatory functions, and in
terms of its bulk effects independent of nucleotide se-
quence. It is only by acknowledging the multifaceted
influence of DNA that a cohesive theory of evolution
will be achieved.
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