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Variation across amphibian species in the size of the
Nnuclear genome supports a pluralistic, hierarchical
approach to the C-value enigma
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Amphibians have featured prominently in discussions of the C-value enigma, the still-unresolved puzzle regarding
the evolution of genome size. Their wide range in nuclear DNA contents and diverse ecological and developmental
lifestyles make them excellent subjects for addressing the key elements of the C-value enigma. However, in some
cases the importance of work on amphibians appears to be overstated. This is especially true of claims that patterns
of variation in salamanders support a particular theory of genome size evolution to the exclusion of others. This study
provides a critical re-examination of some of these claims, as well as an investigation of the relationships between
genome size, cell and nuclear size, and metabolism in amphibians. The results of these analyses, combined with an
overview of previous amphibian genome size literature, strongly indicate the need for a pluralistic approach to the
C-value enigma. In particular, it must be recognized that evolutionary forces operating and interacting at several
levels of biological organization (of which the genome itself is one) are responsible for the observed patterns in

amphibian genome size distributions.
Society, 2003, 79, 329-339.
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INTRODUCTION

AMPHIBIANS AND THE C-VALUE ENIGMA

There is no association between haploid nuclear DNA
content (‘genome size’ or ‘C value’) and organismal
complexity. For more than 50 years, this seemingly
simple observation has remained a key puzzle in the
study of genome evolution (Mirsky & Ris, 1951). The
discovery of non-coding DNA dissolved the initial
‘C-value paradox’ (Thomas, 1971) long ago, but several
important questions have persisted as part of a
broader ‘C-value enigma’ (Gregory, 2001a,b, 2002a,b).
These include the mechanisms of DNA content
change, the reasons for differential presence of non-
coding DNA in different groups, and the phenotypic
implications of its existence.

*E-mail: rgregory@genomesize.com

There is no doubt that amphibians have played a
vital role in attempts to unravel this mystery. Not only
do they have some of the most variable genome sizes
among vertebrates (overall ~130-fold, from 1C =0.95
to 120 pg), but they also demonstrate some important
phenotypic correlates of this variation (see below). Not
surprisingly, they have been some of the best-studied
animals in terms of genome size estimates, in both
absolute numbers of species and relative coverage of
the class (Gregory, 2001c, 2002b). (Unfortunately, this
applies only to frogs and salamanders, since only three
caecilians have been analysed to date).

Most papers on amphibian genome sizes have pro-
moted one theory or another to explain the C-value
enigma, but few have been as forthright as the boldly
entitled ‘Variation across species in the size of the
nuclear genome supports the junk DNA explanation
for the C-value paradox’ by Pagel & Johnstone (1992).
As will be seen, the actual arguments presented were
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not so strong as this titular proclamation would seem
to imply. Nevertheless, this particular publication con-
tinues to be cited as having provided ‘the’ solution to
the C-value enigma.

In this paper, I will argue that the story of amphib-
ian genome size evolution is much more complex and
interesting than is currently appreciated. Moreover, it
not only highlights some important principles in the
study of genome evolution, but also illuminates some
key aspects of the evolutionary process in general. It is
therefore essential that strong claims of support for
one explanatory theory to the exclusion of all others be
subject to careful scrutiny. To this end, this article pro-
vides a re-evaluation of the evidence presented by
Pagel & Johnstone (1992). The notion that selection
for metabolic rate (via cell size) is the primary deter-
minant of genome size in amphibians is also chal-
lenged by an evaluation of available data. These and
other considerations illustrate the necessity of main-
taining a pluralistic outlook on the C-value enigma.

WHAT PAGEL AND JOHNSTONE DID, DIDN'T,
AND COULDN'T SAY

SUMMARY OF THE STUDY

As Pagel & Johnstone (1992) characterize it, the enor-
mous variation in genome size among species can be
explained by one of two different approaches. Option
one, the junk DNA’ theory, postulates an upward
mutation pressure for increasing genome size that is
halted only when the replicational costs become too
great for the organism. Larger genomes therefore are
likely to be found in slowly developing organisms
which can (presumably) tolerate less efficient DNA
replication. Option two, the ‘nucleoskeletal’ theory,
emphasizes the critical importance of cell size to organ-
ismal fitness, and the need for a balanced ratio of
nuclear and cytoplasmic volumes for the maintenance
of cell growth and division. In this case, cell size
increases may occur adaptively (e.g. to provide more
efficient metabolism), and are then necessarily fol-
lowed by increases in genome size as the means by
which nucleus size is adaptively adjusted (see Gregory,
2001a for a detailed review of these theories, including
some important changes made to the nucleoskeletal
model since Pagel and Johnstones’ writing).

The established correlations between genome size,
nucleus size, cell size, and developmental rate (for
reviews, see Gregory, 2001a, 2002a) support both of
these approaches, but strictly speaking do not them-
selves differentiate between them. Thus, although
Pagel & Johnstone (1992) reported positive correla-
tions between genome size, both nucleus and cytoplas-
mic volumes, and time until hatching, this obviously
could not be the support for the junk DNA theory indi-

cated in their title. Instead, evidence in favour of the
theory was based on two additional findings. First,
when controlled for nuclear and cytoplasmic volume,
genome size and hatching time remained significantly
correlated. Second, when controlled for hatching time,
genome size was no longer correlated with cytoplasmic
volume. Taken together, these results suggest that the
most important relationship is between genome size
and hatching time (an inverse measure of develop-
mental rate), and not cell size. So, it would appear that
slower developing animals can tolerate more DNA and
do not adjust their genome sizes to compensate for
shifts in cell size — what Pagel & Johnstone (1992) con-
sider ‘direct support for the view that the nuclear
genomes of eukaryotes accumulate junk DNA until
the costs to the organism of replicating it become too
great’. Notwithstanding the rather ambitious synecdo-
che of having two dozen salamanders stand for all
eukaryotes (and not to mention the confusing notion of
direct support for a theory based on a lack of effects),
this remarkable overextension is not the main diffi-
culty with the study. More seriously, the basic premise
of the study represented a false dichotomy, for two rea-
sons. First, in many ways the junk DNA and nucleosk-
eletal theories are not in conflict, though they do differ
in their proposed reasons for why genome size should
correlate with cell size (Gregory, 2001a). Second, this
formulation implies that there are only two alterna-
tive explanations for these data, when in fact there are
several (Gregory & Hebert, 1999; Gregory, 2001a).

A STATISTICAL ASIDE

More than 15 years ago, Felsenstein (1985) put forth
the cogent argument that comparative analyses of
species data suffered from a potentially serious flaw
by assuming statistical independence of data derived
from related (and therefore non-independent) sources.
This argument, and several approaches to correct
this problem (especially the independent contrasts
method), were developed in more detail by Harvey &
Pagel (1991), and for some time it seemed that the
validity of all previous results obtained using direct
correlation might be in jeopardy. However, more
recent studies using hierarchical taxonomic correla-
tion analyses (a form of correction which re-assorts
the variation at each taxonomic level to avoid non-
independence) have demonstrated that the use of
direct correlation does not threaten the accuracy of
comparisons relating genome size to phenotypic
parameters (e.g. Vinogradov, 1995; Gregory, 2002b,c).
Moreover, phylogenetic correction by independent con-
trasts has been shown explicitly in several cases to
have little effect on the statistical outcome of these
sorts of comparisons (e.g. Ricklefs & Starck, 1996;
Gregory, 2002c; Table 1).
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Table 1. Comparison of correlation coefficients obtained
using data compiled by Pagel & Johnstone (1992), and
employing phylogenetic correction by the independent con-
trasts method (from table 2 in Pagel & Johnstone, 1992) or
without such correction (this study). In all cases, the cor-
relations are significant at the o = 0.01 level or better.
Phylogenetic correction has little (and certainly no consis-
tent) effect on these relationships, but see the text for some
important discrepancies

Correlation Corrected r Uncorrected r

Genome size vs. 0.68 0.80
nuclear volume

Genome size vs. 0.56 0.72
cytoplasmic volume

Genome size vs. 0.69 0.55
hatching time

Nucleus volume vs. 0.85 0.91
cytoplasmic volume

Nucleus volume vs. 0.53 0.59
hatching time

Cytoplasmic volume vs. 0.56 0.50

hatching time

In part, this could be because the relationships
between genome size and cellular/organismal param-
eters are causative, which means that any change in
one will instigate an immediate change in the other;
thus, there is no overestimation of degrees of freedom
and no assumption that all species must have evolved
in a single simultaneous burst for the data to be inde-
pendent (cf. Harvey & Pagel, 1991). More importantly,
phylogenetic correction requires phylogenetic infor-
mation, and this is rarely available in a reliable form
for all the species under study. In the case of Pagel &
Johnstone (1992), it was necessary to assemble a phy-
logeny from a hodgepodge of sources with missing taxa
fitted in according to standard taxonomy.

As it turns out, it is not so obvious that this phylo-
genetic ‘correction’ procedure is not itself inflating
the significance, and obfuscating the biological rele-
vance, of some relationships. When I re-ran the cor-
relations using Pagel & Johnstone’s (1992) data (log-
transformed) but without independent contrasts
(which should, so it is argued, artificially increase the
likelihood of obtaining a significant result), I found
that controlling for both nucleus and cytoplasmic vol-
ume by partial correlation rendered the genome size—
hatching time relationship non-significant (r < 0.16,
P>0.48 vs. r > 0.57, P <0.025 in the original study).
Equally worthy of note, direct correlation analysis did
not show genome size and cytoplasmic volume to be
unrelated when controlled for hatching time, again
contrary to Pagel & Johnstone (1992) (r>0.61,

P <0.003 vs.r=0.29, P > 0.20). On the other hand, the
more standard relationships between genome size, cell
and nucleus size, and hatching time are all similarly
significant whether phylogenetically corrected or not
(Table 1).

Of course, and as Pagel & Johnstone (1992) pointed
out, these latter correlations themselves do not differ-
entiate among the explanatory hypotheses offered.
Therefore, the most crucial results tendered in sup-
port of the junk DNA theory depend for their signifi-
cance on the statistical approach taken, whereas the
more standard reports are unaffected. In light of this
discrepancy, I would suggest that it remains to be
determined whether unaltered data or calculated
independent contrast residuals are more suitable for
use in partial correlation analyses. All this may in fact
be moot, however, since there are much more impor-
tant problems with the data as presented.

DIFFICULTIES WITH THE DATA

Comparative analyses using compiled data can pro-
vide insights not otherwise possible when all the data
must be collected by a single set of authors. However,
it is of critical importance in these cases for the data
from different sources to be properly standardized. In
terms of both the developmental rate and cell size
data, this source of error was overlooked in Pagel &
Johnstones’ (1992) study.

1.) Development time. As has been pointed out else-
where, Pagel & Johnstone (1992) did not control for
developmental temperature in their dataset, and in
fact used values measured at several different temper-
atures (Jockusch, 1997). This is of substantial impor-
tance, since temperature has long been known to
greatly influence developmental rates in amphibians
(e.g. Moore, 1939; Jockusch, 1997). They also did not
control for differences in egg size, which, although
apparently unimportant to developmental rate in
plethodontids (Jockusch, 1997), may be significant
when species from different families are compared.
Finally, they ignored the fact that their sample
included a mixture of metamorphosers, direct devel-
opers, and facultative and obligate neotenes, which
may in fact be the primary determinant of genome size
distribution among urodeles (reviewed in Gregory,
2002a; see below).

2.) Nucleus and cell size. Since most of a cell’s volume
consists of water, there are obviously profound differ-
ences in the sizes of wet vs. dry cells. The cell size data
used by Pagel & Johnstone (1992) were a combination
of the dry volume data of Olmo & Morescalchi, (1975)
and the wet volume data of Horner & Macgregor,
1983) (with values from them sometimes averaged
together and sometimes not). Furthermore, even if
consistent dry cell volumes had been used, there
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would still be a potential problem in the fact that
drying affects the sizes of larger cells more than
smaller ones. In other words, the dry and wet volumes
from a small-celled species (e.g. Rana pipiens, dry:
544 ym?®; wet: 654 um?®) are not as different as those
from a very large-celled species (e.g. Amphiuma
means, dry: 3520 um?®; wet: 7391 um?®) (appendix 1 in
Gregory, 2003). Dry cell data are useful for demon-
strating the general relationship between genome size
and cell size (Olmo & Morescalchi, 1975, 1978; Olmo,
1983; Gregory, 2001b), but they should probably not
be used in more complex analyses intended to distin-
guish between competing explanatory theories.

After controlling for genome size, Pagel & Johnstone
(1992) still found a correlation between nucleus vol-
ume and cytoplasmic volume, which suggested to
them that nucleus size and cell size were related to
one another independently of genome size. When I re-
ran the correlation using only dry volume data (and
without phylogenetic correction), the result was essen-
tially the same (r=0.72, P<0.001 vs. r=0.77,
P < 0.001). However, this partial correlation was not
significant for salamanders using the data given in
Appendix 1 for either wet volumes (r =0.35, P > 0.29,
N =12) or dry areas (r =0.26, P > 0.38, N = 14). A sim-
ilar situation existed in frogs (dry volume: r = 0.59,
P <0.002, N = 26; dry area: r =0.43, P > 0.08, N = 18;
insufficient data for wet volume analysis). That this
has much to do with using dry volume data seems
plausible, and brings into question the conclusion that
genome size is not linked with cell size via the inter-
mediate of nucleus size. That is not to say, however,
that nucleus size is influenced exclusively by genome
size (it isn’t), or that genome size does not affect cell
size in ways independent of nucleus size (it probably
does; see Gregory, 2001a).

NEGATING THE NUCLEOSKELETON?

I have elsewhere voiced my agreement with Pagel &
Johnstone (1992) regarding the inability of the
nucleoskeletal theory to account for the relationship
between genome size and cell size in amphibians (Gre-
gory, 2001a). However, given the problems with their
study, I now believe there is more than sufficient rea-
sonable doubt to exonerate the nucleoskeletal theory
of all charges levied therein. This aside, there are
additional — and considerably more substantial — crit-
icisms to be advanced against the nucleoskeletal the-
ory and its basic assumption that cell sizes change
adaptively first, with genome sizes having to catch up
to maintain cell growth/division (Gregory, 2001a).
With regard to the case at hand, I would point out first
that this nucleoskeletal balancing act would not apply
to non-growing, non-dividing cells like erythrocytes.
(This is particularly true of enucleated ones like those

of mammals, in which the cell size—-genome size rela-
tionship holds nonetheless; Gregory, 2000). Second, it
turns out that erythrocytes are not particularly impor-
tant to amphibian physiology (see below), so it is
unlikely that red blood cell size itself is of primary
adaptive relevance in these animals, at least not in the
strong sense required by the nucleoskeletal theory.
Even so, I do maintain the view that the nucleoskele-
tal theory makes an important contribution by its
mechanistic explanation for the relationship between
genome size and nucleus size (Gregory, 2001a). How-
ever, I do not see either the junk DNA or the nucleosk-
eletal theory as being capable of explaining the
relationship with cell size in general, or the distribu-
tion of amphibian genome sizes in particular (Gregory,
2001a). Fortunately, and as mentioned above, these
two theories do not represent a complete list of the
available options.

NEGLECTING THE NUCLEOTYPE

Both Pagel & Johnstone (1992) and Beaton & Cavalier-
Smith (1999) have presented evidence that they con-
sider disabling to the other’s preferred theory of
genome size evolution. Interestingly, neither gives any
more than passing consideration to a causal explana-
tion for the relationships they report. Specifically, nei-
ther pair of authors offers a discussion (much less an
attempted refutation) of the third main approach to
genome size evolution: the nucleotypic theory, which
postulates causative effects of genome size on cell size
and division rate and any higher-level traits associated
therewith (Bennett, 1971; Gregory, 2001a).

Although it is still properly cast as an ‘optimal DNA
theory’ (Gregory, 2001a), the nucleotypic theory is not
restricted to an adaptive viewpoint. Genome size may
be under selection as a mediator of cell size in cases
where the latter is of direct adaptive significance, but
in other cases this relationship may be a secondary
consequence only. In other words, the nucleotypic the-
ory can be one of simple effects as much as of functions
(Gregory, 2001a). As will become evident in a later sec-
tion, this distinction may be particularly important in
amphibians.

As Pagel & Johnstone (1992) point out, the possibil-
ity exists that ‘organisms may use the accumulation of
junk DNA as a mechanism for slowing rates of devel-
opment via increased cell-cycle lengths’, and that
‘when selection favours faster development, individu-
als with mechanisms for deleting junk DNA may be at
an advantage’. They did not, however, consider this in
itself a worthy alternative to the junk DNA and
nucleoskeletal theories, an oversight for which they
have already been criticized (Jockusch, 1997; Gregory,
Hebert & Kolasa, 2000; Gregory, 2001a, 2002a).
Because of this omission, they cannot accurately claim
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(even in principle, the difficulties in analysis notwith-
standing) that their data favour the junk DNA theory
overall, and not just in relation to the nucleoskeletal
theory. Since these are not the only (nor even mutually
exclusive) possibilities, even a complete refutation of
one would not provide strong (let alone direct) evi-
dence in favour of the other.

Finally, it bears mentioning that the only reason
Pagel & Johnstone (1992) would control for develop-
mental rate in a comparison of genome size and cell
size is that they were attempting to test explicitly the
claims of the nucleoskeletal theory. A proper test of the
nucleotypic theory would not take this form; the real
parameters to be controlled for in such a test would
be cell division and differentiation rates (Gregory,
2001a). The question to ask would be: do species with
large genomes have longer hatching times because a
big genome causally slows cell division/differentiation
and, by extension, development? So far this question
has not been addressed directly, but there are plenty of
comparative data to suggest that just such a mecha-
nism is at play in amphibians (most recently, Sessions
& Larson, 1987; Jockusch, 1997; Vinogradov, 1999;
Chipman et al., 2001; see Gregory, 2002a for a full
review). These studies indicate a link between genome
size and developmental parameters in amphibians,
but this leaves open the question as to the significance
of the genome size—cell size relationship in this group.
For the nucleoskeletal theory to gain support, the lat-
ter of these must be the most important; for the junk
DNA theory, the primacy of the former (with develop-
mental rate acting to determine genome size, and not
the reverse) is the expectation.

GENOME SIZE, CELL SIZE, AND METABOLIC
RATE IN AMPHIBIANS

CELL SIZE AND CELLULAR METABOLISM

Szarski (1970, 1976) introduced the notion that large
DNA contents and large cells could be favoured by
selection for what he later termed a ‘frugal metabolic
strategy’ (Szarski, 1983). Two primary observations
were enlisted in support of this view. First, amphibi-
ans (especially urodeles) differ from vertebrates with
high metabolic rates by having large C values and
cells. Second, individual erythrocytes isolated from
different amphibian species vary in their cellular met-
abolic rates according to size (e.g. Goniakowska, 1970,
1973; Monnickendam & Balls, 1973). Moreover, an
inverse correlation between cell size and cell number
in amphibians and other vertebrates has long been
recognized (Smith, 1925; Wintrobe, 1933; Kuramoto,
1981; Hawkey et al., 1991), such that these differences
among cells may be further exaggerated when
observed at the organismal level. However, general-

ized observations such as these are insufficient to
determine whether the range in amphibian genome
sizes is likely to have been generated by metabolism-
related selection for cell size.

GENOME SIZE AND METABOLIC RATE

In a comparison of seven species of amphibians
(including both frogs and salamanders), Smith (1925)
reported an inverse correlation between dry cell area
and whole-animal metabolic rate (measured as CO,
output). Vernberg (1955) suggested that salamanders
with relatively active lifestyles possess smaller and
more numerous erythrocytes than more lethargic
types. In contrast, comparisons of related diploid and
polyploid taxa have failed to show any differences in
metabolic parameters (e.g. Kamel, Marsden & Pough,
1985; Licht & Bogart, 1990). Several broad compara-
tive studies have examined the inverse relationship
between genome size, cell size, and metabolic rate
in homeotherms (Vinogradov, 1995, 1997; Gregory,
2002b), but in amphibians such an analysis has been
performed only once, and only with salamanders.

In the study in question, Licht & Lowcock (1991)
reported new genome size estimates for 48 species of
salamanders, combined these with previously pub-
lished values, and analyzed their relationship to com-
piled data on metabolic rates of urodeles (available in
Gatten, Miller & Full, 1992). They found genome size
and metabolic rate to be significantly negatively cor-
related only at certain temperatures (15 and 25°C,
but not 5 or 20°C). The correlation at 15°C was depen-
dent on the inclusion of data from Necturus maculosus
and Amphiuma means, two aquatic neotenes with
very large genomes. No relationships were discernible
within the family Plethodontidae. Based on the sum
total of these observations, they concluded that in
salamanders ‘at temperatures below 25°C, there exist
no clear cut significant relationships between C value
and metabolic rates’. Unfortunately, while compari-
sons in this study were made using mass-specific
metabolic rate data (i.e. oxygen consumption in
uL O, h™ g), these were not separately corrected for
body mass — a potentially important variable, even
when using mass-specific rates, since relative oxygen
consumption is lower at higher body mass.

I re-examined these and other correlations using
metabolic rate data from the same source (Gatten
et al., 1992) and genome size data from the Animal
Genome Size Database (Gregory, 2001c); this time they
were mass-corrected using partial correlation. The
analysis was designed to be as generous as possible to
the nucleoskeletal theory by using metabolic rate data
for both frogs and salamanders measured at all avail-
able temperatures, at rest and during exercise, for
adults and larvae, and analyzed without phylogenetic
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correction. Results of the numerous analyses are given
in Appendix 2 (available online: Gregory, 2003), and
can be summarized as follows. Correlations between
genome size and metabolic rate were weaker following
mass-correction, although the patterns in sala-
manders were similar to those reported by Licht &
Lowcock (1991) based on a smaller data set and with-
out such correction. As in the previous study, genome
size was correlated (negatively) with metabolic rate
only at 15 and 25°C, but in this case the relationship
was non-significant at the higher temperature when
Necturus and Amphiuma were removed (it remained
weakly significant at 15°C, P =0.05). No significant
correlations were found between genome size and rest-
ing metabolic rate at 5, 10, or 20°C in salamanders, or
at any temperature in frogs (Appendix 2). No correla-
tions were found between C value and active meta-
bolic rate in salamanders (this could not be tested in
frogs due to paucity of data), or larval metabolic rate
in either salamanders or frogs (Appendix 2).

Highly significant inverse correlations between
genome size and metabolic rate can be demonstrated
in both mammals and birds, despite the narrow range
in C values available for comparison in both groups
(mammals: 2.2-5.8 pg; birds: 1.1-2.2 pg; Vinogradov,
1995; Gregory, 2002b). The salamander data used here
spanned a range of 16—88 pg (16—67 pg without Nec-
turus and Amphiuma), and yet relationships were
barely, if at all, discernible. Within the more limited
range of frogs (1.4-9.8 pg), there were no significant
relationships with metabolic rate. To be fair, the com-
parisons for mammals and birds are across entire
classes, with relationships usually detectable within
only the largest orders (Vinogradov, 1995, 1997; Gre-
gory, 2002b). It was therefore worthwhile to investi-
gate the trend within the amphibians at large. In this
case, significant negative correlations were found at
all temperatures (all P <0.01). However, it was obvi-
ous that this simply reflected the well-known bimodal
distribution among amphibians, with the relatively
active frogs with smaller genomes on one side, and the
more sessile salamanders with large genomes on the
other (Fig. 1).

GENOME SIZE AND CELL SIZE

Under the nucleoskeletal theory, it is not genome size
vs. metabolic rate per se that is relevant, but rather
the fact that cell size should be related strongly to both
of these. To reiterate, there is no question that genome
size is strongly positively related to cell size in
amphibians (and indeed, in all vertebrates; Gregory,
2001b). This relationship has been demonstrated pre-
viously using dry volume (Olmo & Morescalchi, 1975,
1978; Gregory, 2001b), wet volume (Horner & Macgre-
gor, 1983), and dry area for cell and nucleus sizes

Residuals of log,, RMR (uL O, h"' g

4.2 -1.0 -08 06 04 -02 00 02 04 OB 05 10 12 14
Residuals of log,, C-value (pg)

Figure 1. The relationship between C value (in pg) and
resting metabolic rate (RMR) measured as mass-specific
oxygen consumption (in pL O, h™' g!) at 15°C in amphibi-
ans. The correlation is highly significant across amphibians
at large (r=-0.75, P <0.0001), but does not hold up well
within either frogs (M) or salamanders (@) taken sepa-
rately, at some other temperatures, or using active or larval
metabolic rates (see text and Appendix 2). For the most
part, the correlation illustrated here is merely a reflection
of the large differences in both genome size and metabolic
rate (among other features) between the two orders. Data
were log-transformed prior to analysis and corrected for
body mass by partial correlation.

(De Smet, 1981; Fig. 2). The distinction previously
described between frogs and salamanders in the scal-
ing of the relationship (Olmo & Morescalchi, 1978;
Gregory, 2001b) was also found using dry cell area
data instead of dry volumes (Fig. 2; Student’s t-test,
P <0.001; see Zar, 1996), although the difference in
slopes was not nearly as striking in this case (cf. fig. 3a
in Gregory, 2001b).

CELL SIZE AND METABOLIC RATE

At 15°C (for which the most data are available), the
mass-corrected correlation between dry cell area and
metabolic rate was highly significant when all
amphibians were considered together (Fig. 3). Among
salamanders, correlation coefficients were essentially
equal at the species, genus, and family levels (all
r ~—0.65), but this became non-significant at the fam-
ily level due to small sample size (P < 0.12; others
P <0.04). The relationship was stronger in sala-
manders using dry volume as a measure of cell size,
but the significance in either case was mostly depen-
dent on the inclusion of data from Necturus and
Amphiuma, as with genome size (Appendix 2). Rela-
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Figure 2. The relationship between C value (in pg) and
erythrocyte size (dry cell area in pm?) in amphibians. The
relationship is highly significant across amphibians at
large (dashed lines; r =0.91, P < 0.0001), and also within
both frogs (M) and salamanders (@) taken separately (solid
lines; all P < 0.005). It is also significant at the genus and
family levels with frogs and salamanders taken either
separately or together (all P <0.007). Data were log-
transformed prior to analysis.

tionships were not generally significant in sala-
manders at other temperatures (Appendix 2). Within
frogs, the relationship was not significant at any tax-
onomic level, nor at any other temperatures for which
sufficient data were available (all P > 0.17; Appendix
2).

In summary, among amphibians at large there
was a significant negative relationship between
temperature- and mass-controlled metabolic rate on
the one hand, and genome and cell size on the other
(Figs 1, 3). The correlation was significant among sala-
manders at several temperatures, but was generally
dependent on the inclusion of the extreme values from
certain aquatic neotenes. The relationship did not hold
well among frogs under any conditions. Perhaps this
should not be surprising, given that even the near-
total obliteration of erythrocytes in bullfrogs appears
to have minimal effects on organismal function (Flores
& Frieden, 1968).

Altogether, the importance of metabolic constraints
in shaping amphibian C values (and/or vice versa)
remains somewhat ambiguous. Regardless, it is
apparent from these and previous analyses that these
relationships are not sufficiently strong to account for
the enormous range in genome sizes among amphibi-
ans, nor can they explain the variation found within
either of the two main orders. Theories for which this
relationship is key therefore do not garner support
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Figure 3. The relationship between erythrocyte size (dry
cell area in um?) and resting metabolic rate (RMR) measured
as mass-specific oxygen consumption (in uL O, h™ g™) at
15°C in amphibians. The correlation is highly significant
across amphibians at large (r = -0.69, P < 0.0001), remains
significant at the genus and family levels (all P < 0.02), and
is similar at most temperatures and using dry area or dry
volume cell size data. However, within orders the relation-
ship does not hold up well (see text and Appendix 2). As
with Figure 1, this correlation is based largely on the dif-
ferences between frogs and salamanders. Data were log-
transformed prior to analysis and corrected for body mass
by partial correlation.

from the present results, despite the overall correla-
tion. Cell size-related influences on metabolism may
be some of several contributing factors to genome size
evolution in amphibians, or they may be a mere side-
effect. The apparent superfluity of large genomes and
cells to even the extreme case of an aestivating life-
style (Gregory, 2001b, 2002a) would seem to lend plau-
sibility to the latter of these possibilities.

WHAT FACTORS INFLUENCE GENOME SIZE
EVOLUTION IN AMPHIBIANS?

DEVELOPMENTAL COMPLEXITY

A broad examination of genome size variation among
vertebrates reveals a striking (but, for the most part,
previously overlooked) pattern. To wit, most vertebrate
groups do not vary very much. The narrow ranges in
avian and mammalian C values are legendary, but a
similar limitation is also found in reptiles, and may be
just as prominent among teleost fishes (with the only
exceptions being polyploids). In fact, only the cartilag-
inous fishes, dipnoans and amphibians display any
particularly remarkable variation in genome size.
Based on fossil cell size data, it is clear that in the lat-
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ter two groups (at least), this genomic expansion
is a derived feature (Thomson, 1972; Thomson &
Muraszko, 1978). (Note that it is therefore completely
invalid to reconstruct a phylogenetic history of verte-
brate genome size evolution which considers amphib-
ians and lungfishes to represent the ‘primitive’ state).
Amphibians and dipnoans share more than their
excessive genomes and frugal metabolisms. Im-
portantly, the evolution of both groups has been
characterized by a paedomorphic simplification of
development (Bemis, 1984; Duellman & Trueb, 1994;
Gregory, 2002a). While correlations between C value
and developmental rate are well established and
clearly important in amphibians, I have recently
argued that a second (and perhaps dominant) theme
in amphibian genome size evolution has been relation-
ships with developmental complexity (Gregory, 2002a).
This relates to both the process of development itself,
and also the products of development (i.e. organismal
phenotypes). The relevance of these will be discussed
briefly in turn.
1.) Developmental process. Amphibians vary widely in
the nature of their developmental programmes. Some
salamanders undergo complete metamorphosis, oth-
ers are facultatively neotenic, and still others have
lost metamorphosis entirely. In both frogs and (espe-
cially) salamanders, many taxa have evolved direct
development. Frog metamorphosis is obviously more
intensive than that of salamanders (compare a tadpole
and an adult frog vs. a larval and adult salamander),
and it is notable that there is almost no overlap in
genome size between the two orders (Gregory, 2002a).
Obligate neoteny and exceptionally large genome sizes
have evolved together at least three times indepen-
dently among urodeles (in the amphiumids, proteids,
and sirenids) and as a clear general trend, genome
sizes assort themselves, from smallest to largest, in
frogs inhabiting ephemeral pools, direct-developing
frogs, biphasic frogs, biphasic salamanders, direct-
developing salamanders, facultative neotenes, and
finally obligate neotenes (Gregory, 2002a). In keeping
with this, lungfishes, which have the largest genomes
among vertebrates, may also be neotenic (Joss, 1998).
Both within and among groups of amphibians,
requirements for rapid differentiation (e.g. during
metamorphosis, especially in short-lived water bodies)
are associated with small genomes, while simplified
developmental programmes (especially neoteny) are
found concomitant with large C values. This associa-
tion, much more than any relating to metabolism,
defines the distribution of genomes sizes in the
Amphibia. The opposite is true of homeotherms,
among which there are notable relationships with
metabolic rate but not with developmental parame-
ters (Vinogradov, 1995, 1997; Hughes, 1999; Gregory,
2002¢).

2.) Developmental products. Even if the genome size —
cell size — metabolic rate axis is not especially perti-
nent in amphibians, this does not imply that the
genome size — cell size correlation itself cannot have
other important consequences. For example, in both
frogs and salamanders there is an inverse correlation
between genome size and brain complexity, due to a
combination of limitations on cell number imposed by
variation in individual neurone size and effects on cell
differentiation rates (e.g. Roth, Blanke & Wake, 1994;
Roth, Nishikawa & Wake, 1997; reviewed in Gregory,
2002a). Among the miniaturized salamanders of the
plethodontid tribe Bolitoglossini (which are direct-
developing and have large genomes), this has had a
particularly notable effect on fitness. In these animals,
secondarily simplified brains have compromised their
ability to search actively for prey, and have led to the
evolution of compensatory features like a fast projec-
tile tongue employed in a lie-in-wait predation strat-
egy (Roth, Rottluff & Linke, 1988, 1997; Roth &
Schmidt, 1993).

There is another intriguing feature of these minia-
turized salamanders relevant to the present discus-
sion, namely that many of them have (independently)
evolved enucleated erythrocytes, a feature otherwise
ubiquitous only among mammals (Emmel, 1924;
Cohen, 1982; Villolobos et al., 1988; Mueller, 2000). In
mammals, the enucleation of erythrocytes relates to
metabolic demands by allowing very small cells with
high surface area-to-volume ratios, and probably also
permitted mammalian genome sizes to increase
beyond those of the other amniotes (Cavalier-Smith,
1978; Gregory, 2000, 2001a, 2001b, 2002b). In amphib-
ians, erythrocytes are far less important in shaping
metabolic rates (see above), and these enucleated sala-
mander cells generally retain the typical ellipsoid
shape found in non-mammals (Cohen, 1982), so selec-
tion for metabolic performance is unlikely to be the
primary explanation. Villolobos et al. (1988) hypothe-
sized that, in these salamanders, ‘enucleation is the
result of random cell breakage in circulating blood’. As
a fascinating alternative, it is possible that enucle-
ation is an adaptive response to structural constraints
on the circulation of large cells through the blood ves-
sels of tiny bodies (R.L. Mueller, unpubl.). The exist-
ence of such constraints would be consistent with the
hypothesis of Snyder & Sheafor (1999) regarding the
role of blood vessel sizes in directing the evolution of
amphibian cell sizes. If this interpretation holds, the
intriguing (and somewhat perplexing) implication
would be that the solution to this nucleotypic dilemma
in miniaturized salamanders has repeatedly been to
rid a large proportion of the erythrocytes of their
nuclei, instead of simply shrinking genome sizes. This
is a puzzle awaiting resolution, but it should already
be evident that if Mueller’s hypothesis proves correct,
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the presence of these enucleated erythrocytes would
lie in stark contrast to the expectations of both the
junk DNA theory (because accumulation of DNA
should have stopped when the maladaptive cell size
effects began) and the nucleoskeletal theory (since
large erythrocyte size in this case is an affliction
rather than an adaptation). A nucleotypic explanation
which emphasizes the effect (but not function) of DNA
content in shaping cell sizes would be applicable to
this situation, but neither it nor any other single fac-
tor could fully account for it.

CONCLUSIONS

AMPHIBIAN GENOME SIZE AND THE HIERARCHY OF
EVOLUTION

Imagine the following scenario for the evolution of
genome size in amphibians. At some stage, amphibian
development became secondarily simplified, which
relaxed a previous nucleotypic constraint on genome
expansion in most groups (excluding rapid metamor-
phosers). Being only moderately relevant to metabo-
lism, erythrocyte size constraints also failed to restrict
(or perhaps aided) the growth of amphibian genomes.
This expansion could have occurred by many different
means, including the spread of junk DNA (e.g. pseudo-
genes), selfish DNA (e.g. transposable elements), or
even by some relatively weak positive nucleotypic
selection for reasons of metabolic efficiency (hence the
paramount importance of pluralism in understanding
this process — note also that this was only a net
increase, and therefore does not imply that no weaker
mechanisms of DNA loss were in action). Through
feedback with genetic and environmental effects, DNA
accumulation would have been strongly associated
with loss of metamorphosis in some urodeles (Martin
& Gordon, 1995; Vignali & Nardi, 1996; Gregory,
2002a). These genome expansions were not without
effects on the organismal phenotype, and subse-
quently introduced their own bottom-up constraints
on the organism. These are clearly exemplified by the
case of brain complexity (and possibly also erythrocyte
circulation) in secondarily miniaturized salamanders.
Features at the cellular (e.g. enucleation of erythro-
cytes), organismal (e.g. projectile tongue), and ecolog-
ical (e.g. lie-in-wait predation strategy) levels may all
have evolved in response to previous changes in
genome size, which were themselves produced by evo-
lutionary processes operating at and below the level of
the genome.

Put in the simplest terms, a relevant organism-level
characteristic changed and relaxed a cell-level con-
straint acting on the genome, allowing genome-level
processes free reign to increase genome size. This
expansion in turn was limited (or halted, or reversed)

to varying degrees according to the complexity of
the developmental programme, and ultimately had
some significant effects on cell-, organism-, and even
ecology-level traits in some groups, thereby re-
directing the evolutionary trajectory observable at
these higher levels. Cause and consequence would have
operated in both directions within the biological hier-
archy in this scenario, with the genome itself repre-
senting a legitimate and integral level of organization.

This notion of hierarchical interaction is not new,
although its explication has traditionally been based
on levels higher than the organism, especially species
(see Gould, 2002 for the most extensive discussion
written on this — or perhaps any! — topic). However,
this approach has not been vigorously applied to sub-
organismal levels, and genomes themselves are usu-
ally missing entirely from the described hierarchies
(for a most notable exception, see Doolittle, 1989).

The C-value enigma is not a simple academic curi-
osity; it is a long-standing puzzle with potentially pro-
found implications for evolutionary theory in general.
As such, it is of vital importance that it not be consid-
ered ‘solved’ prematurely and without careful consid-
eration. The lesson to be drawn from amphibians is
that genome size evolution cannot be understood in
terms of any one-dimensional explanation. This is
because the plurality of causative and coincidental
relationships found with genome size result from the
interaction (be it antagonistic, synergistic, or orthog-
onal) of different evolutionary forces operating on sev-
eral levels of biological organization. To properly
address the complex C-value enigma, a truly pluralis-
tic and hierarchical approach will be necessary. While
such an approach will never be sufficiently neat to be
summarized in as catchy (or as loaded) a phrase as
junk DNA’, it will almost certainly be closer to an
accurate view of genome size evolution than any of the
more simplistic — and so far unsuccessful — explana-
tions attempted to date.
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