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Abstract

The nucleotype theory has been advanced on the basis of studies regarding genome size and composition in various plant and
animal species, i.e. the influence that genome can have on the phenotype independently of the informational content of DNA. It has
also been noted that during evolution various interactions between different environmental factors and genome structural and
functional parameters would have occurred. In this review, changes in genome size, transposon content, and base composition
occurred during the evolution of chordates were examined. Many environmental stresses, such as temperature, can act on
transposons and through these on genome size. Temperature is also one of the most important elements of natural selection able
to interact both with base composition and genome size. It has been evidenced that temperature exerts a direct influence on base
composition and its increase would have led to an higher content of genome GC-rich components during the evolution of
chordates, in particular in endotherms. Temperature would have controlled the rate of biosynthesis in G1 phase and consequently
the cell cycle duration which in turn would have interacted with genome size. The combined action of temperature, base
composition, and genome size would also have been very important in controlling the metabolic rate. Finally, another important
aspect of the nucleotypic effect is the influence that genome size and cell cycle duration, in correlation with environmental
temperature, would have exert on embryo and larval development, very important for environmental adaptation. In conclusion,
studies here reviewed to confirm the existence in chordates of a mutual influence between environment and genome non-coding
components that would have played an important role in the evolution of these animals especially in environmental adaptation
processes.
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Introduction parameters such as size and metabolism, and also par-

allelisms between quantitative genome variations and
environmental conditions have been evidenced.

The idea that DNA plays a quantitative role, indepen-
dently from its sequences, besides that one of protein

coding, was first proposed by Commoner (1964). This
was explicitly formulated by Bennett (1971, 1972)
with the nucleorype theory according to which “that
condition of the nucleus (most notably the DNA con-
tent) that affects the phenotype independently of the
informational content of the DNA”. This theory was
based on the relationships evidenced initially for many
plant species and subsequently observed also in various
animal species, especially chordates (Gregory 2005).
Indeed, in these latter, associations between genome
size and several structural and functional cell

Possible interactions with environment have been
hypothesized also for other genome components such
as transposons (McClintock 1984) and base composi-
tion (Bernardi 2004). Since genome size, transposon
percentage and base composition are known for many
species of chordates, this phylum is particularly inter-
esting to understand the meaning of interactions
between genome and environment. Indeed, they are
one of the most common models to study the evolu-
tionary processes and mechanisms. In this regard, it is
important to examine the variations that the
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aforementioned genome parameters have undergone
during the evolution of chordates and potential inter-
actions with the environment, assessing if they are
random or an important constitutive phenomenon
for some evolutionary processes such as, for example,
speciation and adaptation. Other important aspects
that have to be clarified are if variations in genome
features are the consequence of environmental
changes or if at the contrary, they are the drive for
adaption of organisms to new habitats. Moreover, it
is interesting to understand if genome—environment
interactions are the same for variations in nuclear
DNA content, in the transposon percentage and in
base composition and if any reciprocal influences can
be identified between these three parameters. In this
review, we firstly examined changes that genome and
environment have undergone in chordates evolution,
since it is known that transposons and genome size are
closely related.

Genome size and transposons

Data on genome sizes derive from Gregory (2019),
while those related to TE percentage are referred to
Canapa et al. (2015) (see Figure 1).

The trend of variations in genome size and in
transposon percentage leads to both phylogenetic
considerations and evaluations of the meaning of
correlations between the aforementioned genome
characters and various structural and functional
parameters of cell and organism in adaptive
processes.

It is assumed that the ancestral values of genome
size in chordates were low and later they increased
during evolution; however, the situation is more
complex because during evolution of this phylum,
increases and decreases in genome size occurred and
a similar trend is also found within each class.
Furthermore, even if it is ascertained that the main
cause of genome size increase is due to TE (trans-
posons) amplification (Canapa et al. 2015), other
mechanisms such as whole genome duplication and
polyploidy have been suggested (Gregory 2005).

In the primitive chordates, genome size is very low
and ranges from 0.07 pg in Ozkopleura to 0.74 pg in
Botryllus. The transposons range from 16.7% in
Ciona to 22% in the amphioxus and in the three
species studied are DNA, LTR, and nonLL.TR.

A first substantial increase would have occurred at
the origin of vertebrates and it is assumed that one

Genome size Transposons percentage Main
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)
Shiwibra] Cephalochordara 054 22.7 DNA
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Ll 1.3-46 347 nonlTR (LINE)
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WGD 1R, 2R Polipteriformes
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Figure 1. Cladogram showing evolutionary relationships between the main lineages of chordates. Whole Genome Duplication (WGD)
events in vertebrate evolution are indicated in red: 1R and 2R occurred before the divergence of Vertebrata, 3R in Teleost and 4R* in

salmonids.
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of the causes was the first whole genome duplication
(Meyer & Schartl 1999).

In cyclostomes, the genome size ranges from 1.3
pg to 2.5 pg in Petromyzontiformes and from 2.3 pg
to 4.6 pg in Mixyniformes and it has been hypothe-
sized that this difference is linked to the complexity
of the development since Mixyniformes have
a direct development while Petromyzontiformes pre-
sent a metamorphosing stage (Hardie & Hebert
2003). The transposons have been studied only in
Petromyzon where they represent 34.7% and are
mainly nonL TR retrotransposons.

The genome size of Chondrichthyes ranges from
1.51 pg in the holocephalus Hydrolagus to over 17 pg
in the elasmobranch Rhiinobatus. In this subclass, the
average genome size is significantly different in rays
(6.7 pg) and sharks (5 pg). Furthermore, studies on
the reassociation kinetics have highlighted cases of
cryptic polyploidy in selachians (Olmo et al. 1982).

In Chondrichthyes, there is a positive correlation
between genome size and nuclear and cell volume.
The highest values were found in species that live in
extreme conditions of temperature, light, pressure,
and scarce food availability, such as deep and/or
cold sea (Stingo et al. 1980; Hardie & Hebert
2003). The differences in the genome size can also
be correlated with development complexity since
clear differences between viviparous species and
those ovoviviparous and oviparous have been evi-
denced (Hardie & Hebert 2004). Transposons
have been studied only in the elephaOnt shark
Callorhinchus milii where they represent 42.2% and
are nonL'TR retrotransposons.

The genome size of the primitive Osteichthyes
ranges from 1.15 pg in Amia to 7.25 pg in
Polyprerus. Also in this group, there is a positive
correlation between genome size and nuclear and
cell volume. Transposons have been studied in
Lepisosteus in which are mainly of the nonLL'TR type
and represent 19.77% of its genome.

In vertebrates, the third whole genome duplica-
tion occurred at the origin of Teleostei, but this did
not lead to genome size values higher than the aver-
age values of most living vertebrates (Meyer &
Schartl 1999). The genome size varies from 0.35
pg in tetraodontids that have the smallest and most
compact genome of all chordates to a maximum of
4.4 pg. However, if polyploidy cases are excluded,
the maximum values rarely exceed 2.5 pg. The gen-
ome size is positively correlated with nuclear and cell
volume (Hardie & Hebert 2003).

There are several parallelisms between genome size
and environment: freshwater and anadromous species
have larger genomes, while marine and catadromous

species have smaller genomes (Hardie & Hebert
2004). This is in agreement with the observations
made by Ebeling et al. (1971) according to which the
genomes of eurobiotic (eurihalyne) species are larger
than those of stenobiotic (stenohalyne) species.
Moreover, in the primitive Protoacanthopterygii and
Paraacanthopterygii, species that live in the ocean
depths and in cold environments, poorly lighted and
with scarce nutrients, have larger genomes than those
of the related species living in coastal waters (Ebeling
etal. 1971). In addition to climatic characteristics, the
stability of the environment, in which certain teleost
species live, would be also very important. Indeed, it
has been observed that polar teleosts and those of poor
variable tropical environments, have small genomes
and this could be related to a specific reproductive
strategy (Hardie & Hebert 2003, 2004).

The percentage of transposons varies from only
6% in tetraodontids to 55% in zebrafish and, unlike
most vertebrates, are mainly DNA transposons
(Chalopin et al. 2015). On average, teleosts exhibit
the widest diversity in transposons reaching 27
superfamilies in zebrafish (Sotero-Caio et al. 2017).

A case of correlation between transposons and
environment was observed in a study on the identifica-
tion and characterization of the transposable elements
Rex3 in teleosts. In this paper, Carducci et al. (2019a)
have demonstrated for the first time, through phylo-
genetic analyses, the correlation between these trans-
posable elements and environmental temperature. In
particular, the results highlighted a clear sequence
distinction of Rex3 elements belonging to fish living
in cold waters compared to those of fish living in
temperate waters, regardless of the evolutionary and
taxonomic relationships of the analysed species.

The most significant increase in genome size and
in the transposon percentage would have occurred
during the transition from aquatic to terrestrial
environment, that is, in a crucial step of evolution,
and this led to the large genomes that are observed
in lungfish and amphibians (Organ et al. 2015). It is
difficult to establish whether this increase is directly
related to the conquest of the land, but it is interest-
ing that a similar situation has also been noted in the
transition from aquatic to terrestrial gastropods
(Vinogradov 2000).

Primitive sarcopterygians occupy a very important
position in the evolution of vertebrates because tet-
rapods originated from them. The genome size is
very different in crossopterygians and lungfish.

The only two living species of Larimeria have
a genome of 3.5-3.6 pg and the TE percentage
(mainly SINE and LINE Chalopin et al. 2015) is
22% (Amemiya et al. 2013).
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In lungfish, the genome size is the highest of all
vertebrates and ranges from 50 pg to over 120 pg.
A polyploid karyotype has been noted in the species
Protoprerus dolloi. The living lungfish have several char-
acteristics that make them paedomorphic organisms
and it has been speculated that this would be related to
the large genome size (Joss 2006; Joss & Johanson
2007). In primitive lungfish, genome size would have
been similar to that of Lazimeria (Organ etal. 2015) but
from the Carboniferous a great expansion would have
started which would have led to the current huge gen-
omes and it would have been accompanied by an
evolutionary decline with great reduction in the num-
ber of genera and species (Thomson 1972; Thomson
& Muraszko 1978). This decline contrasts with the
hypothesis that genome size increase may promote
evolutionary diversification (Kraaijjeveld 2010).
Transposons have only been studied in Neoceratodus
in which they are mainly nonlL'TR retrotransposons
and make up 39% of’its genome (Metcalfe et al. 2012).

In amphibians, genome size shows very different
values in the three orders. In anurans it ranges from
0.95 pg to 12.4 pg; in gymnophions, in which only
three species have been studied, it ranges from 3.7
pg to 13.95 pg; in urodeles it ranges from
a minimum of 15 pg, higher than the maximum
value observed in the other two orders, to over 120
pg in Necturus, a value similar to that recorded in
lungfish. Cases of polyploidy are known in both
anurans and urodeles (Schmid et al. 2015).

The transposon percentage in the only two anuran
species analysed is around 40% and are both DNA
and L'TR elements; in urodeles it ranges from 25%
to 47.5%, and, unlike the majority of vertebrates,
they are almost exclusively LTR retroelements
(Canapa et al. 2015; Chalopin et al. 2015). In
both the most primitive and most recent species,
the majority of transposons belongs to a few families
and is mainly represented by the LTR Gypsy ele-
ments constituting more than 25% in Cryptobranchus
alleganiensis (Sun & Mueller 2014). Several works
have shown that transposons have been the main
cause of genome expansion in these amphibians.

Fossil amphibians (rhipidistians, labyrinthodonts
and anthracosaurs) had low values similar to the
current ones of bufonids and ranids (5-10 pg)
(Thomson & Muraszko 1978; Organ et al. 2011).

The expansion of the lissamphibian genome would
have started in the Permian before the separation of
urodeles from anurans and the expansion of the uro-
deles genome, due to a few L'TR families, would have
continued in the early and Middle Triassic (Laurin
et al. 2015; Christoph-Liedtke 2016). The first phase
of the expansion took place gradually and led to larger

genomes in anuran; the next phase would have
occurred because of the L TR retrotransposon saltatory
proliferation (Sun & Mueller 2014) and would have led
to very large genomes typical of current urodeles
already in the Middle Jurassic (Laurin et al. 2015;
Organ et al. 2015; Christoph-Liedtke et al. 2018).

An interesting aspect, common to the great expan-
sion of genome in lungfish and amphibians, especially
urodeles, is that it would have occurred in periods of
drastic environmental changes such as the beginning of
Carboniferous and the transition from Permian to
Triassic and this is in agreement with the observation
that transposon activity is often the consequence of
environmental stresses (McClintock 1984; Capy et al.
2000).

A positive relationship between genome size and
nuclear and cell volume has been recorded in anur-
ans and urodeles.

Even in amphibians, there are correlations
between the genome size and the environment. In
general, species that live in cold environments have
more DNA and a longer development; in particular,
in urodeles there is a direct correlation between
genome size and latitude (Litvinchuk et al. 2007).

In amphibians, variations in genome size show
interesting relationships with reproductive strategies
and embryonic development. A positive correlation is
observed between genome size and cell cycle duration
during the synchronous divisions of segmentation
(Vinogradov 1999). In anurans, genome size is corre-
lated with cell proliferation rate and with developmen-
tal rates in different embryonic stages (Chipman et al.
2001); in urodeles, on the other hand, there is
a negative relationship between genome size and
regeneration and growth rates during embryogenesis
and differentiation (Sessions & Larson 1987). In
Plethodontid urodeles genome size is positively corre-
lated to development duration (Jockusch 1997).

A peculiar feature of urodeles is the relationship
between genome size, paecdomorphosis and neoteny:
species that have a biphasic life cycle have the smallest
genomes; those with large genomes are often optional
neotenic and those with giant genomes are obliged
neotenic (Morescalchi 1991; Gregory 2005).

Also the direct correlation between genome size and
cell cycle duration (Vinogradov 1999) and the inverse
correlation between genome size and metabolic rate
observed in amphibians (Monnickendam & Balls
1973; Licht & Lowcock 1991) are interesting from
an evolutionary point of view.

The genome size in reptiles ranges from 1.32 pg to
5.44 pg. The average higher values are found in che-
loniids and in Tuatara. There is an inverse relationship
between genome size and chromosome changing rate
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that is higher in Squamata and is directly related to the
number of living species (Olmo 2005). Furthermore,
genome size is also directly correlated with nucleus
and cell size and is inversely correlated to the meta-
bolic rate (Olmo 2003).

A difference between cheloniids/crocodiles and
squamates is the presence in the latter of two types
of chromosomes: microchromosomes, richer in
genes, and macrochromosomes (Kasai et al. 2019).

The percentage of transposons ranges from 23.4%
to 49.6% and are mainly LINE. Unlike what is
known in other amniotes, in the Squamata, despite
a little genome size variations, there is a surprisingly
large variability in the amount of repetitive
sequences especially transposons and in snakes
there is the highest content of microsatellites origi-
nating from transposons (Pasquesi et al. 2018).

Birds have very low genome size ranging from 0.91
pg to 2.16 pg, with the highest value in ostrich. The
percentage of transposons is the lowest among verte-
brates and ranges from 5.5% to 10.7% and are mainly
LINE.

Even in birds, there are microchromosomes richer in
genes and macrochromosomes. Originally the genome
of birds would have had a similar size to that of current
mammals (3-3.7 pg) and would have undergone
a reduction in Mesozoic and Caenozoic eras that
would have led to current values (Organ et al. 2007).
A similar situation is assumed to have previously char-
acterized the pterosaurs (Organ & Shedlock 2009).
There is an inverse relationship between genome size
and metabolic rate (Vinogradov 1997; Gregory 2001)
leading to hypothesize that small genomes and corre-
sponding high metabolism would have been the premise
for the development of flight (Hughes & Hughes 1995).

In mammals, the nuclear DNA content ranges from
2.9 pg to 3.6 pg in monotremes, from 2.99 pg to 5.02
pg in marsupials, and from 1.7 pg to 8.4 pg in
placentals.

The percentage of transposons is 44.6% in platy-
pus, from 52% to 53.8% in marsupials and from
29.2% to 46% in placental and are nonL TR
retrotransposons.

An inverse relationship between genome size and
metabolic rate has also been noted in mammals
(Vinogradov 1995) and it has been hypothesized that
there is also a correlation between genome size, meta-
bolism and flight adaptation in Chiroptera, even if
data are contradictory (Smith et al. 2013).

Base composition and methylation

The research groups of Bernardi and Vinogradov
have been the main conductors of studies

concerning the base composition. They have high-
lighted variations of this parameter during the evo-
lution of the chordates.

Vinogradov (1998a) evidenced a general positive
but not linear relationship between GC content and
genome size; the GC percentage shows great varia-
bility at lower values while it tends to stabilize at the
level of about 46% with the increase of genome size.
The regression line of reptiles and birds follows the
general trend but has a steeper slope due to a greater
increase in GC composition compared to the
increase in nuclear DNA content, while in teleosts
an inverse relationship has been noted. The higher
percentage of GC is positively correlated with bend-
ability, thermostability and the ability to change the
DNA from B to Z form, property linked to chroma-
tin opening and transcription activation, and inver-
sely related to curvature that favours chromatin
condensation. Bernardi and colleagues’ studies
have shown GC% values in line with those reported
by Vinogradov, although they have noted a negative
correlation with genome size in most vertebrate
classes (Bernardi & Bernardi 1990; Jabbari et al.
1997; Bernardi 2004). These researchers have
shown a compartimentalization in eukaryotic gen-
ome, i.e. made up of a series of distinct fractions,
each characterized by a specific and different GC
average composition, the so-called isochores.
Changes in base composition would have mainly
depended on body temperature. In fact, during ver-
tebrate evolution, a clear variation in GC percentage
has been observed in isochore distribution, only in
the transition from cold-blooded to warm-blooded.
In the former, similarly to invertebrates, genome is
constituted almost exclusively of AT-rich isochores,
while in birds and mammals there are GC-rich iso-
chores. An intermediate situation has been reported
for reptiles, where in Squamata the isochore pattern
is similar to that one observed in fish and amphi-
bians, while in turtles and crocodiles it is more
similar to that of birds and mammals (Hughes
et al. 2002). The transition in base composition
from ectothermic to endothermic vertebrates has
been explained with the “thermodynamic stability
hypothesis” according to which the increase of GC-
rich components in endotherms would have led to
a greater thermodynamic stability of DNA, RNA,
and proteins. This is of great importance to cope
with the impact that the increase in body tempera-
ture has on various structural and functional aspects
of cell and genome (Bernardi 2004). The percentage
in base composition has shown a positive correlation
with methylation level which, however, is different
between fishes and amphibians on the one hand,
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and birds and mammals on the other, where two-
fold values have been evidenced in the former group
(Bernardi 2004). Moreover, for reptiles, an inter-
mediate situation has been described (Varriale &
Bernardi 2006). In all vertebrates, methylation is
inversely related to the genome size and methylation
level is inversely correlated with body temperature in
fish (Bernardi 2004; Varriale & Bernardi 2006).
A positive correlation has been noted between the
GC content and the metabolic level (Uliano et al.
2010; Berna et al. 2012; Varriale 2014; Tarallo et al.
2016). In teleosts, it has been observed that the GC
percentage increases from freshwater to marine spe-
cies and within these from non-migratory to migra-
tory species. This trend would be related to both
salinity changes and higher costs in terms of energy
for migratory species (Tarallo et al. 2016).

Relationship of genome characters with the
environment

As described in the previous sections, various inter-
actions exist between genome size, transposons and
base composition, and between these and the envir-
onment. Some of these interactions concern all the
aforementioned genome characters, while others are
referred to some of these features. However, these
relationships may not be always simple and linear,
since in some cases the environmental factors would
seem to be the direct cause of the changes in the size
and/or genome composition, while in other cases
genome characters influencing some cell structures
and functions, such as cell size (Olmo 1983) and cell
cycle (Vinogradov 1999) would have favored

197

adaptation to new environmental conditions.
However, not all these interactions seem to be sup-
ported by experimental data.

Recently, many researches on transposons have
shown that they are among the main causes of genome
expansion and that their activity is stimulated by var-
ious environmental stressors (Canapa et al. 2015;
Carducci et al. 2019b), such as temperature, thermal
shocks, radiations, chemicals, and viral infections
(Capy et al. 2000; Fujino et al. 2011; Garcia
Guerreiro 2012; Carducci et al. 2019a, b). In some
cases, these stressors would act directly on transposons
with a mechanism typical of defensive gene activation,
since some transposons have sequences similar to the
promoters of these genes (Takeda et al. 1999; Capy
et al. 2000); however, in many other cases, the action
would mainly depend on a temperature-dependent
activation of transposase (Capy et al. 2000; Fujino
et al. 2011; Carducci et al. 2019a).

Besides to be involved in transposon activation,
temperature is one of the most important elements
of natural selection able to interact both with base
composition and genome size (see Figure 2). Studies
conducted on base composition have clearly shown
that body temperature affects GC percentage. This
effect is evident in structural changes of macromo-
lecules. In accordance with the “thermodynamic
stability hypothesis”, GC higher values are directly
related to an increased DNA thermostability
(Bernardi 2004) which in turn influences RNA com-
position and chemical and physical properties of
proteins, which in species showing a higher GC
percentage are richer in hydrophobic amino acids.
Thus, macromolecules of endothermic organisms

Temperature
GC content Transposons Biosynthesis
G1
Cell cycle
v

Metabolism €= Genome size =3 Development

Figure 2. Schematic representation of interactions between genome features and parameters.
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are thermodynamically more stable and can function
optimally even in the case of an increase in body
temperature (Bernardi 2004).

As previously described, an increase in GC con-
tent confers to DNA not only a greater thermostabil-
ity, but also facilitates chromatin opening and the
consequent transcriptional activation; on the con-
trary, a higher GC richness reflects a lower DNA
curvature which favors chromatin condensation
(Vinogradov 1998a, 2003, 2005). The GC-rich
DNA, with its higher physical stability would com-
pensate for higher gene mutation rate observed in
larger genomes and would also protect against
damages due to chemical mutagens, many of which
have a higher affinity for GC-rich DNA and then
would be more easily absorbed and neutralized by
the higher GC-rich DNA regions (Vinogradov 1994;
Bernardi 2004).

However, the influence of temperature would
not be the direct cause of the GC content
increase but it would be one of the main selective
factors responsible for structural changes in
macromolecules, allowing birds and mammals to
cope with the increase of body temperature
(Bernardi 2004).

Moreover, the direct relationship between GC per-
centage and methylation increase demonstrates that
temperature, via base composition, has been able to
influence an important epigenetic mechanism
involved in transposon inactivation (Canapa et al.
2015) and in the control of different cellular func-
tions, such as tissue-specific gene expression, cell dif-
ferentiation, and development (Varriale 2014).

In addition, the influence of temperature on gen-
ome size could act indirectly through the control of
the cell cycle duration.

This cycle mainly depends on the DNA amount
that has to be duplicated. However, differences have
been observed in two phases of the cell cycle:
S phase is strictly related to the DNA amount,
while the G1 phase duration is influenced both by
DNA content and biosynthesis rate. Therefore,
a higher biosynthesis rate corresponds to a shorter
G1 phase and thus to a shorter cell cycle.

Since the biosynthesis rate is influenced by tem-
perature, the G1 phase and the cell cycle can be
controlled by temperature variations. Xia (1995)
has reported an inverse relationship between bio-
synthesis rate and genome size. This would explain
why species, living in warm environments (especially
poikilothermic species), have smaller genomes,
a higher biosynthesis rate, and a shorter cell cycle
compared to related species living in colder
environments.

According to this author, smaller changes in G1
phase duration (and in biosynthesis rate) at specific
changes in body temperature occur in species with
large genomes compared to those with smaller gen-
omes. Therefore, a large genome could be used by
poikilothermic species to buffer potential damages
caused by climate changes (Xia 1995).

The relationship between genome parameters and
temperature-related metabolism (Kleiber 1932) is
more complex.

An inverse relationship between genome size and
metabolic rate has been observed in all vertebrates
(Licht & Lowcock 1991; Gregory 2005; Vinogradov
& Anatskaya 2006) in which a different trend has been
evidenced in reptiles-birds compared to amphibians-
mammals: indeed, an increase in genome size corre-
sponds to a greater reduction in the metabolic rate in
the former than the latter (Vinogradov & Anatskaya
2006); these two trends are similar to those concerning
the ratio between genome size and GC content, i.e. in
reptiles-birds at the same genome size the GC percen-
tage is higher than that of amphibians-mammals
(Vinogradov 1998a).

The GC content is proportional to chromatin
condensation, thus nuclei with a greater GC quan-
tity are larger for the same DNA amount. Therefore,
it has been hypothesized that metabolic rate is influ-
enced not by the genome size but mainly by the
nuclear volume as determined by the interaction
between genome size and GC content (Vinogradov
& Anatskaya 2006).

It is assumed that metabolism is conditioned by
both respiratory and nutritive exchanges which
depend on surface—volume ratio of nucleus and cell
(Olmo 1983; Vinogradov 1995). Consequently,
genome size determining these two-dimensional
cell parameters is probably one of the most impor-
tant factors regulating cell metabolism (Olmo 1983;
Hardie & Hebert 2003).

Relationships observed between metabolic rate
and base composition are less clear. In teleosts,
contradictory aspects have been evidenced in the
relationships between these two parameters and the
temperature (Uliano et al. 2010). Indeed, the GC
composition has a positive correlation with meta-
bolic rate, but both these parameters have
a negative correlation with temperature. This trend
cannot be generalized since a similar low metabolic
rate has been found in tropical species and in organ-
isms living in deep sea, characterized by lower
temperature.

In this sub-class, genome parameters would also be
influenced by salinity, especially by the ability to cope
variations in saline concentration: it has been observed
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that GC content increases from non-migratory fresh-
water species to migratory marine species, similarly
the genome size is higher in eurobiotic species than
in stenobiotic ones (Ebeling et al. 1971; Hardie &
Hebert 2003, 2004; Tarallo et al. 2016).

Tarallo et al. (2016) have hypothesized that this
situation is linked both to metabolic rate and to
a higher necessity of oxygen for migratory species.
Another possible explanation has been proposed by
Vinogradov (1998b, 1998c) which hypothesizes that
non-coding DNA performs a buffering function on
the intracellular concentration of solutes through
non-specific bonds with proteins. Cells with
a major amount of repetitive DNA, and therefore
constituted by larger genomes, have a higher ability
to regulate the intracellular composition of solutes
balancing the variations in the composition of the
extracellular solutes.

Finally, another interesting aspect of the relation-
ship between genome size and processes involved in
speciation and environmental adaptation concerns
both time and mode of embryo and larval
development.

It is known that the cell cycle length influences
the duration of embryo and larval development
(Vinogradov 1999; Gregory 2005). A positive rela-
tionship between genome size, cell cycle, and
developmental duration has been detected in
many classes of vertebrates, especially anamniotes,
while no relationship has been reported in
amniotes (Gregory 2001; Olmo 1983) concerning
these aspects. These correlations have been studied
particularly in amphibians. In anurans genome size
is directly related to cell proliferation rate in seg-
mentation and developmental rates in different
stages (Chipman et al. 2001). In urodeles, besides
a positive relationship between nuclear DNA con-
tent and developmental duration (Jockusch 1997),
there is a negative relationship with the regenera-
tion, the differentiation, and the growth rate dur-
ing embryogenesis (Sessions & Larson 1987).

The relationship between genome size and the
related developmental duration can represent
a limiting factor in environment adaptation, especially
concerning temperature and water availability. Indeed
it has been observed that in amphibians, especially in
anurans, species that live in environments character-
ized by scarcity of water have a small genome and
a rapid development, while species that live in cold
environments with water availability have larger gen-
omes and a slow development (Goin et al. 1968;
McMenamin & Hadly 2010); similarly in urodeles
species living in cold environments have a larger gen-
ome and a longer duration of development compared

to species living in warmer environments (Litvinchuk
et al. 2006; Lertzman-Leofsky et al. 2019). Similar
correlations have also been reported for some fishes
(Hardie & Hebert 2003, 2004). In addition to the
developmental duration, variations in the DNA con-
tent also seem to affect the developmental complexity
(Gregory 2001, Gregory 2005). Genome size shows
relationships with different aspects of development
such as viviparity, direct or indirect development,
and neoteny. In Chondrichthyes viviparous species
have larger genomes (Hardie & Hebert 2004).
A trend reported in several animals concerns the
increase in genome size in relation to the transition
from metamorphosis to the direct development, and
facultative or obligatory neoteny. In cyclostomes,
anurans, and urodeles, species having a complete
metamorphosis present smaller genomes than those
with direct development. Moreover, urodeles that
have large genomes are facultative or obligatory neo-
tenic species.

This trend could be common to all metazoans
since also in insects it has been observed an increase
in DNA content from holometabolous, to incom-
plete metamorphosing species (hemimetabolous) to
those with direct development (ametabolous)
(Gregory 2005). This aspect would be linked to
heterochrony, a mechanism that involves changes
in developmental rate and duration, and from
which paedomorphosis can result, i.e. the mantain-
ment of immature characters in adults, when devel-
opment slows down or interrupts prematurely
(Morescalchi 1991). In amphibians, one of the
main causes of paedomorphosis would be an
increase in genome size since this increase would
reduce the growth rate, differentiation, and cell
migration during embryogenesis by preventing the
formation of late-developing traits (Roth et al. 1997;
Womack et al. 2019).

Paedomorphosis played a very important role in
the evolution of amphibians, since paedomorphic
forms were already present in the labyrinthodonts
and in the dyssorophoids which are the ancestors of
the current lissamphibians (Morescalchi 1991).
Paedomorphosis would have played an important
role also in the Dipnoi, which have large genomes
(similar to those of the facultative or obligatory neo-
tenic urodeles) and show larval characters (Bemis
1984; Joss 2006; Joss & Johanson 2007).

Conclusions

This analysis shows the existence in chordates of
a mutual influence between environment and the
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non-coding components of the genome and this sup-
ports the hypothesis that the nucleotype would have
played an important role in the evolution of this phy-
lum, mainly in environmental adaptation processes.

The parameter that seems to be most relevant in
genome—environment relationships is certainly the
temperature variation (Figure 2) that directly or indir-
ectly, e.g. through metabolism, has an effect on trans-
posons, genome size, and base composition. The
action of genome—temperature interactions was one
of the most relevant phenomena, mainly for the evolu-
tion of the poikilothermic species. However, tempera-
ture-dependent enrichment of the GC-rich isochores
that has occurred in the transition from ectothermic to
endothermic vertebrates was very important for the
latter since it has contributed to making these verte-
brates less environment-dependent.

Overall, it is the environment that exerts its effect on
genome, but in certain cases the variations in the gen-
ome components, which influence the structural and
functional characteristics of cell, regulate evolutionary
processes, such as the environmental adaptation.

In all cases, the interactions between environmen-
tal factors and genome components are part of the
typical processes of natural selection and the varia-
tions affecting genome size, the transposon percen-
tage, and base composition represent preadaptations
on which environmental variations operate.
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