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Introduction to Isochores

The ultracentrifugation in  Cs2SO4 density gradients in 
the presence of sequence-specific ligands (e.g.,  Ag+) was 
shown to lead to a high resolution of mammalian DNAs 
according to base composition much before genome 
sequencing (Corneo et  al. 1968). These findings offered 
new perspectives in the study of the organization of eukary-
otic genomes, taking the place of DNA reassociation kinet-
ics based on the separation of single- and double-stranded 
DNA on hydroxyapatite (Bernardi 1965; Britten and Kohne 
1968). More than 50 years ago, calf thymus DNA, the 
standard eukaryotic DNA, was shown to be remarkably 
more heterogeneous in base composition than bacterial 
DNAs (Meselson et al. 1957). Interestingly, high-resolution 
ultracentrifugation of this DNA showed a discontinuous 
compositional heterogeneity of the main band, consisting 
of three families of DNA molecules, also separating the 
GC-rich satellites (Filipski et  al. 1973). The families of 
DNA molecules were then shown in the other mammalian 
genomes (including the human genome) explored and were 
defined as fairly homogeneous DNA stretches (Macaya 
et al. 1976; Thiery et al. 1976) called isochores (Cuny et al. 
1981) for compositionally equal landscapes. The first fam-
ily was then resolved into two families, L1 and L2; the sec-
ond and the third families were called H1 and H2, respec-
tively; and another quantitatively small family, H3 was 
identified (Zerial et al. 1986), neglecting the satellite DNAs 
(∼2% of the genome) and ribosomal DNAs (∼0.5% of the 
genome). The isochore families were characterized by their 
increasing GC levels from L1 to H3.

Twenty-five years after these findings,  also thanks to 
the availability of the complete sequence of the human 
genome, different computational approaches have been 
used to disprove or redefine isochores (Eyre-Walker and 
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Hurst 2001; Häring and Kypr 2001; Lander et  al. 2001; 
Nekrutenko and Li 2001; Cohen et  al. 2005). In particu-
lar, Eyre-Walker and Hurst (2001) accepted the existence 
of the isochores even if they claimed that the question of 
why there is large-scale variation in base composition 
along mammalian and avian chromosomes is far from 
resolved because none of the available hypotheses ade-
quately explained all the data. Lander et  al. (2001) stud-
ied the draft of the human genome sequence to determine 
strict isochores. Their results ruled out a strict notion of 
isochores as compositionally homogeneous, whereas being 
a substantial variation at many different scales. They con-
cluded that although isochores did not appear to merit the 
prefix `iso,’ the genome clearly contained large regions of 
distinctive GC content, suggesting to redefine isochore con-
cept so as to partition rigorously the genome into regions. 
Häring and Kypr (2001) demonstrated that the isochores 
should be defined in unambiguous molecular terms if they 
were used for an up-to-date genome structure characteriza-
tion. They calculated the GC content variations along the 
DNA molecules of the human chromosomes 21 and 22, and 
found the variations to be higher everywhere compared to 
the randomized sequences. According to their findings, the 
GC content was certainly not homogeneous on the isochore 
scale in the two human chromosomes. In addition, no sig-
nificant difference between the two human molecules and 
the genome of Escherichia coli have been found, regarding 
the GC content variations. Hence, no isochores were both 
present in the DNA molecules of the human chromosomes 
21 and 22, or the isochores were also present in the genome 
of E. coli. Nekrutenko and Li 2001 studied the composi-
tional patterns of eukaryotic genomes, using large amounts 
of long genomic sequences and developing a simple meas-
ure (called the compositional heterogeneity or variability 
index) to compare the differences in compositional hetero-
geneity between long genomic sequences. They reported 
the following: (i) The extent of the compositional hetero-
geneity in a genomic sequence strongly correlated with its 
GC content in all multicellular eukaryotes studied inde-
pendently from the genome size. (ii) The human genome 
appeared to be highly compositionally heterogeneous both 
within and between individual chromosomes, going much 
beyond the predictions of the isochore model. (iii) All 
genomes of multicellular eukaryotes examined were com-
positionally heterogeneous, although they also contained 
compositionally uniform segments, or isochores. (iv) The 
human (or mammalian) genome was characterized by the 
presence of very high GC regions, exhibiting unusually 
high compositional heterogeneity and containing few long 
homogeneous segments (isochores). According to their 
findings, they concluded that GC-poor isochores were 
longer than GC-rich ones, indicating that the genomes of 
multicellular organisms were much more heterogeneous 

in nucleotide composition than depicted by the isochore 
model, thereby leading to a looser definition of isochores. 
Cohen et al. (2005) addressed the question of the validity 
of the isochore theory through a rigorous sequence-based 
analysis of the human genome. By the selection criteria 
used in this study (distinctiveness, homogeneity, and mini-
mal length of 300 kb), 1857 genomic segments have been 
identified, warranting the label of isochores. These puta-
tive isochores were not uniformly scattered throughout 
the genome and cover about 41% of the human genome. 
A four-family model of putative isochores has been found 
and these families were GC poor, with mean GC contents 
of 35, 38, 41, and 48% and not resembling the classical five 
isochore families. Moreover, due to large overlaps among 
the families, it was impossible to classify genomic seg-
ments into isochore families reliably, according to compo-
sitional properties alone. These findings undermined the 
utility of the isochore theory and seem to indicate that the 
theory may have reached the limits of its usefulness as a 
description of genomic compositional structures.

This debate prompted us to map the isochores, as origi-
nally defined (Macaya et al. 1976), in the finished sequence 
of the human genome (International Human Genome 
Sequencing Consortium 2004). The results obtained were 
in agreement with those obtained by equilibrium sedimen-
tation and confirm the existence of five isochore families, 
going much farther in mapping isochores on chromosomes 
and leading to a resolution of chromosomal bands (Costan-
tini et al. 2006). In more detail, a very simple approach has 
been used to segment the human chromosomes de novo, 
based on assessments of GC and its variation within and 
between adjacent regions. Scanning the GC profiles of 
human chromosomes from any starting point using a non-
overlapping window of 100 kb, a mosaic of sequences has 
been found (ranging from 200  kb to several megabases), 
characterized by different GC levels and by a remarkable 
compositional homogeneity. A complete coverage of the 
human genome, neglecting the remaining gaps, revealed 
the presence of ∼3200 isochores. The isochore pattern is, 
expectedly, different from chromosome to chromosome. 
However, when isochores are pooled in bins of 1% GC 
(Fig.  1), isochore families stand out. This is evident for 
isochore families L1, L2, and H1, but also visible for the 
H2 and H3 families, which are present in small amounts 
in the genome. The relative amounts of DNA in isochore 
families were 19, 37, 31, 11, and 3% for L1, L2, H1, H2, 
and H3 isochores, respectively, again in fair agreement with 
previous results (Macaya et al. 1976; Cuny et al. 1981).

This new level of detail provided by the isochore map 
helps to understand genome and chromosome structure, 
function, and evolution. The isochores were characterized 
by a different gene density. In fact, the genes are not distrib-
uted randomly in the human genome: indeed, gene density 
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is low in GC-poor isochores, increases with increasing of 
GC in H1 and H2 and reaches a maximum in H3, even 
if this isochore family represents a small amount in the 
human genome. Because of these properties, the GC-poor 
isochores are called “genome desert” while the GC-rich 
ones are called “genome core.” These two gene spaces are 
characterized by several different properties (for review, see 
Bernardi 2004), the most remarkable ones being the corre-
lations of isochore families not only with gene density but 
also with replication timing, recombination, location, and 
chromatin structure in interphase nuclei, chromatin being 
“open” in the genome core and “closed” in the genome 
desert (Saccone et  al. 2002). Isochore borders were iden-
tified on the basis of marked compositional differences 

and H3 isochores were always flanked by GC-poorer iso-
chores, and L1 isochores were always flanked by GC-richer 
isochores, as expected (p value < 0.001). This is also the 
predominant situation found in the cases of H2, H1, and 
L2 isochores, respectively. However, these families also 
exhibited “transition isochores” in several cases, where one 
flanking isochore was higher, and the other lower. Very 
large GC differences at borders (such as L1/H3 borders) 
were rare, thus leading to the formation of blocks of iso-
chores from closer families (e.g., L1/L2). Further investi-
gations on the molecular basis of the classical Giemsa and 
Reverse bands in human chromosomes revealed that the 
∼3200 isochores of the human genome were assembled 
in high (850-band)- resolution bands, and the latter in low 

Fig. 1  Distribution of iso-
chores according to GC levels 
in vertebrate genomes. The 
histograms show the distribu-
tion (by weight) of isochores as 
pooled in bins of 0.5% GC for 
chicken, zebrafish, pufferfish, 
and human. Genome sizes are 
calculated from the sums of 
isochores. Colors represent the 
five isochore families. Modified 
from Costantini et al. 2009. 
(Color figure online)
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(400-band)- resolution bands, so forming the nested mosaic 
structure of chromosomes (Costantini et al. 2007c). In more 
detail, the borders of both sets of chromosomal bands have 
been defined at the DNA sequence level on the basis of the 
map of isochores, representing the highest-resolution ulti-
mate bands. The isochore-based level of definition (100 kb) 
of chromosomal bands was much higher than the cytoge-
netic definition level (2–3  Mb), thereby giving the solu-
tion of the long-standing problem of the molecular basis of 
chromosomal bands defined on the basis of compositional 
DNA properties alone. Previously, this problem has been 
also dealt by Niimura and Gojobori (2002), demonstrat-
ing that Giemsa-dark bands were the regions in which the 
GC content is relatively lower than that of the surrounding 
regions. These results implied the relationship between iso-
chores and chromatin structures, inferring a different mech-
anism of isochore formation, and so propose that the func-
tional constraint for retaining compact chromatin would be 
one contributor to forming isochores.

Chromosome replication timing is biphasic (early–late) 
in the cell cycle of vertebrates and of most (possibly all) 
eukaryotes. The extended, detailed replication timing maps 
that are available (namely those of human chromosomes 
6, 11q, and 21q) have been compared with chromosomal 
bands as visualized at low (400 bands), high (850 bands), 
and highest (3200 isochores) resolution (Costantini et  al. 
2007c). The replicons located in a given isochore showed 
either all early or all late replication timing and that early-
replicating isochores are short and GC-rich and late-repli-
cating isochores are long and GC-poor. In the vast major-
ity of cases, replicons are clustered in isochores, which are 
themselves most often clustered in early- or late-replication 
timing zones and may often reach the size of high-reso-
lution bands and, very rarely, even that of low-resolution 
bands.

A recent investigation compared maps of the Topo-
logically Associating Domains (TADs) and of the Lam-
ina Associated Domains (LADs) with the corresponding 
isochore maps of mouse and human chromosomes (Jabbari 
and Bernardi 2017). This approach revealed that (1) TADs 
and LADs correspond to isochores, being the genomic units 
that underlie chromatin domains; (2) TADs and LADs are 
well conserved in mammalian genomes because of the evo-
lutionary conservation of isochores; (3) chromatin domains, 
which correspond to GC-poor isochores, interact with other 
domains also corresponding to GC-poor isochores even if 
located far away on the chromosomes, whereas chromatin 
domains corresponding to GC-rich isochores show more 
localized chromosomal interactions, many of which are 
inter-chromosomal. In conclusion, this investigation estab-
lishes a link between DNA sequences and chromatin archi-
tecture, explains the evolutionary conservation of TADs 
and LADs, and provides new information on the spatial 

distribution of GC-poor/gene-poor and GC-rich/gene-rich 
chromosomal regions in the interphase nucleus.

Furthermore, an analysis of di- and tri-nucleotide densi-
ties in the isochores from the five families showed large dif-
ferences. Densities of di- and tri-nucleotides were assessed 
on human DNA sequences 100 kb in size as derived from 
different isochore families (Costantini and Bernardi 2008b). 
Indeed, among dinucleotides, the “AT set,” ApA, TpT, 
ApT, and TpA, showed a remarkable decrease from the L1 
to H3 families. In contrast, the ‘‘GC set,’’ CpC, GpG, CpG, 
and GpC, showed an increase, the CpG density reaching 
a fivefold higher level in H3 compared with L1 isochores. 
The same happened with trinucleotides. These different 
“short-sequence designs” (i) account for the fractionation 
of human DNA (and vertebrate DNA in general) when 
using sequence-specific ligands in density gradients, (ii) 
are very similar in whole isochores and in the correspond-
ing intergenic sequences and introns, (iii) are reflected in 
different codon usages, (iv) lead to amino acid differences 
that increase the thermal stability of the proteins encoded 
by genes located in increasingly GC-rich isochore fami-
lies, and (v) correspond to different chromatin structures. 
The significance of dinucleotide properties for local DNA 
structure (mainly in stacking energies) has been known for 
a long time (Dickerson 1992), but the periodicities of ApA/ 
TpT/TpA and GpC in connection with position and stabil-
ity of nucleosomes has been stressed only more later (Segal 
et  al. 2006). The different densities of di- and tri-nucleo-
tides suggested that chromatin structure may be different at 
the level of isochores belonging to different families. This 
has been demonstrated by mapping DNase-I hypersensi-
tive sites and showing that the density of these sites on the 
human genome increases with increasing GC of isochores 
(Di Filippo and Bernardi 2008).

In the next sections, we will approach the general prob-
lem of the organization and evolution of genomes at the 
sequence level, ranging from vertebrates to invertebrates 
until unicellular organisms.

Vertebrates

The availability of a number of fully sequenced genomes 
ranging from fishes to mammals allowed to analyze 
the structure of their genomes, approaching the general 
problem of the organization and evolution of vertebrate 
genomes at the sequence level. Costantini et  al. (2009) 
analyzed the genomes of the chicken Gallus gallus; four 
fishes, zebrafish (Brachydanio rerio), medaka (Oryzias 
latipes), stickleback (Gasterosteus aculeatus) and puffer-
fish (Tetraodon nigroviridis); Eutherians not yet explored, 
namely chimpanzee (Pan troglodytes), mouse (Mus muscu-
lus), and dog (Canis familiaris); a Marsupial, the opossum 



97J Mol Evol (2017) 84:93–103 

1 3

Monodelphis domestica; a Monotreme, (the platypus Orni-
thorhynchus anatinus); and a Reptile (the lizard Anolis 
carolinensis). Some comparative data from an Amphib-
ian (Xenopus tropicalis) were also obtained, even if these 
genome sequences are only available as scaffolds.

Concerning the fishes, the two major compositional fea-
tures of these genomes obtained by the ultracentrifugation 
approach previously used, namely the wide intergenomic 
spread of base composition and the narrow intragenomic 
distribution, were confirmed on the basis of sequences. 
Zebrafish was practically made up of only L1 and L2 iso-
chores, with a predominance of the former family, whereas 
the isochores of pufferfish consist of H1 and H2 families 
with a minor presence of L2 and H3 isochores (Fig. 1; Cos-
tantini et  al. 2007b). The compositionally “intermediate” 
genomes of medaka and stickleback consist essentially of 
L2/H1 and H1/H2 isochores, respectively, the first family 
being predominant in each case. Both the narrow intragen-
omic distribution and the wide compositional spread of fish 
genomes can be understood in two ways. First, as an adap-
tation to environmental and physiological factors (water 
temperature, metabolic rate, and oxygen consumption), as 
is the case in some prokaryotes (Musto et al. 2006; Romero 
et al. 2009; Naya et al. 2002), or second as a result of the 
mutational bias characteristic of each genome. Given the 
lack of experimental data, for the moment, we favor the 
second explanation.

The narrow intragenomic distribution may be visual-
ized as an adaptation to a particular ecological niche; on 
the other hand, the wide compositional spread suggests the 
existence of compositional transitions, involving whole 
genomes and responding to changes in environmental con-
ditions and new adaptations. These transitions may occur 
among genomes of fishes belonging to different orders, or 
even to different families independent of geological time 
(Bernardi and Bernardi 1990), leading to different patterns 
of isochore families.

The chicken genome has a size about 1/3 of the human 
genome and all isochore families were very slightly 
shifted toward GC-rich values compared to the human 
distribution (Costantini et  al. 2007a). The differences 
concerned the existence of a minor isochore family, H4, 
which is absent in mammals. These data still lack some 
microchromosomes, all of which are known to be very 
GC-rich (Andreozzi et  al. 2001). Taking into account 
that the last common ancestor of mammals and birds is 
estimated to go back to 310–340 Mya (van Rheede et al. 
2006), that mammals and birds emerged at different times 
from different reptilian lines (from Therapsids, about 220 
Mya, and from Dinosaurs, about 150 Mya, respectively), 
that the genome size of birds is about one-third that of 
mammals, and that the karyotype is profoundly different 
in most avian species, the similarities between the human 

and the chicken genome are particularly striking. These 
similarities can be explained, as proposed by Bernardi 
and Bernardi (1986), to the necessity of stabilizing the 
genome mainly in the gene-rich part of it, which is char-
acterized by an open chromatin structure (Saccone et al. 
2002). The existence of H4 isochores might be related to 
the higher body temperature (about 41 °C) of birds com-
pared to that of mammals (about 37 °C), as suggested by 
Kadi et al. (1993), although some other explanations can-
not be completely excluded [see, for example, Duret et al. 
2006]. Obviously, the similarities of the compositional 
patterns and of other genome properties, such as the GC 
level of isochore families, in the very distant genome of 
birds and mammals raise an important evolutionary ques-
tion concerning the fate of the extremely large number 
of neutral or nearly neutral changes that occurred, as 
explained by the neo-selectionist theory of genome evo-
lution (Bernardi 2007).

As expected, two Primates (human and chimpanzee) and 
a Carnivore (dog) showed a large similarity in the relative 
amounts of the isochore families, whereas in mouse L1 
isochores were poorly represented and H3 isochores were 
essentially absent (Costantini et al. 2009). In opossum, L1 
isochores were much more represented than in Eutherians, 
and GC-rich isochores H2 and H3 were very scarce. This 
pattern might be due to interspersed repeats that represent 
about 50% of this genome. In contrast to the genomes of 
Eutherians and chicken, which showed an average GC level 
of about 41%, and to the GC-poorer genome of opossum 
(~ 38% GC), the platypus genome (genome size of about 
2.4  Gb, only 18% of which are assembled, the remaining 
sequences being available as supercontigs) showed a high 
GC level of 43.4%. This genome essentially consisted of 
L2 and H1 isochores with a small amount of H2 isochores, 
a result due in part to the missing assembly of GC-rich 
microchromosomes. The GC profile of the unassembled 
sequences was superimposed on the isochore profile of 
the platypus genome, showing that the unassembled parts 
essentially corresponded to GC-rich chromosomal regions, 
as well as in the case of chicken.

The reptile Anolis carolinensis, is indeed heterogeneous 
in base composition, since its macrochromosomes com-
prise isochores mainly from the L2 and H1 families, with 
the majority of the sequenced microchromosomes con-
sisting of H1 isochores (Costantini et  al. 2016). Unfortu-
nately, only scaffolds were available for the genomes of the 
amphibian Xenopus tropicalis. When 100-kb segments of 
these scaffolds were binned and compared with similar his-
tograms for the human and medaka genomes, the composi-
tional heterogeneities of the Xenopus genome were found 
to be much lower than that of the human genome and rather 
close to that of the genome of medaka, the compositionally 
closest fish genome.
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The average GC levels of isochores families were 
remarkably conserved, in spite of the different relative 
amounts of isochore families found within and among ver-
tebrate classes. Because of their possible functional rel-
evance in connection with chromatin structure (Costantini 
and Bernardi 2008b), dinucleotide frequencies were also 
assessed and the observed/expected ratios were extremely 
close between human, mouse, opossum, and platypus in 
each of the isochore families. The average size of isochores 
in the different families also showed a remarkable conser-
vation in all vertebrates, from fish to human (see Table 1). 
The conservation of isochore size may be linked to the 
role played by isochores in chromosome structure and 
replication.

Invertebrates

The compositional organization of the invertebrate 
genomes explored comprised Nematodes, Arthropods, 
Echinoderma, and Chordata (Cammarano et  al. 2009), 
having very different sizes of their genomes (Fig.  2). 
Ciona intestinalis, a Urochordate, which is the clos-
est ancestral species to vertebrates (Delsuc et  al. 2006), 
presented the existence of a major L1 and a minor L2 
isochore family  (de Luca di Roseto et  al. 2002). The 
genome of the nematode Caenorhabditis elegans also 
displayed a very GC-poor genome, consisting essen-
tially of L1 isochores with only a very small amount of 
L2 isochores. Interestingly, in the Platyhelminth Schis-
tosoma mansoni, an isochore-like structure was found 
(although biased toward low GC values), associated with 
several features found in the human genome (Lamolle 
et al. 2016). Considering the insects, a sequence analysis 

of the genomes of Anopheles gambiae and Drosophila 
melanogaster revealed that Anopheles DNA is more het-
erogeneous and GC-richer than Drosophila DNA (Jab-
bari and Bernardi 2004). The gene concentration across 
the Anopheles genome was characterized by low levels in 
the GC-poor part of the genome and a threefold increase 
in the GC-richest part; this gene density gradient was 
approximately half that of Drosophila (Jabbari and Ber-
nardi 2000, 2004). Then with the availability of the com-
plete sequences of the chromosomes, three Drosophila 
species (D. melanogaster, D. simulans, D. yakuba) and A. 
gambiae showed three isochore families: a minor L2 fam-
ily, a predominant H1 family, and a H2 family which is 
barely represented in Drosophila, but is rather abundant 
in Anopheles. L1 family appeared as a very minor com-
ponent (about 1%). The genome organization in terms of 
isochore families of insects seems to be very similar to 
those of a fish, stickleback.

The compositional patterns of scaffolds or contigs (for 
which the complete sequences of assembled chromosomes 
were not available) from Branchiostoma floridae, Stron-
gylocentrotus purpuratus, Aedes aegypti, Tribolium cas-
taneum, and Daphnia pulex revealed their compositional 
distributions generally narrow, covering a range of about 
5% GC, with the exception of T. castaneum, in which case 
the range was about 10% GC, the center of distribution 
being lower (33%) than in the other cases. The average GC 
levels of the isochore families from the invertebrates inves-
tigated were very close to each other and to the correspond-
ing values of vertebrates (Table 2). The isochore families 
in invertebrate genomes were generally characterized by 
GC levels that were identical or very close to those of ver-
tebrates. Differences in dinucleotide patterns were found 
among invertebrates, as well as between invertebrates and 
vertebrates; in the latter case, the most salient feature was 
the CpG shortage which is due to the methylation of C in 
CpG followed by its deamination to T. No correlation was 
found between isochore size and genome size in spite of 
the very large genome size range explored so far, stressing 
their possible correlation with the structure and replication 
of chromosomes, as suggested by Costantini and Bernardi 
(2008a). The relative amounts of isochore families are dif-
ferent in different genomes, because of the different envi-
ronmental factors playing a role in determining composi-
tional patterns of genome. The gene concentration followed 
the general trends previously found for vertebrates, increas-
ing with increasing GC of isochore families.

According to the compositional data obtained from the 
invertebrate genomes, an isochore structure appears to be 
general for all metazoans explored, raising the question if 
all eukaryotic genomes are characterized by an isochore 
structure. A subsequent work on unicellular eukaryotes 
clarified this point (Costantini et al. 2016).

Table 1  Average sizes in megabases (Mb) of isochore families from 
vertebrates and invertebrates

Average size (Mb) L1 L2 H1 H2 H3

Vertebrates
 Human 0.9 0.9 0.8 0.7 0.7
 Zebrafish 0.8 0.6
 Medaka 2.8 0.9
 Stickleback 2.1 0.7
 Pufferfish 0.9 0.7

Invertebrates
 C. intestinalis 0.5 0.1 0.1
 C. elegans 3.4 0.5
 D. melanogaster 1.3 0.5 1.6 0.5
 D. simulans 0.9 0.4 2.0 0.5
 D. yakuba 1.3 0.4 1.7 0.5
 A. gambiae 0.6 0.7 1.3 1.0
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Unicellulars

The data reported until now revealed that the genomes of 
multicellular eukaryotes are compartmentalized in mosaics 
of isochores, belonging to a small number of families char-
acterized by different average GC levels, by different gene 
concentrations, different chromatin structures, and different 
replication timings in the cell cycle.

A question raised by these basic results concerns how 
far back in evolution the compartmentalized organization 
of the eukaryotic genomes arose. Several findings encour-
aged to extend the investigations on compositional genome 
organization of unicellular eukaryotes. Previous results on 
the genomes from a small number of unicellular eukary-
otes provided the first indication that a compositional com-
partmentalization was not only present in the genomes of 
multicellular eukaryotes, but also in those of some pro-
tozoa (Thiery et  al. 1976; Pollak et  al. 1982; McCutchan 
et  al. 1984; Isacchi et  al. 1993; Karlin et  al. 1993; Sharp 
and Lloyd 1993; Musto et al. 1994; Rodríguez-Maseda and 
Musto 1994; Dujon 1996; Dekker 2007).

The different groups of unicellular organisms studied 
by Costantini et al. (2013) exhibited a diversity of genome 
compositional patterns, ranging from very weak to very 
strong compartmentalization (Fig. 3). These findings indi-
cated that unicellular eukaryotes encompassed a wide range 
of genomic composition and heterogeneity. In fact, the 
average GC range of the genomes of these species was very 
broad (as broad as that of prokaryotes) and individual com-
positional patterns cover a very broad range from very nar-
row to very complex. Both features were not surprising for 
organisms very far from each other both in terms of phy-
logenetic distances and of environmental life conditions. 
More in detail, in the group of marine Algae, the green 
alga Ostreococcus tauri and the red alga Cyanidioschyzon 
merolae showed very GC-rich genomes, being the DNA 
centered at 59–60% GC and at 55–56% GC, respectively. 
More in detail, O. tauri genome had still previously sur-
prised for its heterogeneity, a feature which is not only unu-
sual but also perplexing from an evolutionary perspective 
(Derelle et al. 2006; Palenik et al. 2007). In fact, two chro-
mosomes, 2 and 19, were different from the others, in terms 

Fig. 2  Distribution of isochores 
according to GC levels in 
invertebrate genomes. The 
histograms show the distribu-
tion (by weight) of isochores as 
pooled in bins of 0.5% GC for 
C. intestinalis, C. elegans, D. 
melanogaster, and A. gambiae. 
Genome sizes are calculated 
from the sums of isochores. 
Colors represent the five 
isochore families. (Modified 
from Cammarano et al. 2009). 
(Color figure online)
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of organization for chromosome 2 and function for chromo-
some 19. Both of these chromosomes have lower GC con-
tent than the 59% GC of the other 18 chromosomes. Chro-
mosome 2 is composed primarily of two blocks, one with 
a GC content similar to that of the other chromosomes and 
the other with a markedly lower GC content (52%). The 

average GC content of the entire chromosome 2 amounts to 
55%. Likewise, the GC content of chromosome 19 (54%) is 
similar to the atypical region of chromosome 2.

The marine diatoms Thalassiosira pseudonana and 
Phaeodactylum tricornutum (also studied in Bowler et  al. 
2008) showed medium GC genomes, consisting of compo-
nents centered at 47 and 49% GC, respectively.

The genomes of fungi exhibited very different GC 
ranges: Saccharomyces cerevisiae and Candida glabrata 
showed GC-poor genomes, consisting of DNA compo-
nents centered at 38–39%, accompanied in the case of C. 
glabrata by a minor component ranging from 34 to 38% 
GC and also by a very minor GC-richer component in the 
42–46% GC range. In contrast, the other two fungi Ashbya 
gossypii and Cryptococcus neoformans showed GC-richer 
genomes: the first one centered at about 52–53% GC, the 
second one centered at 55% GC, whereas exhibited one 
component centered at 48–49% GC.

From a phylogenetic viewpoint, the protists were an 
exceptionally diverse group. Indeed, the genome-wide 
distances and times of divergence between two protozoan 
groups are many times larger than those of the most diver-
gent metazoans. In particular, Trypanosoma brucei and 
Trypanosoma cruzi exhibited GC-rich genomes: the first 
one was essentially formed by a component centered at 
48% GC, and by minor GC-poorer component; while on 
the other hand, the second species showed two main com-
ponents, the first one centered at 48% GC, and a second, 
smaller one at 54% GC. The situation was more striking 
in the case of Plasmodium species. In fact, the malaria 
parasite Plasmodium vivax exhibited a genome cover-
ing a broad compositional spectrum (28–55% GC) with 
two major components centered at about 44 and 49% GC, 
whereas in an exceedingly sharp contrast, Plasmodium 
chabaudi, Plasmodium berghei, and Plasmodium falcipa-
rum, having genome sizes very close to that of P. vivax, 
showed very GC-poor genomes with single major compo-
nents centered at 24, 22, and 19.4% GC, respectively. Only 
the P. falciparum genome showed some minor components 
ranging from 20 to 32% GC. Plasmodium knowlesi exhib-
ited a genome pattern intermediate between P. falciparum 
and P. vivax, showing two major components centered at 
about 39% and 43% GC as well as a smaller component at 
35% GC. The parasitic protist Toxoplasma gondii consisted 
of one major component centered at 52% GC and a smaller 
component at 55% GC, whereas the Amoeba Dictyostelium 
discoideum showed one major component centered at 28% 
GC. The average GC levels of the genome subcomponents 
from the unicellulars investigated were very close to each 
other and to the corresponding values of vertebrates and 
invertebrates (Table 2).

The analysis of the unicellular genomes has been 
prompted by several considerations: (i) the range of 

Table 2  Average GC (%) of isochore families from vertebrates (Cos-
tantini et al. 2009) and invertebrates (Cammarano et al. 2009), and of 
subcomponents from unicellular genomes (Costantini et al. 2013)

a  These genomes were excluded from the calculation of the overall 
average because of their extreme values

Average GC (%) L1 L2 H1 H2 H3

Vertebrates
 Human 36.0 38.9 43.1 48.7 54.5
 Chimp 36.0 38.9 43.2 48.6 55.0
 Dog 35.9 38.9 43.2 48.7 55.8
 Mouse 36.5 39.4 43.6 48.1 54.4
 Platypus 40.0 42.9 47.9 54.9
 Opossum 36.0 38.5 42.9 48.6 55.6
 Chicken 36.6 39.3 43.4 48.8 54.7
 Zebrafish 36.0 38.2
 Medaka 39.9 42.3
 Stickleback 44.2 47.3
 Pufferfish 44.4 48.2 54.7

Invertebrates
 C. intestinalis 35.5 38.3 41.7
 C. elegans 35.4 37.9
 D. melanogaster 35.3 40.0 42.9 47.2
 D. simulans 35.6 39.9 43.1 47.0
 D. yakuba 35.7 40.1 43.0 47.0
 A. gambiae 35.8 39.6 44.2 47.2

Unicellulars
 O. tauri 59.4a

 C. merolae 51.8 55.4
 T. pseudonana 47.0
 P. tricornutum 48.9
 S. cerevisiae 38.5
 C. glabrata 35.7 38.9 43.5
 A. gossypii 50.7 53.8
 C. neoformans 48.9
 T. brucei 43.2 47.5
 T. cruzi 49.6 54.7
 T. gondii 52.7 55.0
 D. discoideum 28.4a

 P. falciparum 19.4a

 P. chabaudi 22.5a

 P. berghei 22a

 P. knowlesi 35.0 38.5 42.8
 P. vivax 32.6 39.1 43.7 46.2 53.7

Overall average 35.6 39.1 43.2 48.5 54.8
Standard deviation 0.90 0.68 0.65 1.60 0.62
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Fig. 3  Distribution by weight 
of DNA segments according 
to GC levels in the red alga 
C. merolae, in diatoms P. tricor-
nutum, in fungi S. cerevisiae 
and A. gossypii, and in protists 
T. brucei and P. falciparum. 
(Modified from Costantini et al. 
2013). (Color figure online)
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genome sizes of unicellular eukaryotes is even broader than 
that of metazoans (Costantini et al. 2009; Cammarano et al. 
2009); (ii) the range of average GC levels of the genomes 
of unicellular eukaryotes is as broad as that of prokary-
otes (Bernardi and Bernardi 1990; Katz et  al. 2012); (iii) 
the chromatin structure of unicellular eukaryotes may be 
organized in a different way compared to that of multicellu-
lar eukaryotes (Saccharomyces cerevisiae lacks histone H1; 
Trypanosomes have H1 histone but the chromatin does not 
reach high levels of compaction during mitosis); (iv) the 
environmental conditions under which unicellular eukary-
otes live are much more diverse than those of vertebrates 
and also of invertebrates; and (v) unicellular eukaryotes 
lack the very complex regulatory system involved in the 
developmental process of multicellular eukaryotes.

General Conclusions

All the data reviewed here demonstrated that genome com-
partmentalization can be considered a very general feature 
of all eukaryotes. In fact, preparative centrifugation in den-
sity also demonstrated the existence of isochores in plant 
genomes (Montero et al. 1990), later confirmed analyzing 
the complete genome sequences of Arabidopsis thaliana 
(Zhang and Zhang 2004).

Different levels of compartmentalization are probably 
linked with increasing regulatory complexity and/or other 
functional requirements to which organisms are bound. 
These findings suggest, in line with previous observations 
reported in Costantini and Bernardi (2008a), the following 
conclusions: (i) the high similarity of GC levels of isochore 
families may be due to their composition, linked to chroma-
tin structure; (ii) the increasing variability in isochore pat-
terns from warm- to cold-blooded vertebrates and to inver-
tebrates may be correlated with the environmental factors, 
which were able to affect genome organization and func-
tions; (iii) the distribution of genes seems to be dictated by 
the need of a certain genomic context, whose composition 
influences the transcriptional activity, and also the structure 
and function of the encoded proteins.

Two additional conclusions are of very great inter-
est. The first one concerns the differences found between 
free-living and parasitic unicellular eukaryotes. The sec-
ond one is the fact that the GC levels found in unicellular 
eukaryotes are very close (with two exceptions) to those 
of isochore families from multicellular eukaryotes. Indeed, 
the first point suggests some compositional adaptation of 
the genomes of parasitic unicellular organisms, and the sec-
ond a correlation with chromatin structure.
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