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 Despite many studies, the C-value enigma sensu Greg-
ory [2005], that is the expansion of the genome size main-
ly due to the accumulation of non-coding DNA not re-
lated to the genetic complexity and to the evolutionary 
position, remains to date one of the most fascinating 
problems which is still not fully understood in the orga-
nization and evolution of the genome.

  One of the peculiarities of these changes in genome 
size is that they seem to influence, regardless of their se-
quences, various parameters of the cell which have an im-
pact on morphological and functional characteristics of 
the organism. These characteristics are subject to natural 
selection, therefore influencing major evolutionary pro-
cesses.

  To explain the variability in genome size, several theo-
ries have been discussed. According to some of these the-
ories, there would be no causal relationship between the 
amount of DNA and cellular parameters, and the accu-
mulation of DNA would depend simply on different lev-
els of tolerance of each species towards insertion, ampli-
fication, and storage of repetitive sequences [Pagel and 
Johnstone, 1992; Charlesworth et al., 1994]. Other hy-
potheses imply that variations in genome size would al-
ways have a causal role in changes in cellular parameters 
and in those traits of the organism that are subject to nat-
ural selection and therefore to stabilizing selection for the 
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 Abstract 

 The relationship between genome size and the percentage 

of transposons in 161 animal species evidenced that varia-

tions in genome size are linked to the amplification or the 

contraction of transposable elements. The activity of trans-

posable elements could represent a response to environ-

mental stressors. Indeed, although with different trends in 

protostomes and deuterostomes, comprehensive changes 

in genome size were recorded in concomitance with particu-

lar periods of evolutionary history or adaptations to specific 

environments. During evolution, genome size and the pres-

ence of transposable elements have influenced structural 

and functional parameters of genomes and cells. Changes

of these parameters have had an impact on morphological 

and functional characteristics of the organism on which nat-

ural selection directly acts. Therefore, the current situation 

represents a balance between insertion and amplification of 

transposons and the mechanisms responsible for their dele-

tion or for decreasing their activity. Among the latter, meth-

ylation and the silencing action of small RNAs likely repre-

sent the most frequent mechanisms.  © 2016 S. Karger AG, Basel 
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optimum genome size [Bennett, 1971, 1973; Cavalier-
Smith, 1982, 1985]. Finally, other hypotheses speculate 
that the genome size of a species evolves until the loss of 
non-coding self-replicating DNA through small dele-
tions has an equal rate of DNA gain through long inser-
tions [Petrov, 2002a].

  The most recent studies on genome sequencing have 
allowed a significant progress in the knowledge of the or-
ganization and composition of the genome. Moreover, 
studies on mobile DNA and their propensity to inde-
pendently amplify and to specifically insert in the host 
genome have changed the perspective of the C-value 
enigma.

  Many works have shown a general positive correlation 
among different parameters of the genome, especially be-
tween repeated sequences including transposons and the 
genome size within numerous eukaryotes [Elliot and 
Gregory, 2015a] and mainly in vertebrates [Chalopin et 
al., 2015]. However, this correlation appears to especially 
affect the quantitative aspects of transposons, since a lim-
ited correlation between the diversity of transposons and 
genome size was noted only for genomes <500 Mb [Elliot 
and Gregory, 2015b].

  In this regard, changes in the percentage of transpo-
sons and genome size in 161 species of animals, whose 
entire genome has been sequenced until now, including 
88 deuterostomes, 68 protostomes, and 2 cnidarians, 2 
ctenophores, and 1 placozoan species, were examined in 
the light of major evolutionary transitions in order to ver-
ify the influence that these sequences had on evolutionary 
processes such as speciation and adaptation to the envi-
ronment. Data on genome sizes were obtained from the 
Animal Genome Size Database (www.genomesize.com), 
and minimum and maximum values for each taxon are 
shown in  table 1 .

  Genome Size Landscape 

 Most of the studies on genome size involved verte-
brates, while those focusing on invertebrates are very lim-
ited (no more than 1% of all living invertebrate species 
have been studied). The situation regarding genome se-
quencing and transposon analysis is more balanced. In 
fact, 54.7% of these studies focused on chordates, espe-
cially vertebrates, and 42.2% on protostomes and 3.1% on 
primitive metazoans ( table 2 ).

  Primitive Metazoans 
 The information on genome size and composition of 

primitive metazoans is very limited. The genome size is 
generally low, ranging from 0.04 to 1.84 pg/N ( table 1 ). 
The percentage of transposons was studied only in 5 spe-
cies and seems not to be correlated with the genome size. 
Indeed, in  Trichoplax  the percentage of transposons is 
only 0.13%, the lowest among animals, while in cteno-
phores it is <10%. In cnidarians, despite the small genome 
size, the percentage of transposons shows high values 
comparable with those identified in many protostomes 
and deuterostomes. Although these data are very scarce, 
they might suggest that at the origin of metazoans ge-
nome sizes and perhaps even the percentage of transpo-
sons were generally low [Gregory, 2005] and that trans-

Table 1.  Minimum and maximum genome sizes in all animal taxa

Taxon  Genome size (pg/N)

 minimum maximum

Basal taxa 0.04 1.84
Protostomes 0.02 64.62
Flatworms 0.03 20.57
Nematodes 0.02 2.50
Molluscs 0.43 7.85
Annelids 0.06 7.64
Arthropods

Cheliceratans 0.08 7.50
Crustaceans 0.16 64.62

Polar species 5.10 64.62
Deep sea species 10.58 38.47

Insects 0.09 16.93

Other protostomes 0.05 19.87
Deuterostomes 0.06 123.9
Chordates 0.06 123.9

Urochordates 0.06 0.20
Cephalochordates 0.59 –

Vertebrates 0.35 123.9
Jawless 1.29 4.59
Cartilagineous fishes 1.51 17.05
Ray-finned fishes 0.35

0.35
7.17
4.4Teleosts

Lobe-finned fishes 3.00 123.9
Amphibians 0.95

3.70
0.95

10.12

120
13.95
12.4

120

Apodans
Frogs
Salamanders

Reptiles 1.05 5.44
Birds 0.92 2.16
Mammals 1.63 8.40

Other deuterostomes 0.38 4.40

 Data are according to the Animal Genome Size Database (www.
genomesize.com).
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Table 2.  Genome size and percentage of transposons in 161 animal species

Species Genome size, 
pg/N

Transposons, 
%

More frequent 
transposable 
element

Reference(s)

Placozoans
Trichoplax adhaerens 0.04 0.13 DNA Wang et al. [2010]

Cnidarians
Hydra magnipapillata 1.4 57.64 non-LTR Chapman et al. [2010]
Nematostella vectensis 0.23 26.2 DNA Putnam et al. [2007]

Ctenophores
Pleurobrachia bachei 0.18a 8.5 DNA Moroz et al. [2014]
Mnemiopsis leidyi 0.31 5.57 DNA Ryan et al. [2013]

Chordates
Urochordates

Ciona intestinalis 0.20 18.8 non-LTR Dehal et al. [2002]
Ciona savignyi 0.19a 16.7 DNA Small et al. [2007]
Oikopleura dioica 0.07 19.5 LTR Chalopin et al. [2015]

Cephalochordates
Branchiostoma floridae 0.54a 22.7 DNA Chalopin et al. [2015]

Vertebrates
Jawless

Petromyzon marinus 2.2 34.7 non-LTR Smith et al. [2013]
Cartilagineous fishes

Callorhinchus milii 1.94 42.72 non-LTR Chalopin et al. [2015]
Ray-finned fishes

Lepisosteus osseus 0.98a 19.77 non-LTR Chalopin et al. [2015]
Anguilla europaea 1.125a 13.64 DNA Chalopin et al. [2015]
Austrolebias charrua 3.07 45 Garcia et al. [2015]
Cynoglossus semilaevis 0.56a 5.85 DNA Chen et al. [2014]
Cynopoecilus melanotaenia 1.36 25 Garcia et al. [2015]
Danio rerio 1.75 54.94 DNA Howe et al. [2013]; Chalopin et al. [2015]
Esox lucius 1.15 18.1 DNA Rondeau et al. [2014]
Gadus morhua 0.92 25.4 DNA Star et al. [2011]; Chalopin et al. [2015]
Gasterosteus aculeatus 0.58 13.91 non-LTR Chalopin et al. [2015]
Oncorhynchus mykiss 2.78 29 non-LTR Berthelot et al. [2014]
Oryzias latipes 0.89a 28.09 DNA Kasahara et al. [2007]; Chalopin et al. [2015]
Astatotilapia burtoni 0.95a 16.56 DNA Brawand et al. [2014]
Metriaclima zebra 0.97a 17.38 DNA Brawand et al. [2014]
Neolamprologus brichardi 1.01a 15.96 DNA Brawand et al. [2014]
Oreochromis niloticus 0.99 18.75

24.06
DNA Brawand et al. [2014]

Chalopin et al. [2015]
Pundamilia nyererei 1.02a 16.97 DNA Brawand et al. [2014]
Takifugu rubripes 0.4a 6.72 non-LTR Chalopin et al. [2015]
Tetraodon nigroviridis 0.35 5.85 non-LTR Chalopin et al. [2015]
Xiphophorus maculatus 0.99a 21.22 DNA Schartl et al. [2013]; Chalopin et al. [2015]

Lobe-finned fishes
Latimeria chalumnae 3.61 22 non-LTR Amemiya et al. [2013]; Chalopin et al. [2015]
Neoceratodus forsteri 52.75 39.4 non-LTR Metcalfe et al. [2012]

Amphibians
Xenopus (Silurana) tropicalis 1.5 34.5

42.6
DNA Hellstein et al. [2010]; Sun et al. [2015]

Nanorana parkeri 2.64a 41.4 LTR Sun et al. [2015]
Aneides flavipunctatus 42.9 47.52 LTR Sun et al. [2012a]
Batrachoseps nigriventris 26.06 39.39 LTR Sun et al. [2012a]
Bolitoglossa occidentalis 43.5 33.19 LTR Sun et al. [2012a]
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Species Genome size, 
pg/N

Transposons, 
%

More frequent 
transposable 
element

Reference(s)

Bolitoglossa rostrata 47.8 30.18 LTR Sun et al. [2012a]
Cryptobranchus alleganiesis 55 49.56 LTR Sun and Mueller [2014]
Desmognathus ochrophaeus 15.70 39.69 LTR Sun et al. [2012a]
Eurycea tynerensis 25.0b 25.18 LTR Sun et al. [2012a]

Reptiles
Chelonia mydas 2.64 37.35 non-LTR Wang et al. [2013]
Chrysemys picta 2.97 9.11 non-LTR Shaffer et al. [2013]
Pelodiscus sinensis 2.25a 42.47 non-LTR Wang et al. [2013]
Alligator mississippiensis 2.66 23.44

36.96
non-LTR St John et al. [2012]

Green et al. [2014]
Crocodylus porosus 2.78a 27.22

36.83
non-LTR St John et al. [2012]

Green et al. [2014]
Gavialis gangeticus 2.9a 35.49 non-LTR Green et al. [2014]
Anolis carolinensis 2.2 34.4 non-LTR Alfoldi et al. [2011]
Ophisaurus gracilis 1.82a 49.63 non-LTR Song et al. [2015]
Agkistrodon contortrix 1.37 42.4 non-LTR Castoe et al. [2013]
Boa constrictor 2.3 25.49 non-LTR Castoe et al. [2013]
Crotalus atrox 1.52 35.59 non-LTR Castoe et al. [2013]
Micrurus fulvius 1.74a 36.7 non-LTR Castoe et al. [2013]
Ophiophagus hannah 1.36a 31.28 non-LTR Castoe et al. [2013]
Pantherophis guttatus 1.8a 39.14 non-LTR Ullate-Agote et al. [2014]
Python molurus 1.67a 24.59 non-LTR Castoe et al. [2013]
Thamnophis sirtalis 1.91 39.26 non-LTR Castoe et al. [2013]
Typhlops reticulatus 1.9a 24.89 non-LTR Castoe et al. [2013]

Birds
Anas platyrhynchos 1.49 5.85 non-LTR Huang et al. [2013]
Balearica regulorum 1.44 6.08 non-LTR Zhang et al. [2014]
Calypte anna 1.14 8.05 non-LTR Zhang et al. [2014]
Cariama cristata 1.5 5.49 non-LTR Zhang et al. [2014]
Corvus brachyrhynchos 1.25 7.37 non-LTR Zhang et al. [2014]
Columba livia 1.59 7.25 non-LTR Zhang et al. [2014]
Ficedula albicollis 1.17a 10.68 non-LTR Ellegren et al. [2012]
Falco peregrinus 1.45 5.5 non-LTR Zhan et al. [2013]
Gallus gallus 1.25 9.4 non-LTR International Chicken Sequencing 

Consortium [2004]; Chalopin et al. [2015]
Haliaeetus leucocephalus 1.43 6.89 non-LTR Zhang et al. [2014]
Meleagris gallopavo 1.31 5.74 non-LTR Dalloul et al. [2010]
Melopsittacus undulatus 1.33 7.9 non-LTR Zhang et al. [2014]
Phoenicopterus ruber 1.52 5.6 non-LTR Zhang et al. [2014]
Struthio camelus 2.16 4.11 non-LTR Zhang et al. [2014]
Taeniopygia guttata 1.25 7.7 non-LTR Warren WC et al. [2010];

Chalopin et al. [2015]
Tetrao tetrix 1.02a 6.34 non-LTR Wang et al. [2014]
Tyto alba 1.73 5.49 non-LTR Zhang et al. [2014]

Mammals
Prototherians

Ornithorhynchus anatinus 3.06 44.6 non-LTR Warren et al. [2008]; Chalopin et al. [2015]
Metatherians

Macropus eugenii 2.75a 52.8 non-LTR Renfree et al. [2011]
Monodelphis virginiana 4.15 53.84 non-LTR Mikkelsen et al. [2007]; Chalopin et al. [2015]
Sarcophilus harrisii 3.63 52 non-LTR Gallus et al. [2015]

Table 2 (continued)
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Species Genome size, 
pg/N

Transposons, 
%

More frequent 
transposable 
element

Reference(s)

Eutherians
Ailuropoda melanoleuca 2.46a 34.7 non-LTR Li et al. [2010]
Bos taurus 3.65 46.5 non-LTR Bovine Genome Sequencing and Analysis 

Consortium [2009]
Canis familiaris 2.88 35.15 non-LTR Lindblad-Toh et al. [2005]
Eidolon helvum 2.03 29.7 non-LTR Parker et al. [2013]
Pteronotus parnellii 2.67 29.22 non-LTR Parker et al. [2013]
Rhinolophus ferrumequinum 2.68 29.16 non-LTR Parker et al. [2013]
Equus caballus 3.15 46 non-LTR Wade et al. [2009]
Felis catus 2.91 32.1 non-LTR Pontius et al. [2007]
Panthera tigris 2.90 37.5 non-LTR Cho et al. [2013]
Homo sapiens 3.5 42.85 non-LTR Chalopin et al. [2015]
Macaca mulatta 3.59 50 non-LTR Rhesus Macaque Genome Sequencing and 

Analysis Consortium [2007]
Mus musculus 3.25 38.55 non-LTR Mouse Genome Sequencing Consortium 

[2002]; Chalopin et al. [2015]
Rattus norvegicus 3.05 40.3 non-LTR Gibbs et al. [2004]
Sus scrofa 2.81 40 non-LTR Groenen et al. [2012]

Arthropods
Insects
Coleopterans

Dendroctonus ponderosae 0.21 17.21 n.a. Keeling et al. [2013]
Tribolium castaneum 0.21 27 non-LTR Tribolium Genome Sequencing Consortium 

[2008]
Dipterans

Aedes aegypti 0.83 47 non-LTR Nene et al. [2007]
Aedes albopictus 1.40c 71 non-LTR Chen et al. [2015]
Anopheles albimanus 0.17a 1.98 non-LTR Nafsey et al. [2015]
Anopheles arabiensis 0.25a 9.38 non-LTR Nafsey et al. [2015]
Anopheles christyi 0.18a 2.81 non-LTR Nafsey et al. [2015]
Anopheles dirus 0.29a 5.09 non-LTR Nafsey et al. [2015]
Anopheles epiroticus 0.22a 6.27 non-LTR Nafsey et al. [2015]
Anopheles funestus 0.26a 4.03 non-LTR Nafsey et al. [2015]
Anopheles gambiae 0.27 17.78 non-LTR Nafsey et al. [2015]
Anopheles melas 0.23a 7.29 non-LTR Nafsey et al. [2015]
Anopheles merus 0.26a 11.43 non-LTR Nafsey et al. [2015]
Anopheles quadrannulatus 0.29a 7.69 non-LTR Nafsey et al. [2015]
Anopheles stephensi 0.24 5.04 non-LTR Nafsey et al. [2015]
Culex quinquefasciatus 0.54 29 DNA Arensburger et al. [2010]
Drosophila ananassae 0.19 25 LTR Drosophila 12 Genome Consortium [2007]
Drosophila erecta 0.16 6.9 LTR Drosophila 12 Genome Consortium [2007]
Drosophila grimshawi 0.24 2.84 LTR Drosophila 12 Genome Consortium [2007]
Drosophila melanogaster 0.16 5.35 LTR Drosophila 12 Genome Consortium [2007]
Drosophila mojavensis 0.17 8.92 LTR Drosophila 12 Genome Consortium [2007]
Drosophila persimilis 0.18 8.47 LTR Drosophila 12 Genome Consortium [2007]
Drosophila pseudoobscura 0.16 2.76 LTR Drosophila 12 Genome Consortium [2007]
Drosophila sechellia 0.17 3.67 LTR Drosophila 12 Genome Consortium [2007]
Drosophila simulans 0.15 2.7 LTR Drosophila 12 Genome Consortium [2007]
Drosophila virilis 0.34 13.96 LTR Drosophila 12 Genome Consortium [2007]
Drosophila willistoni 0.21 15.57 LTR Drosophila 12 Genome Consortium [2007]
Drosophila yakuba 0.17 12.04 LTR Drosophila 12 Genome Consortium [2007]
Musca domestica 0.92 52 DNA Scott et al. [2014]

Table 2 (continued)
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Species Genome size, 
pg/N

Transposons, 
%

More frequent 
transposable 
element

Reference(s)

Hemipterans
Acyrthosiphon pisum 0.31 38 n.a. International Aphid Genome Sequencing 

Consortium [2010]
Diaci psyllid 0.49a 34 DNA Scott et al. [2014]

Anoplurans
Pediculus humanus 0.11 7 non-LTR Kirkness et al. [2010]

Hymenopterans
Apis mellifera 0.24 1 DNA Honeybee Genome Sequencing Consortium 

[2006]
Atta cephalotes 0.31 21.9 DNA Suen et al. [2011]
Camponotus floridanus 0.31 15 DNA Bonasio et al. [2010]
Harpegnathos saltator 0.3a 27 DNA Bonasio et al. [2010]
Linepithema humile 0.26 23.5 DNA Smith CD et al. [2011]
Microplitis demolitor 0.23a 42 n.a. Scott et al. [2014]
Nasonia vitripennis 0.34 43.4 non-LTR Warren JH et al. [2010]
Pogonomyrmex barbatus 0.27a 8 DNA Smith CR et al. [2011]

Lepidopterans
Bombyx mori 0.52 45 non-LTR Mita et al. [2004]
Danaus plexippus 0.29 13.1 n.a. Zhan et al. [2011]
Heliconius melpomene 0.3 25 non-LTR Lavoie et al. [2013]
Plutella xylostella 0.4a 33.97 non-LTR You et al. [2013]

Orthopterans
Locusta migratoria 6.35 58.86 non-LTR Wang et al. [2014]
Schistocerca gregaria 8.71 50 n.a. Camacho et al. [2015]

Cheliceratans
Strigamia maritima 0.3 42.44 LTR Chipman et al. [2014]
Mesobuthus martensii 1.35 13 LTR Cao et al. [2013]
Tetranychus urticae 0.08 10.01 LTR Grbić et al. [2011]

Crustaceans
Daphnia pulex 0.23 9.4 LTR Colbourne et al. [2011]

Molluscs
Crassostrea gigas 0.91 36 DNA Zhang et al. [2012]
Lottia gigantea 0.43 21 non-LTR Simakov et al. [2013]

Flatworms
Clonorchis sinensis 0.66a 25.96 non-LTR Wang et al. [2011]
Echinococcus granulosus 0.45 30.25 n.a. Zheng et al. [2013]
Fasciola hepatica 1.32a 32 n.a. Cwiklinski et al. [2015]
Schistosoma haematobium 0.39a 47 non-LTR Young et al. [2012]
Schistosoma japonicum 0.41a 40.1 non-LTR Schistosoma japonicum Genome Sequencing 

and Functional Analysis Consortium [2009]
Schistosoma mansoni 0.26 45 non-LTR Berriman et al. [2009]

Nematodes
Ascaris suum 0.25 4.4 non-LTR Jex et al. [2011]
Brugia malayi 0.11 15 n.a. Ghedin et al. [2007]
Caenorhabditis briggsae 0.11 22.4 n.a. Stein et al. [2003]
Caenorhabditis elegans 0.10 18.3 n.a. Caenorhabditis elegans Sequence Consortium 

[1998]
Meloidogyne hapla 0.05 1 DNA Opperman et al. [2008]
Pristionchus pacificus 0.17 17 non-LTR Dieterich et al. [2008]
Trichinella spiralis 0.26 18 n.a. Mitreva et al. [2011]

Annelids
Capitella teleta 0.24 31 non-LTR Simakov et al. [2013]
Helobdella robusta 0.31 33 non-LTR Simakov et al. [2013]

Table 2 (continued)
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posons would have amplified independently in various 
phyla in the early phases of evolution.

  Protostomes 
 Among protostomes, arthropods and especially insects 

have been extensively investigated. Within insects ge-
nome sizes are limited, ranging from 0.09 to  ∼ 4 pg/N, with 
most of the species abutting values <1.5 pg/N. Exceptions 
are represented by orthopterans with values reaching up 
to 16.93 pg/N. An interesting aspect concerns the differ-
ences between the holometabolous (with average values 
<2 pg/N) and hemimetabolous (possessing values signifi-
cantly higher) insects [Gregory, 2005; Hanrahan and 
Johnston, 2011]. A comparison of the percentage of trans-
posons indicates that these differences depend predomi-
nantly on their expansion ( fig. 1 ), as shown by hemipter-
ans and orthopterans having on average a high percentage 
of transposons compared to other orders ( table 2 ).

  In arachnids, genome sizes vary 8×, from 0.74 to 5.7 
pg/N with an average of 2 pg/N. These arthropods do not 
metamorphose but show various molts during growth, 
and, similarly to hemimetabolous insects, they do not 
have a genome size limit of 2 pg/N [Gregory and Short-
house, 2003].

  Higher and more variable values can be observed 
among crustaceans, ranging from 0.16 to over 50 pg/N, 
with an average of about 3 pg/N and with most of the spe-
cies not exceeding 6 pg/N. Genome size values >20 pg/N 
are extremely rare among invertebrates and crustaceans, 
and they are limited to species living in extreme environ-
ments, such as polar regions, especially the Antarctic, and 
the deep seas (mainly in hydrothermal vents) [Gregory, 
2005; Rees et al., 2007, 2008; Bonnivard et al., 2009; Du-
fresne and Jeffery, 2011].

  The other arthropod groups harbor a fairly limited ge-
nome size that only rarely exceeds 5 pg/N [Gregory and 
Shorthouse, 2003; Gregory, 2005; Hanrahan and John-
ston, 2011].

Species Genome size, 
pg/N

Transposons, 
%

More frequent 
transposable 
element

Reference(s)

Rotifers
Adineta vaga 0.25 3.03 n.a. Flot et al. [2013]

 The genome size values of the 161 animals (1 placozoan, 2 cnidarians, 2 ctenophores, 88 deuterostomes, and 68 protostomes) are 
according to the Animal Genome Size Database (www.genomesize.com). When more than one record was reported, the value obtained 
through flow cytometry or the more recent one was chosen.

a Data originally reported in bp were converted into pg/N, taking into account that 978 Mb correspond to 1 pg/N.
b Represents an average of 9 other Eurycea species.
c Data reported by different authors.

Table 2 (continued)

A

B

  Fig. 1.   A  Relationship between genome size and percentage of 
transposons in insects without data from orthopterans.  B  Relation-
ship between genome size and percentage of transposons in insects 
including orthopterans. 
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  Data collected so far in arthropods suggest that a small 
genome size was a widespread common ancestral condi-
tion within this phylum and that during evolution in-
creases in genome size independently occurred in differ-
ent lineages [Hanrahan and Johnston, 2011].

  In mollusks the occurrence of a whole genome dupli-
cation has been speculated on [Yoshida et al., 2011]. The 
genome size has been investigated mainly in bivalves, and 
in this group, values range from a minimum of 0.43 pg/N 
to a maximum of 7.85 pg/N with an average of 1.8 pg/N. 
One of the highest values has been found in the Antarc-
tic bivalve  Neobuccinum eatoni  [Libertini et al., 1993]. 
Among gastropods, it was noted that terrestrial species 
display a genome  ∼ 2× larger than their freshwater rela-
tives [Hinegardner, 1974; Vinogradov, 2000; Gregory, 
2005]. Hinegardner [1976] hypothesized an increase in 
genome size during evolution from more generalized to 
more specialized species. However, the latest results con-
trast with this hypothesis and suggest instead that more 
generalized mollusk species possess larger genomes [Ro-
driguez-Juiz et al., 1996].

  In almost all other protostomes, except in very rare 
cases like the flatworm  Otomesostoma , whose genome 
reaches 20 pg/N, a quite similar situation has been de-
scribed with a range that goes from a minimum of about 
0.1 pg/N to a maximum of 5 pg/N [Rodriguez-Juiz et al., 
1996; Gregory, 2005]. Despite many species of annelids, 
nematodes, and flatworms being parasites and generally 
having small genome sizes [Sundberg and Pulkkinen, 
2015], no difference in the percentage of transposons be-
tween free-living and parasitic species was noticed [Zheng 
et al., 2013].

  Examining the presence and the proportion of repeti-
tive DNA in various protostome phyla it is evident that
in all cases the expansion of the genome depends on
the expansion of various classes of transposons ( table 2 ; 
online suppl. fig.  1; for all online suppl. material, see
www.karger.com/doi/10.1159/000444429). In insect spe-
cies harboring genomes <2 pg/N there is a linear and di-
rect relationship between the percentage of transposons 
and the genome size ( fig. 1 A), which indicates that the 
expansion of the genome is caused mostly, if not com-
pletely, by the amplification of transposons. However, 
taking into account the orthopterans displaying genomes 
>6 pg/N, the above relationship shows a logarithmic de-
velopment ( fig. 1 B). This trend is also confirmed when 
looking at all arthropods and protostomes (online suppl. 
figs. 1, 2). These data suggest that exceeding certain val-
ues, the increase in genome size is not fully justified by the 
amount of transposons, but it could depend on other se-

quences or on the preservation of a certain percentage of 
transposons without any selective pressure causing the 
accumulation of mutations over time and masking its re-
petitiveness. Concerning the classes of transposons in 
various protostomes, and especially within the group of 
insects, certain homogeneity was noticed at the level of 
genus or family, while there is a considerable diversity, 
both among the various phyla and within each phylum or 
subphylum ( table 2 ).

  Deuterostomes 
 While studying genome sizes in deuterostomes, the 

most evident aspect is the clear difference found between 
vertebrates and other deuterostomes including primitive 
chordates. Indeed, in the latter, genome sizes are small, 
while in vertebrates they are on average higher, more 
variable, and can reach very high values of >100 pg/N 
[Gregory, 2005]. This could be explained by the hypoth-
esis that origin and some important steps in the evolution 
of vertebrates would have been characterized by a dupli-
cation of the entire genome. Such duplications would 
have occurred at the origin of vertebrates, at the separa-
tion of gnathostomes and agnates, and at the origin of 
teleosts after the separation of actinopterygians and sar-
copterygians. These duplications coincide with a burst of 
new character appearances and with the acquisition and 
the increase in phenotypic complexity [Meyer and Schartl, 
1999; Panopoulou et al., 2003; Donoghue and Purnell, 
2005; Panopoulou and Poustka, 2005; Volff, 2005]. How-
ever, the significant differences identifiable within certain 
classes cannot be explained only by genome duplication 
events, suggesting on one hand that they were not the 
only causes of changes in genome size and that genomic 
dimensions have been affected by many factors on the 
other [Chalopin et al., 2015]. A very significant increase 
in genome size not due to duplication of the entire ge-
nome is known in lungfishes and salamanders, whose
origin and early stages of evolution have occurred in
conjunction with the transition from aquatic vertebrates 
to terrestrial ones.

  Although some hypotheses suggest that in vertebrates 
the most primitive species possess small genomes [Greg-
ory, 2005], during evolution the genome size does not ap-
pear to have followed just one trend. For each class of the 
subphylum different trends are observed, leading to a ge-
nome expansion in some classes and to a contraction in 
others.

  Beside lungfishes and amphibians, the cartilaginous 
fishes display the largest genome size ranging from 1.5 
pg/N in the chimaeras to 17 pg/N in sharks with an aver-
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age of 5.7 pg/N [Stingo et al., 1980; Gregory, 2005]. Al-
though the lowest values are found in the chimaeras, 
which are considered to be the most primitive group 
among chondrichthyes, it is not possible to identify a 
clear trend in genome size evolution within this class. 
Larger cells and nuclei were observed in cartilaginous fish 
living in cold temperatures. Although a direct relation-
ship between genome size and cell and nucleus size is well 
known, it has been noticed that cells of selachian species 
living in cold water are larger than those of species living 
in warm water even if they have the same genome size 
[Hardie and Hebert, 2003]. Higher average genome sizes 
were also observed in some deep-sea selachians, although 
this correlation is not significant [Sion et al., 2004].

  The percentage of transposons has been studied so far 
only in the chimaera  Callorhinchus milii  [Chalopin et al., 
2015]. However, C0t analyses, although based on a lim-
ited number of species, would suggest that the increase in 
genome size in this fish is correlated to an increase in 
moderately repetitive DNA [Morescalchi and Olmo, 
1982; Olmo et al., 1982; Stingo et al., 1989] (online suppl. 
fig. 3). Since it is known that transposons belong to the 
above-mentioned fraction [Krebs et al., 2013], it is pre-
sumed that even in this class the expansion of the genome 
could depend on the amplification of transposons. Re-
association kinetics have also shown that in some species 
the increase of DNA would also be accompanied by a 
doubling of the so-called single-copy fraction that is 
largely made up of structural gene sequences [Krebs et al., 
2013]. This could be a remnant of a primitive whole ge-
nome duplication [Olmo et al., 1982].

  From an evolutionary point of view the ray-finned 
fishes and especially teleosts are the most successful group 
among the vertebrates. They comprise 99% of the 30,000 
species of extant fishes and, along with mammals, exhib-
it the highest rate of diversification in the course of evolu-
tion [Benton, 2000; Olmo, 2006].

  The origin of teleosts would have been characterized 
by a specific whole genome duplication that would co-
incide with a burst of character acquisitions and with an 
increased phenotypic complexity [Vanderpoele et al., 
2004; Donoghue and Purnell, 2005; Volff, 2005]. Loss or 
sub-function partitioning of duplicated genes would have 
been involved in the generation of phenotypic variability 
of these fishes [Volff, 2005], which actually experienced 
more frequent gene linkage disruptions than other verte-
brates [Ravi and Venkatesh, 2008]. Despite their great 
evolutionary success, the teleost fishes show a remarkable 
uniformity in genome size, with values ranging from a 
minimum of 0.4 to a maximum of 4.4 pg/N with an aver-

age of 1.2 pg/N, one of the lowest among all the deutero-
stomes. A correlation between genome size and extreme 
environments has been noted also in bony fish species: 
mesopelagic and bathypelagic species display larger ge-
nomes than surface water fishes [Ebeling et al., 1971], and 
the cold-water species are larger in genome size than 
warm-water species [Hardie and Hebert, 2003].

  Also in fish a clear and direct correlation between the 
percentage of transposons and the increase in genome 
size was identified ( table 2 ). Moreover, it has also been 
hypothesized that speciation events could be associated 
with retrotranspositional bursts [Volff, 2005].

  The typical tendency of teleosts to preserve small ge-
nomes is evident in pufferfishes, which possess the small-
est and most compact genomes of all vertebrates. They 
have a lower percentage of repeated sequences (especially 
DNA transposons) and shorter intronic sequences. This 
situation would depend both on a high rate of intron and 
transposon loss and on a higher level of indels (insertions/
deletions) [Imai et al., 2007; Loh et al., 2008; Noleto et al., 
2009; Guo et al., 2012].

  One of the most controversial steps in the evolution of 
vertebrate genome sizes is the transition from aquatic to 
terrestrial environments involving lobe-finned fishes and 
amphibians.

  The extant lobe-finned fishes include the coelacanths, 
very popular in the Devonian, and are represented today 
only by the  Latimeria  genus with 2 species dwelling in the 
deep waters of Africa and Indonesia and the lungfishes, 
which are shown by molecular studies to be the direct an-
cestors of the tetrapods [Amemiya et al., 2013; Biscotti et 
al., 2016].

  The 2 species of  Latimeria  have a moderate genome 
size of  ∼ 3 pg/N of which 20% consist of non-LTR trans-
posons [Amemiya et al., 2013; Chalopin et al., 2015].

  The lungfishes are freshwater fish that date back to the 
Devonian. Widely spread in the early Carboniferous, they 
began to decline in the Mesozoic. Currently, there are 6 
living species of lungfish belonging to 3 genera:  Neocera-
todus ,  Protopterus , and  Lepidosiren . Lungfishes have huge 
genomes, the largest among animals, exceeding 100 pg/N 
in  Lepidosiren .

  By studying the size of the bone lacunae (an indirect 
measure of genome size) in fossil and living lungfishes, 
Thomson [1972] noted that cell sizes (and presumably 
genome sizes) were uniformly small in the Devonian and 
that a progressive and significant increase took place in-
dependently in  Neoceratodus  and  Lepidosiren  lineages 
since the Carboniferous, reaching its climax at the begin-
ning of the Mesozoic. This increase accompanied a pro-
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gressive evolutionary decline. The only lungfish that has 
been studied for the composition of the genome is  N. for-
steri , in which  ∼ 40% of the DNA consists of non-LTR 
transposons, mainly CR1 and L2 [Sirijovski et al., 2005; 
Metcalfe et al., 2012]. A similar percentage of transposons 
(between 35 and 40%) was also inferred in  Lepidosiren  
[Metcalfe et al., 2012].

  A similar study on the size of the bone lacunae in fossil 
and living amphibians [Thomson and Muraszko, 1978] 
suggested that cell and genome sizes were relatively small 
at the origin of this class and that any increase occurred 
secondarily and separately in different class lineages. Fur-
thermore, it is speculated that a genome size of 2.5–5 
pg/N would have been also the baseline for coelacanths, 
lungfishes, and for all living tetrapods. Similar values of 
genome and cell size are indeed common in several spe-
cies of frogs, lepospondyl amphibians, living and extinct 
non-avian reptiles, and mammals [Organ et al., 2007, 
2011]. In this regard it has been speculated that a genome 
size included in the above range would represent the an-
cestral and characteristic value of the entire sarcopteryg-
ian lineage from which the large genomes of Dipnoi and 
salamanders and the small genomes of birds would be 
secondarily derived [Organ et al., 2011].

  Amphibians include 3 extant orders which differ in 
genome size: the frog and Apoda genomes are moderate, 
ranging from 0.95 to about 13 pg/N, urodeles possess in-
stead very high DNA values between 13.5 and 60 pg/N 
[Gregory, 2005]. Increases in amphibian genome sizes 
mainly depend on the increase in repetitive DNA, espe-
cially in the moderately repetitive C0t analysis fraction 
[Morescalchi and Olmo, 1982] and on a lengthening of 

the introns, which in  Ambystoma mexicanum  and in oth-
er salamanders are longer than in humans, chickens, and 
frogs [Smith et al., 2009; Eo et al., 2012; Sun et al., 2012a; 
Voss et al., 2013]. The presence of transposons has been 
studied only in 2 frog species and in 7 species of salaman-
ders: the primitive  Cryptobranchus  and 6 species of 
plethodontids, one of the most advanced family of the 
suborder. In the 2 frog species the percentage of transpo-
sons is  ∼ 40%, with a prevalence of DNA transposons in 
 Xenopus  and LTR retrotransposons in  Nanorana  ( ta-
ble 2 ) [Sun et al., 2015]. In urodeles, transposons range 
from 25 to 50%, and almost all belong to Gypsy LTR, 
DIRS, and ERV 1, which indicates that salamander trans-
posons all have the same origin ( table 2 ) [Sun et al., 2012a, 
b; Sun and Mueller, 2014].

  Some authors speculate that Lissamphibia have origi-
nated in the Permian, others in the early Triassic [Marja-
novic and Laurin, 2007]. The oldest urodelian fossils date 
back to the middle Jurassic [Gao and Shubin, 2003]. 
Therefore, it is not easy to imagine the scenario in which 
the very large genomes found in extant salamanders would 
have originated. By comparing the genome sizes to the 
time of speciation in 28 species of salamanders, it is pos-
sible to infer that the largest genomes are found in the old-
est species and that a gradual contraction happened up to 
the lowest values found in more recent species ( fig. 2 ; on-
line suppl. table 1). Considering the uniformity of trans-
poson percentages, it can be assumed that the increase in 
the size of the salamander genomes is derived from a burst 
of a single group of LTR retrotransposons during the Pa-
leocene era [Sun and Mueller, 2014] when the primitive 
cryptobranchids appeared. Subsequently, due to the loss 
of transposon sequences, there would have been a pro-
gressive reduction in genome size until the Miocene. 

 The non-avian reptiles own moderate genome sizes 
ranging from 1.1 to 5.4 pg/N, values similar to those as-
sumed for the basal-most lobe-finned fishes and tetra-
pods. Transposons account for on average 30% of the en-
tire genome, and they all are non-LTR retrotransposons. 
Birds are characterized by some of the smallest genomes 
among vertebrates, ranging from 1 to 2.2 pg/N with an 
average value of 1.4 pg/N. The percentage in transposons 
is also very low with an average of 6.8% ( table 2 ). It has 
been suggested that such small genomes have evolved to 
acquire high metabolism levels, essential for the ability to 
fly [Hughes and Hughes, 1995]. However, the study of 
fossil cell sizes in dinosaurs has shown that the reduction 
of cell and genome sizes occurred between 230 and 250 
Mya in saurischians (the lineage from which birds have 
originated), long before the appearance of the first birds, 

  Fig. 2.  Reduction of genome size during the evolution of salaman-
ders. 
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and this would have depended on a drastic reduction of 
non-LTR transposons in this lineage [Organ et al., 2007].

  The genome sizes of mammals have a range similar to 
that of non-avian reptiles, from a minimum of 1.7 to a 
maximum of 8.4 pg/N and an average of 3.5 pg/N, close 
to the value for man. Regarding transposable elements, 
mammals present an average of 40%, the highest of all 
amniotes, if compared to 29% in non-avian reptiles and 
6% in birds ( table 2 ). Also in this class, transposons have 
caused an elongation of the introns [Wang et al., 2012].

  A particular situation was described in the vespertil-
ionids: since 36 Mya this group has experienced a rapid 
adaptive radiation, leading to the onset of the mammal 
family most rich in species (>400). This radiation coin-
cided with an initial burst of DNA transposons that would 
have facilitated the rapid diversification of these bats 
[Platt et al., 2014].

  Analyzing the trends in genome sizes with the percent-
age of transposons in chordates, there is a situation simi-
lar to that seen in protostomes. In fact, even in this phy-
lum, for relatively low values (<5 pg/N) there is a signifi-
cant linear and direct correlation between the increase in 
genome size and the increase in transposon percentage 
which suggests that the expansion of the genome size is 
caused primarily, if not only, by the expansion of trans-
posable sequences ( fig.  3 A). Vice versa, if we consider 
species with genomes >5 pg/N, the correlation shows a 
logarithmic pattern which suggests that the repetitive 
DNA, and in particular transposons, are not the only 
cause of the increase in the genome size ( fig. 3 B). Alter-
natively, it is assumed that a certain percentage of trans-
posons are stored without being subjected to any selective 
pressure and are thereby free to accumulate mutations 
that in time would mask the original repetitiveness.

  Similarly to what is known in protostomes, even in 
deuterostomes there is certain variability with regard to 
the different classes of transposons. In general in the ray-
finned fish DNA transposons are more frequent, while
in tetrapods, except for the salamanders, the non-LTR 
retrotransposon subclass is more frequent ( table 2 ).

  In animals, as in all eukaryotes, the contribution of 
transposons to the changes in genome size would only be 
quantitative, since a limited correlation between the di-
versity of transposons and genome size was found re-
stricted to species harboring genomes <500 Mb and since 
trends in this correlation are not the same in animals and 
in plants [Elliott and Gregory, 2015b].

  Although the range of variation in genome size is dif-
ferent in protostomes and deuterostomes, there are com-
mon characteristics. There is a correlation between ge-

nome size and intronic length [Moriyama et al., 1998; Vi-
nogradov, 1999a; Wang et al., 2012; Zhang and Edwards, 
2012]. Moreover, the rate of change in genome sizes is 
mainly dependent on variations in the proportion of re-
petitive DNA, especially transposons, which is in turn 
proportional to the initial genome size [Oliver et al., 2007]. 
Finally, up to certain values, the ratio of the increase in 
genome size to the increase in the percentage of transpo-
sons is linear, while beyond certain limits the trend shows 
a logarithmic pattern, indicating that further expansions 
of the genome depend on DNA sequences whose degree 
of repetitiveness is not detectable (online suppl. fig. 4).

  Mechanisms and Causes 

 There are many factors influencing changes in genome 
size: whole genome duplication, segmental duplication, 
DNA repeat proliferation, polyploidy, etc. However, most 

A

B

  Fig. 3.   A  Relationship between genome size and percentage of 
transposons in chordates excluding dipnoans and salamanders.
 B  Relationships between genome size and percentage of transpo-
sons in chordates including dipnoans and salamanders. 
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of the results obtained so far and mentioned in the previ-
ous section point out that the most important cause of 
genome expansion is represented by the amplification of 
transposable elements [Kidwell, 2002; Chalopin et al., 
2015]. Given their ability to rapidly replicate, transpos-
able elements represent one of the best mechanisms, if 
not the very best, able to relatively quickly determine 
changes in genome size [Dufresne and Jeffery, 2011].

  In this regard there are some important issues that re-
quire in-depth analysis:
  • the causes of amplification of transposable elements; 
 • the mechanisms interacting with transposon activity 

impacting the expansion and the contraction of the 
genome; 

 • the influence of genome size and transposon percent-
age on structural and functional characteristics of the 
genome and the cells; 

 • the effect of changes in genome size and transposon 
percentage on evolutionary processes and in particular 
on the adaptation to changing environmental condi-
tions. 

 Stimulation of Transposon Activity 
 Barbara McClintock [1984] formerly suggested that 

the activity of mobile elements in the genome represented 
a reaction to environmental stressors. This hypothesis 
was supported by several other authors [Capy et al., 2000; 
Kidwell, 2002; Chénais et al., 2012; Piacentini et al., 2014], 
and numerous cases of transposon activation due to
environmental stress conditions have been observed in 
plants, where one of the most influential environmental 
factors is represented by temperature [Vitte and Panaud, 
2005; Kelly and Leitch, 2011; Chénais et al., 2012; Ito, 
2013; Wheeler, 2013; Ishiguru et al., 2014; Kim et al., 
2014]. Examples of correlations between environmental 
stressors and transposon activity are rarer in the animal 
kingdom. However, similar connections were noted in 
 Drosophila melanogaster , where differences in the rate of 
transposition were related to the development of temper-
ature [Capy et al., 2000; Kim et al., 2014; Piacentini et al., 
2014] and to the development of a resistance to pesticides 
[Chénais et al., 2012]. In human cells a reorganization of 
the transcriptome after thermal shock was described, pu-
tatively involving SINE transposon sequences [Wheeler, 
2013]. Changes in the proportion of repetitive DNA in 
relation to different latitudes and altitudes were observed 
in some invertebrates [Fielman and Marsh, 2005; Du-
fresne and Jeffery, 2011] and vertebrates [Litvinchuck et 
al., 2007]. Moreover, an indirect indication of the relation 
between transposon activity and environmental stresses 

would be the large genome size observed in some fish and 
crustaceans living in the deep waters [Rees et al., 2007, 
2008; Bonnivard et al., 2009].

  Transposon activation induced by environmental 
stressors causes deleterious effects in certain cases but
favors an increase in genetic variability in others. There-
fore, it represents an effective adaptive response to drastic 
environmental changes [Piacentini et al., 2014].

  One of the most extreme changes in genome size and 
in the percentage of transposons regards vertebrates in-
volved in the water-to-land transition characterized by 
the appearance of huge genomes such as those of lung-
fishes and salamanders. The activation of transposons as 
a result of environmental stress may be the best explana-
tion for the rapid emergence of these huge genomes, al-
though there is currently no direct evidence.

  The transition from lungfishes to tetrapods and the 
early stages of the amphibian evolution began in the late 
Devonian and continued until the Carboniferous, a very 
long period with extreme climate changes.

  During the Carboniferous, in lungfishes there was a pro-
gressive increase in genome size starting from values of 2.5–
5 pg/N and leading to values >100 pg/N found in extant 
species. This increase, independently taking place in differ-
ent lineages, was likely accompanied by a dramatic reduc-
tion of morphological and taxonomic evolution [Thom-
son, 1972; Stanley, 1975]. This evolutionary decline is cer-
tainly due to drastic environmental changes, since in the 
second half of the Carboniferous (Pennsylvanian) severe 
climate changes with temperature drops and aridification 
phenomena took place, also provoking mass extinction 
[Sahney et al., 2010]. Lungfishes, living in shallow freshwa-
ter, are particularly sensitive to temperature changes and 
drying. Therefore, increases in genome size were very like-
ly the consequence of a burst of transposon amplification 
(probably non-LTR) induced by stressful situations.

  A similar increase in genome size was observed in am-
phibians whose fossil forms appeared in the late Devo-
nian and achieved the highest evolutionary success in the 
Carboniferous. In some amphibian fossils, especially 
temnospondyls, a genome expansion would have taken 
place, leading to high values similar to those of some liv-
ing salamanders [Thomson and Muraszko, 1978]. Again, 
this expansion would have occurred during the latter 
stages of the amphibian radiation in the late Permian and 
early Triassic period, in which  ∼ 70% of the terrestrial am-
phibian families probably died [Erwin, 1994; Roelants et 
al., 2007]. Also in this class it is therefore likely that the 
increases in genome size depended on a burst of transpo-
sons stimulated by environmental stress.
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  The presence of the enormous genomes possessed by 
living salamanders is less clear to define, also because ge-
nome sizes are much smaller in frogs and Apoda [Greg-
ory, 2005]. The oldest urodelian fossils date from the 
 middle Jurassic [Gao and Shubin, 2003], long after the 
disappearance of temnospondyls [Marjanovic and Lau-
rin, 2007, 2013]. It is therefore not possible to determine 
whether the genome expansion of the living salamanders 
is a direct result of the expansion observed in temnospon-
dyls or whether it is a new and independent one.

  As mentioned in the previous section, the large ge-
nomes of extant urodeles derived from an amplification 
of LTR transposons dated back to the end of the late Cre-
taceous, another period characterized by mass extinc-
tions. Therefore, it is possible that even this LTR transpo-
son burst would have been stimulated by severe condi-
tions of environmental stress.

  Regulation of Transposon Activity 
 In some cases transposons can provide evolutionary 

advantages to the host as for the molecular domestication 
that leads to the appearance of new functional genes or 
regulatory sequences or the ability to increase the genetic 
variability through their mutagenic action [Kidwell, 2002; 
Schmidt and Anderson, 2006; Volff, 2006; Boehne et al., 
2008; Chalopin et al., 2012; Lee and Kim, 2014; Piacentini 
et al., 2014; Platt et al., 2014; Chalopin et al., 2015]. In 
most cases, however, their activity has a deleterious effect: 
they can alter gene expression by fitting into regulatory 
sequences, their insertion can result in deleterious muta-
tions or even in extensive chromosomal rearrangements 
[Petrov et al., 2003], and they can impose an exaggerated 
functional load to the host due to an increased replication 
of foreign DNA [Kidwell, 2002; Johnson, 2007; Dufresne 
and Jeffery, 2011; Chenais et al., 2012; Sun et al., 2012a; 
Lee and Kim, 2014]. In response to this situation the or-
ganisms have triggered various mechanisms to curb the 
activity of transposons and keep the genome size within 
certain limits.

  Comparing genome size and the percentage of trans-
posons in different species of plants and animals, it seems 
clear that the dimensions of the genomes are the result of 
a complex balance between gain and loss of repeated se-
quences [Petrov et al., 2003]. The propensity of transpo-
son insertion would not be random, but it would depend 
on specific compositional and functional characteristics, 
including the initial genome size in some organisms [Du-
fresne and Jeffery, 2011]. Lynch and Conery [2003] have 
hypothesized that below a minimum genome size the in-
sertion of a transposon would not be possible; at interme-

diate sizes only some species allow insertions, while above 
a specific value all species would be contaminated.

  The control of the genome size is implemented through 
2 phases: the inactivation of transposons with a conse-
quent limitation of their insertion and the deletion of 
transposons and other repetitive DNAs.

  Transposon inactivation depends largely on 2 mecha-
nisms: methylation [Johnson, 2007; Kelly and Leitch, 
2011; Wheeler, 2013] and interference of small RNAs such 
as plant small interfering RNAs (siRNAs) and animal PI-
WI-interacting RNAs (piRNAs, probably evolved as a de-
fense mechanism against viruses) [Arensburger et al., 
2010; Ito, 2013]. Initially, methylation was thought to be 
the only responsible mechanism for transposon control in 
plants, and only later was it noted that transposon silenc-
ing depends on the interference of siRNAs [Ito, 2013]. The 
prevailing mechanism in animals is piRNAs [Wheeler, 
2013; Klenov et al., 2014], which have a very ancient origin 
given their presence in the sponge  Amphimedon  and in 
the cnidarian  Nematostella  [Grimson et al., 2008].

  Transposon silencing through piRNAs entails the rec-
ognition of aberrant double-helix RNAs derived from 
transposons and their subsequent processing to small 
RNAs (sRNAs) [Slotkin and Martienssen, 2007]. Small 
single-stranded RNAs derived from an sRNA filament 
may drive the degradation on transposon sequences or 
they may affect DNA methylation and histone modifica-
tion to prevent the transcriptional activity of transposons 
[Kelly and Leitch, 2011].

  The role of piRNAs in transposon inactivation and the 
resulting control over expansion of the genome has been 
demonstrated by a genome comparison between  D. me-
lanogaster  and  Aedes aegypti . The latter harbors a ge-
nome 8× larger than the former and with a much higher 
percentage of transposons ( table  2 ). The diversity of 
transposon sequences is comparable in both species; 
however, only 19% of  Aedes  piRNAs map on mobile ele-
ments compared to 51% in  Drosophila . As a result the 
action of piRNAs against transposons is much smaller in 
the first species, easily allowing their insertion and a sub-
sequent increase in genome size [Arensburger et al., 
2010]. A similar situation could be observed in a com-
parison between teleosts and mammals. In the former, 
where genomes are on average smaller and exhibit the 
highest diversity of transposons among all vertebrates 
[Chalopin et al., 2015], the piRNA genes have a faster 
evolution and this may represent an adaptive mechanism 
to counteract the greater variability in transposons. 
Moreover, a greater variability in teleost piRNAs has 
been suggested to be linked to the external fertilization 
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where gametes are subjected to a greater risk of transpo-
son invasion [Yi et al., 2014].

  Methylation is another effective mechanism for the
restriction of transposon activity. This is supported by a 
direct correlation observed in the mouse between the de-
methylation of the intracisternal A particles (IAPs, a fam-
ily of LTR retrotransposons) and an increase in their ex-
pression, often causing diseases through their insertion 
into genes [Barbot et al., 2002]. A similar correlation was 
also observed in mammals between the hypomethylation 
of retrotransposons in germ cells in the early stages of
development, in which these transposons are active, and 
their hypermethylation in somatic cells, in which they 
cannot be mobilized [Kazazian, 2004]. Also interesting is 
the increase in DNA methylation of repeats observed in 
several metazoans with the increase in genome size [Jab-
bari et al., 1997; Lechner et al., 2013] and a significant 
level of methylation found in another deuterostome, the 
echinoderm  Strongylocentrotus purpuratus  [Regev et al., 
1998].

  This mechanism, which in some cases may be influ-
enced by sRNAs [Wheeler, 2013; Yi et al., 2014], appears 
to be less generalized, especially in animals. Indeed, re-
peated elements are generally highly methylated in plants, 
yeast, and vertebrates but are less methylated in proto-
stomes, especially in insects [Albalat et al., 2012]. In this 
class the landscape is very variable: a clear correlation be-
tween genome size and methylation levels was not found, 
and species with a large genome and higher levels of ge-
nomic parasites, such as  Culex , display a low level of 
methylation [Regev et al., 1998]. In  Crassostrea  it has been 
observed that only certain classes of repetitive elements 
represent methylation targets [Gonzalez and Petrov, 
2009] and, unlike in vertebrates, methylation would not 
be the prevalent mechanism in silencing of genes located 
within the transposons, but it would act mainly at an in-
tergenic level [Riviere, 2014].

  Although interference of sRNAs and methylation are 
the main mechanisms that regulate transposon activity, 
other processes have been identified, such as the inhibi-
tion of transposition (especially retrotransposition) by 
cytosine deaminase [Dutko et al., 2005; Stenglein and 
Harris, 2006] or by factors involved in DNA repair [Cur-
cio and Garfinkel, 1999; Bryk et al., 2001], even if their 
influence seems to be less relevant.

  However, in some instances transposons could be able 
to activate mechanisms to neutralize the action of sRNAs 
and methylation, causing an increase in and expansion of 
the genome. This would be done mainly through the ac-
tion of environmental stressors [Vitte and Panaud, 2005; 

Kelly and Leitch, 2011; Nosaka et al., 2012; Wheeler, 2013; 
Piacentini et al., 2014]. An example was observed in  An-
tirrhinum majus  where a cold-induced hypomethylation 
favored the transposition of Tm3 transposons [Ito, 2013].

  As previously mentioned, the genome size is the result 
of a balance between insertion and loss of DNA sequenc-
es, especially transposons. As well as the mechanisms of 
transposon amplification, deletion of sequences is not ac-
cidental. A key mechanism in the control of genome size 
would be the so-called indel bias [Petrov, 2001; Gregory, 
2004], that is the ratio of the levels of insertions to the re-
moval of the ectopic sequences. The indels are divided 
into small (1–30 bp) and large (involving thousands of 
bases) [Sun et al., 2012b]. The mechanisms of insertion 
and DNA loss are different. In the genome, gene sequenc-
es are always spaced by stretches of more or less long
non-genic sequences (introns and intergenic sequences). 
Therefore, very long deletions would bear the risk of 
eliminating gene sequences. This favors small deletions, 
which would then be the main cause of DNA loss and ge-
nome size decrease [Petrov, 2002a]. A clear negative cor-
relation between the rate of DNA loss through small dele-
tions and genome size is observed when comparing in-
sects with differently sized genomes:  D. melanogaster  
(0.16 pg/N), the Luapala cricket (1.93 pg/N), and the lo-
cust  Podisma  (16.99 pg/N) have a rate of DNA deletion 
inversely related to their respective genome sizes: in  Po-
disma  the loss of DNA is much slower than even that of 
man (3.5 pg/N) [Petrov et al., 2000; Bensasson et al., 2001; 
Petrov, 2002b]. Moreover, in some mosquito species the 
genome shows an inverse correlation with the DNA loss 
rate [Chen et al., 2015]. Similar situations have been re-
corded also in vertebrates. In archosaurs the indel rate is 
higher in birds than in turtles and crocodiles, whose 
transposon percentage is higher [Green et al., 2014], and 
in mammals the deletion rate of pseudogenes is lower in 
humans than in rodents [Graur et al., 1989; Ophir and 
Graur, 1997]. The indel bias might also explain the huge 
genomes of salamanders and perhaps also of lungfishes. 
Indeed, a study of the DNA loss in 5 species of salaman-
ders has shown that the rate in these species is much low-
er than that found in species belonging to 5 classes of non-
urodelian vertebrates [Sun et al. , 2012b; Frahry et al., 
2015]. In all these cases the different levels of deletion 
would depend more on differences in the size of the elid-
ed sequences than on their frequency [Bensasson et al., 
2001; Sun et al., 2012b].

  From a comparison between 2 species of pufferfish 
and between mouse and man it was noted that in the 2 
tetraodontids the loss of DNA is higher than in the other 
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2 species harboring larger genomes, and that this loss 
mainly concerns sequences at the level of introns [Loh et 
al., 2008]. Even in chicken, indels primarily affect introns, 
while they appear highly reduced (if not absent) in inter-
genic regions [Rao et al., 2010].

  The gain of sequences may take place either through 
small insertions or through large insertions, and the latter 
occurrence is in line with the expansion of the genome 
due to rapid insertions and amplifications, typical for 
transposons [Petrov, 2002a; Dufresne and Jeffery, 2011].

  These mechanisms that control the activity of transpo-
sons and the balance between insertion and loss of ectopic 
sequences clearly explain the changes in genome size 
within low to intermediate values, but they do not com-
pletely explain the appearance and preservation of huge 
genomes such as those of lungfishes and salamanders. As 
previously mentioned, some events of transposon ampli-
fication and the resulting huge genomes may represent
a mechanism stimulated by environmental stress that 
would provide evolutionary advantages [Piacentini et al., 
2014]. However, unlike what we see in species harboring 
smaller genomes, in the genomes that exceed certain high 
values a clear and direct relationship between the increase 
in transposon percentage and the increase in DNA con-
tent does not seem to exist. Moreover, the increase in 
DNA content also depends on an amount of non-coding 
sequences whose repetition is no longer detectable 
[Kidwell, 2002; Metcalfe and Casane, 2013]. A possible 
reason for this occurrence could depend on the different 
insertion sites of the transposons into the host genome 
[Zhang et al., 2011]. Transposons inserting within or near 
genes have a mutagenic effect or may affect gene expres-
sion, being detrimental to the host genome, and therefore 
are subject to purifying selection and more frequent dele-
tions [Metcalfe and Casane, 2013; Shen et al., 2013; Lee 
and Kim, 2014]. This occurrence is supported by the fact 
that in many organisms the level of indels is higher in in-
trons than in intergenic sequences [Loh et al., 2008; Rao 
et al., 2010; Lee and Kim, 2014]. Conversely, transposons 
inserted in regions far from the genes and with low re-
combination, like intergenic regions and telomeric or 
centromeric heterochromatin, are less subject to dele-
tions [Kidwell, 2002; Rao et al., 2010] and therefore tend 
to be conserved and can progressively accumulate muta-
tions losing their repetitivity. Indeed, for example, in 
 Neoceratodus , where most of the transposons belong to 
non-LTR L2 and CR1 families (present in all classes of 
vertebrates) [Chalopin et al., 2015], traces of CR1 and 
other ancient transposons that have largely changed over 
time were recognizable in the single-copy fraction of 

DNA [Sirijovski et al., 2005]. A similar situation is found 
also in some species of salamanders [Metcalfe et al., 2012; 
Metcalfe and Casane, 2013; Sun and Mueller, 2014] and 
in the orthopteran  Podisma , a species displaying a ge-
nome much bigger than  Drosophila  and where a large 
proportion of the DNA excess derives from the accumu-
lation of mutations in older pseudogenes [Bensasson et 
al., 2001]. 

 Interaction of Transposons and Genome Size with 

Evolutionary Processes 

 Although transposon activity and changes in genome 
size cannot be considered the main drivers of evolution, 
they may have various relevant effects on certain evolu-
tionary processes. Some of those effects depend on their 
direct action, while others are mediated by alterations 
carried out on structural and functional parameters of 
cells and organisms. One of the direct effects is the influ-
ence that transposons may have on genetic variability. 
Some results suggest that transposons can be considered 
important factors for the reorganization of the genome 
through chromosomal rearrangements such as duplica-
tions, inversions, and translocations (which have conse-
quences on adaptive phenomena), and also through mo-
lecular domestication, a phenomenon giving rise to new 
coding genes and regulatory elements such as enhancers 
[Bejerano et al., 2006; Matveev and Okada, 2009; Nakani-
shi et al., 2012; Piacentini et al., 2014]. The amplification 
of transposons, especially that resulting from environ-
mental stresses, enables a rapid accumulation of muta-
tions that cause an increase in variability and create the 
basis for speciation [Piacentini et al., 2014]. An example 
for this situation is the adaptive radiation of vespertil-
ionids, which corresponds to a burst of activity of trans-
posons [Platt et al., 2014].

  However, as it has been previously noted, although 
transposons can provide evolutionary advantages to the 
host, in most cases their activity has detrimental conse-
quences [Caceres et al., 2001; Kidwell, 2002; Johnson, 
2007; Dufresne and Jeffery, 2011; Chénais et al., 2012; Sun 
et al., 2012b; Lee and Kim, 2014], and various experimen-
tal data suggest that their effect on the rise of genetic vari-
ation and speciation might be limited to species with 
smaller genomes. These correlations between genome 
size and genetic variability appear to have generally nega-
tive effects on the evolutionary processes such as taxo-
nomic diversity, speciation, and extinction. In many ani-
mal taxa an inverse correlation was noted between the 
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level of speciation and genome size [Vinogradov, 2004; 
Kraaijeveld, 2010] and among taxonomic levels of vari-
ability, genome size, and proportion of repetitive DNA 
[Olmo, 2006; Kraaijeveld, 2010]. In this regard, an inverse 
correlation between genome size and the level of hetero-
zygosity was observed in teleosts [Yi and Streelman, 2005] 
and urodeles [Pierce and Mitton, 1980]. A similar corre-
lation was also observed between genome size and chi-
asma frequency in several vertebrates [Olmo et al., 1989; 
Peterson et al., 1994] and between chromosome changing 
rate and genome size in reptiles [Olmo, 2005]. Adaptive 
radiations observed in various vertebrate taxa, such as 
saurischians [Organ et al., 2007], hummingbirds [Greg-
ory et al., 2009], pufferfishes [Volff et al., 2003], and 
plethodontids [Kozak et al., 2006], coincided with signif-
icant reductions in genome size followed by bursts of 
morphological diversification. Moreover, freshwater te-
leost species harboring larger genomes have a lower level 
of variability compared to marine species with smaller 
genomes [Hardie and Hebert, 2004]. Furthermore, in in-
sects it was also noted that only those with a genome <2 
pg/N have a large increase in taxonomic diversity, while 
in clades with larger genomes the variability is much low-
er [Kraaijeveld, 2010]. A final negative consequence of 
the increase in genome size seems to be also an increase 
in endangered species and the related risk of extinction 
[Vinogradov, 2004].

  In the light of these observations the main problem to 
solve is whether the appearance of large genomes only 
depends on the tolerance of some species to the accumu-
lation of non-coding DNA, especially transposons, or 
whether large genomes can provide some evolutionary 
advantages.

  A possible answer to this question may come from an 
analysis of the consequences of genome amplification on 
some structural and functional parameters of the cell, 
which in turn affect the morphological and functional char-
acteristics of the organism exposed to natural selection.

  Two important cellular parameters affected by ge-
nome size are the duration of the cell cycle and the size of 
the nucleus and the cell.

  Although studies on the relationship between the 
amount of DNA and the cell cycle length are limited both 
in plants and in animals, a strong direct correlation has 
been found between the genome size and the S phase and 
to a lesser extent with the length of mitosis, while there 
seems to be no correlation with the duration of the G1
and G2 phases [Nagl, 1974a, b; Grosset and Odartchenko, 
1975a, b; Horner and MacGregor, 1983; Vinogradov, 
1999b; Simova and Harben, 2012].

  Correlations between genome size, nucleus, and cell 
sizes were noted in early cellular studies that led to the 
formulation of the concept of the nucleoplasmic ratio 
[Gregory, 2005]. Overall, although the size of the nucleus 
and the cell are determined by genetic factors [Cavalier-
Smith, 2005] and are also influenced by certain phases of 
the cell cycle, in different species a direct and positive cor-
relation between genome size and various nucleus and 
cell morphometric parameters (volume and surface) 
[Szarski, 1968, 1970, 1976; Olmo and Morescalchi, 1975, 
1978; Kuramoto, 1981; Olmo and Odierna, 1982; Olmo, 
1983; Gregory, 2005; Mueller et al., 2008; Simova and 
Harben, 2012] and an inverse correlation between ge-
nome size and the surface/volume ratio of the cell were 
noted [Olmo and Morescalchi, 1975, 1978; Olmo and 
Odierna, 1982; Olmo, 1983].

  An important evolutionary interaction is the influence 
that the genome size has on the duration of embryonic 
and larval development through the dimensions of the 
cell and the duration of the cell cycle, especially of the S 
phase, the extent of which is 50× shorter in embryonic 
cells compared to somatic cells [Callan, 1972]. Moreover, 
it should be remembered that during early development 
the G1 and G2 phases are extremely short and should not 
affect the total cycle duration [Tang, 2010].

  An inverse correlation between genome size and dura-
tion of the development has been noted in some inverte-
brates and anamniote vertebrates, especially amphibians 
[Goin et al., 1968; Oeldorf et al., 1978; Horner and Mac-
Gregor, 1983; Jockusch, 1997; Gregory, 2002a], in which 
also an inverse correlation between genome size, growth 
rate, and differentiation rate in the process of regenera-
tion has been noted [Sessions and Larson, 1987]. Con-
versely, in amniote vertebrates any correlation between 
genome size and parameters of development was not
noticed [Olmo, 2003; Gregory, 2002a, b, 2005].

  The evolutionary importance of the developmental 
and larval period is evident in frogs and salamanders, 
where species, reproducing in temporary pools and hav-
ing a very rapid embryonic and larval development that 
allows them to adapt to arid environments, have very 
small genome and cell sizes and a very short cell cycle. 
Conversely, large genomes and cell sizes are present in 
species living in water-rich but colder environments and 
having longer embryonic and larval periods, hindering 
metamorphosis during unfavorable periods of the year 
[Goin et al., 1968; Oeldorf et al., 1978].

  Increasing the genome size as well as the duration of 
the development could have an impact also on the devel-
opmental complexity [Gregory, 2002a, 2005]. In insects 
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the increase in DNA content determined the gradual 
transition from species with complete metamorphosis 
(holometabolous, limited to species with <2 pg/N) to spe-
cies with incomplete (hemimatabolous) or absent meta-
morphosis (ametabolous). In urodeles the increase in the 
genome allowed the transition from a biphasic life cycle 
to increasingly frequent cases of paedomorphosis or even 
to obliged neoteny [Gregory, 2002a, 2005]. In plethodon-
tids it was observed that the ancestral forms probably had 
a shorter larval period than current forms [Bonett et al., 
2014], implying a co-evolution between genome increase 
and paedomorphosis/neoteny. The progressive develop-
ment of paedomorphosis and neoteny characterizes also 
the evolution of the current lungfishes harboring very 
large genomes [Joss, 2006].

  Another important evolutionary parameter related to 
genome and cell size is the metabolic rate. In many ani-
mals an inverse relationship between genome/cell size 
and metabolic rate was noted [Licht and Lowcock, 1991; 
Vinogradov, 1995, 1997; Gregory and Hebert, 1999; 
Gregory, 2003, 2005], even if a precise relationship was 
determined between cell size and metabolic rate [Mon-
nickendam and Balls, 1973; Szarski, 1976; Starostova et 
al., 2009], and in some cases no precise correlation was 
indicated with the genome size [Starostovà et al., 2009]. 
A particularly influential parameter of the metabolic rate, 
especially in larger cells, is the cell surface/volume ratio, 
which limits the exchange of nutrients and gases between 
the cell and the surrounding environment [Szarski, 1976; 
Olmo, 1983, 2003]. Also important are the parameters 
that govern the exchanges between the nucleus and cyto-
plasm such as the nucleoplasmic ratio [Szarski, 1976], the 
nuclear surface/volume ratio, and the frequency of the 
nuclear pores [Olmo, 1983].

  A particular consequence of the metabolic level has 
been hypothesized to be the ability to fly [Hughes and 
Hughes, 1995]. In birds stronger flyers have genomes sig-
nificantly smaller than weak flyers and flightless birds. It 
has been also hypothesized that the reduction in genome 
size was necessary to acquire the high metabolic levels es-
sential for the flight [Hughes and Hughes, 1995; Hughes, 
1999], a reduction depending on the shortening of intron 
lengths and of other sequences such as transposons 
[Hughes and Hughes, 1995]. A similar situation was also 
described in bats, which possess the smallest genomes 
among mammals and also the shortest introns [Van den 
Bussche et al., 1995; Gregory, 2005; Zhang and Edwards, 
2012]. However, the correlations between small genomes, 
small cells, and high metabolic rates are not related only 
to the ability to fly, because it was noted that a reduction 

in cell size and length of introns had occurred within the 
archosaurian lineage from which birds originated long 
before the first flying birds [Waltari and Edwards, 2002; 
Organ et al., 2007].

  Flying insects achieve the highest known mass-specif-
ic rates of O 2  consumption in the animal kingdom [Su-
arez, 2000]. Except for the orthopterans, they have the 
lowest genome sizes among animals and similarly show a 
reduction in the length of introns within smaller genomes 
[Wang et al., 2014]. However, there is no difference in the 
correlation between the genome size and the metabolic 
level among orthopterans and groups harboring smaller 
genomes.

  Other correlations were assumed between genome size 
and other evolutionarily important functional parame-
ters such as the control of the extra/intra-cellular solute 
composition [Vinogradov, 1998], which, however, does 
not seem sufficiently supported by the experimental point 
of view. It is important to note that all the above-men-
tioned correlations indicate that variations in the dimen-
sions and in the percentage of genomic non-coding DNA 
are also indirectly subject to selective pressures through 
their effects on the cell and on the morphometric and 
functional parameters in the organism.

  Conclusions 

 Although causes and consequences of the interaction 
between transposon activity and expansion of the ge-
nome are demonstrated, their direct or indirect influence 
on the evolutionary processes, as well as the causes of the 
so-called C-value enigma are not fully elucidated, but 
some points seem to be quite defined.

  Given their ability to autonomously expand, transpo-
sons certainly represent the main cause of the increase in 
the genome. Their influence would, however, be only 
quantitative, since it is not possible to notice an equal cor-
relation between genome size and variety of transposons 
in all eukaryotes.

  The current levels of genome size found in many eu-
karyotes are the results of a balance between the activity 
of transposons and selective pressures acting on various 
levels:
  • a first pressure on a genomic level due to the defense 

mechanisms put into practice by the cells to limit any 
harmful action of transposons; 

 • a selection pressure aimed at maintaining optimal lev-
els of structural and functional parameters within cells 
and the organism; 
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 • a selective pressure acting on the effects that changes 
at the genomic and cytological level have had on mor-
phological and functional characteristics which are 
important for the adaptation to different environmen-
tal conditions. 

 Relevant genome increasing occurred at particular 
times of evolution, such as the conquest of the land or 
adaptation to extreme environments, e.g. the deep sea or 
very cold areas, due to burst amplification of transposons 
stimulated by environmental stresses.
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