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Polyploids are organisms with three or more complete chromosome sets. Polyploidization is widespread in plants and animals, 
and is an important mechanism of speciation. Genome sequencing and related molecular systematics and bioinformatics stud-
ies on plants and animals in recent years support the view that species have been shaped by whole genome duplication during 
evolution. The stability of polyploids depends on rapid genome recombination and changes in gene expression after formation. 
The formation of polyploids and subsequent diploidization are important aspects in long-term evolution. Polyploids can be 
formed in various ways. Among them, hybrid organisms formed by distant hybridization could produce unreduced gametes 
and thus generate offspring with doubled chromosomes, which is a fast, efficient method of polyploidization. The formation of 
fertile polyploids not only promoted the interflow of genetic materials among species and enriched the species diversity, but also 
laid the foundation for polyploidy breeding. The study of polyploids has both important theoretical significance and valuable ap-
plications. The production and application of polyploidy breeding have brought remarkable economic and social benefits. 
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Polyploids are organisms with three or more complete 
chromosome sets. Some studies have shown that all of the 
angiosperms are paleopolyploids, and have experienced one 
or several rounds of polyploidy during their evolution [1]. 
According to the indexes of genome size and isozyme com-
plexity, Ohno put forward the hypothesis of genome dupli-
cation in 1970, and thought that two rounds (2R) of whole 
genome duplication (WGD) occurred in early vertebrate 
evolution [2]. The first duplication happened in the evolu-
tion process from Cephalochordates to jawless vertebrates; 
and the second one was after the divergent evolution of 
hagfish and lampreys [3]. Studies of Hox genes and Hox 
gene clusters strongly support this hypothesis [4]: research-
ers found a 1:2 or 1:4 distribution of Hox clusters in vari-
ous invertebrates and vertebrates [5,6]. In recent years, data 

based on vertebrate genome sequencing, phylogenetic trees, 
and genomic map position have provided further evidences 
to support the genome duplication hypothesis. In addition, 
the ray-finned fish experienced a third genome duplication: 
the fish-specific genome duplication (FSGD or 3R), after 
their separation from the tetrapods [7–9]. The polyploids 
formed through genome duplication would display changes 
in their genome structure, gene regulation, and expression, 
and would subsequently become new diploids or paleopoly-
ploids through diploidization and differentiation [10–12]. 
The new diploids and paleopolyploids could then form new 
polyploids, further enriching the species resources. A sys-
tematic discussion and summary of the types of plant and 
animal polyploids, and the genesis and genetic influence of 
polyploidy, have both important theoretical value and prac-
tical applications for genetic breeding. In this paper, we 
present a systematic exposition of the research progress of 
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polyploid organisms, particularly polyploid fish. 

1  Polyploid plants 

1.1  The frequency of polyploidy in various groups of 
plants 

Polyploidization is widespread in plants. Polyploids in bry-
ophytes comprise about 53% of the total species; Plagiom-
nium medium is an allotetraploid, for example [13]. The 
frequency of polyploidy in pteridophytes could be as high 
as 95% [14]. About 38% of gymnosperms are polyploids. 
California redwood (Sequoia sempervirens, 2n=6X=66) is 
the only natural hexaploid conifer in existence, and is also 
one of the fastest-growing species in the world [15,16]. 
Through one round of polyploidization and hybridization, 
their ancestors formed AAB-type plants, and then doubled 
again, generating the existing hexaploid redwood. In addi-
tion, there are triploid or tetraploid species in Cryptomeria, 
cypress, red pine, spruce, and larch. 

Studies on angiosperm polyploids are extensive, and have 
been going on for more than a century. Early in the 20th 
century, gigas, a mutant in Lamarckian primrose (Oenothera 
lamarckiana), was found to be a kind of tetraploid [17]. It 
has proved difficult to determine the actual frequency of 
polyploids in various plant lineages, despite numerous at-
tempts. Grant’s estimate was based on the assumption that 
the ancestral number of chromosomes in angiosperms was 
7–9 and that any flowering plant with n14 chromosomes 
had undergone polyploidization at some point during angi-
osperm evolution [14]. Grant postulated that 47% of all 
flowering plants were of polyploid origin; he proposed that 
58% of monocots and 43% of dicots were polyploids. 
Goldblatt thought that taxa with chromosome numbers 
above n=9 or 10 would have undergone polyploidization in 
their evolutionary history; he calculated that 70%–80% of 
monocots were of polyploidy origin [18]. Using a similar 
approach in dicots, Lewis estimated that 70%–80% among 
them were polyploids [19]. Masterson estimated that 70% 
of all angiosperms had experienced one or more episodes of 
polyploidization in their ancestry [20]. Recent genomic 
analyses indicate that an early polyploidization event may 
predate the radiation of flowering plants, suggesting that 
100% of angiosperms are paleopolyploids [1,21]. 

1.2  Molecular biological research on polyploidy plants 

Comparisons of diversification rates suggest that genome 
doubling may have led to a dramatic increase in species 
richness in several angiosperm lineages, including Poaceae, 
Solanaceae, Fabaceae, and Brassicaceae [22]. Studies on 
MADS-box genes duplication and analyses of protein-      
protein interaction networks among MADS-box proteins [23], 
also support genome doubling early in angiosperm history. In 

the Floral Genome Project, the approach of the frequency 
distribution of per-site synonymous divergence levels (Ks) 
for pairs of duplicate genes was applied to expressed se-
quence tags (ESTs) from a suite of basal angiosperms [24], 
and evidence was found for episodes of ancient ge-
nome-wide duplication in Nuphar advena (Nymphaeaceae), 
Persea americana (Lauraceae), Liriodendron tulipifera 
(Magnoliaceae) and Saruma henryi (Aristolochiaceae). 
Moreover, Cui et al. detected independent genome duplica-
tions in California poppy (Eschscholzia californica; Papa-
veraceae) and sweet flag (Acorus americanus; Acoraceae), 
both of which were distinct from the duplications docu-
mented for core eudicots and Poaceae [25]. According to 
the current study, the formation of diploid, triploid, tetra-
ploid, and hexaploid is suggested in the long-term natural 
variability of sweet flag development [26]. 

Whole-genome sequencing is conducive to the complete 
and systematic study of the polyploidy phenomenon. The 
complete sequencing of Arabidopsis thaliana revealed nu-
merous duplicate genes and suggested two or three rounds 
of genome-wide duplication [27]. Additional evidence in-
dicated that before the two rounds of whole genome replica-
tion, Arabidopsis also experienced an earlier whole genome 
triplication (WGT) process [28]. This mode was also true 
for the evolutionary process of soybean (Glycine max), 
which went through three rounds of polyploidization, com-
prising one round of hexaploidy and two rounds of tetra-
ploidy [28]. Based on analyses of the complete genome se-
quence of grape (Vitis vinifera), Jaillon et al. revealed that 
the common ancestor of grape, poplar (Populus spp.), and 
Arabidopsis was an ancient hexaploid that possibly arose 
after the divergence of the monocot and eudicot lineages 
[29]. Evidence in the papaya (Carica papaya) genome also 
supported the genome triplication in this species [30]. 
Severin hypothesized that when Arabidopsis, grape, soy-
bean, poplar, and papaya were included in this common 
model, it indicated a shared ancestor containing seven 
chromosomes [28]. 

1.3  Familiar types of polyploidy plants 

Some familiar crop species, such as sugar cane (Saccharum), 
coffee (Coffea Arabica), cotton (Gossypium gossypioides, 
2n=4X=52), and tobacco (Nicotiana tabacum, 2n=4X=48), 
are polyploids [31]. There are several polyploids in the ge-
nus Triticum: both emmer wheat (Triticum dicoccum, 2n=     
4X=28) and Triticum dicoccoides (2n=4X=28) are tetra-
ploid, while common wheat (Triticum aestivum, 2n=6X=42) 
is allohexaploid. Banana (Musa nana, 2n=3X=33), daffo-
dil (Narcissus tazella, 2n=3X=30), and daylily (Hemero- 
callis fulva, 2n=3X=33) are all autotriploids [32]. Two kinds 
of potatoes, Solanum stoloniferum (2n=4X=48) and Sola-
num demissum (2n=6X=72) are tetraploid and hexaploid, 
respectively [33]. Additionally, some vegetables, such as 
taro (Colocasia esculenta, 2n=3X=42), chive (Allium 
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schoenoprasum, 2n=4X=32), Chinese yam (Disoscorea 
batatas, 2n=4X=40), and sword bean (Canavalia gladiata 
(Jacq) DC., 2n=4X=44), are natural polyploids [34]. 

Fedorov added up chromosome numbers of 93 plants in 
chrysanthemum, and found 56 kinds of polyploids (includ-
ing intraspecific polyploids), accounting for 60% [35]. Thus, 
polyploidization is apparently an important evolutionary 
path in this genus. Among wild chrysanthemum for exam-
ple, there are diploids, allotetraploids, hexaploids, and dec-
aploids [36]. In the wild primrose, some polyploids have 
been found, such as tetraploid Primula malacoides 
(2n=4X=36), hexaploid P. incana (2n=6X=54) and P. scot-
ica (2n=6X=54); octoploids and decaploids are also report-
ed [37]. 

2  Polyploid animals 

There are growing evidences that extensive polyploidy also 
existing in animals. Nearly 200 independent examples of 
polyploids have been reported in insects and vertebrates, in 
addition to the many more cases known among other inver-
tebrate groups [1,38]. 

2.1  The polyploids in invertebrates 

In invertebrates, the polyploids in Turbellaria and Oligo-
chaeta are usually hermaphrodites. Pontoporeia affinis, the 
glacier residue of Crustaceans, is a sexual polyploid. While 
Artemia salina of Branchiopoda and Trichonicus sp. of 
Isopod are asexual [39]. There are different subspecies of 
diploids (2n=2) and tetraploids (2n=4X=4) in Parascaris 
equorum of Nematomorpha [32]. In Mollusca, mainly fe-
male hexaploids (2n=6X=90–94) in Melaniidae have been 
reported. Ancylidae also show polyploidy. For example, 
Ethiopic Ancylus sp. (2n=4X=60) is tetraploid, and England 
Ancylus fluviatilis (2n=8X=120) is octoploid [40]. 

There are estimated to be 2.5–3 million types of insects, 
but less than 100 are known to be polypoids, distributed in 
every major order [41]. For example, tetraploid Saga pedo 
is found in Tettigoniidae, triploid Psychoda parthenogenet-
ica in Psychodidae, and tetraploid Diprion in Tenthredini-
dae. Polyploids in Curculionidae are the most abundant, 
comprising 38 triploid, 17 tetraploid, five pentaploid and 
two hexaploid parthenogenetic subspecies or species. The 
polyploid insects survive by parthenogenesis. Most of them 
cannot fly, and they are small. Their living environment is 
relatively stable; thus, they can live a longer life [42]. 

2.2  Polyploid vertebrates 

Humans and other land vertebrates probably share a 360– 
450 million-year-old fish ancestor, and the common ances-
tor contains a genome with 12 chromosomes [9,43]. Early 
in vertebrate evolution, through two rounds of whole ge-

nome duplication and various kinds of chromosome rear-
rangement, the ancestor gave rise to the species consisting 
of the current 20–30 haploid set [44]. The species types of 
ray-finned fish correspond to more than half of all verte-
brate species, and the group has gone through another 
round of fish-specific genome duplication [7–9]. Genome 
duplication results in better environmental adaptation, and 
plays an important role to the evolution of fishes and land 
vertebrates [2]. 

As the lower vertebrates, some polyploid fishes thrive by 
way of parthenogenesis, which are often related to hybridi-
zation events [45]. Gibel carp (Carassius auratus gibelio) 
can reproduce by gynogenesis, and two kinds of triploids, 
with 156 or 162 chromosomes, were found by karyotype 
analysis [46]. A related study considers that the gibel carp 
are entering into an evolutionary trajectory of diploidization. 
The coexistence of different ploidy populations (diploid, 
triploid and tetraploid) among crucian carp (Carassius au-
ratus) of the Dongting water system was found [47]. These 
polyploids might be generated by hybridization. Studies 
have shown that the triploid containing microchromosomes 
can produce offspring by gynogenesis or sexual reproduc-
tion, while the tetraploid can only generate all-female off-
spring by gynogenesis. The reproductive mode of gynogen-
esis also exists in Dianchi High-back crucian carp in Yun-
nan, China [48]. According to the view of whole genome 
duplication, these types of triploid should actually be re-
garded as hexaploid. In addition, some unisexual triploidy 
species in Cyprinodontiformes are mostly of hybrid origin. 
For example, the Amazon molly (Poecilia formosa) is a 
hybrid between P. latipinna and P. mexicana. When its gy-
nogenesis diploids backcross with P. mexicana, gynogene-
sis triploids could be formed [48,49]. 

In some fish families, all the members studied originate 
from a tetraploid [50], such as Salmonidae, Coregonidae, 
Catostomidae, and Thymallidae. Additionally, triploidy or 
tetraploidy origin exists in Siluridae, Callichthyidae, and 
Loricaridae. 

The formation of certain fish groups in Cyprinidae is re-
lated to polyploidy [50]. Many species belonging to Cypri-
nus, Carassius, or Barbus are obvious tetraploids (2n=     
4X=100). Schizothorax sp., S. grahami, and S. daliensis in 
Schizothoracinae are all hexaploids. In Cobitidae, Misgur-
nus fossilts is a tetraploid. Coexistence of natural polyploids 
and diploids was also found in M. anguillicaudatus [51], 
Cobitis taenia, and C. elongatoides [52,53]. 

In amphibians and reptiles, the number of polyploid spe-
cies and populations is increasing. Almost all the polyploids 
are related to diploid relatives, and many of them have 
morphologically very similar diploid isomorphic species, 
but there are no obvious polyploid families or genera [39]. 
In Anuran, Ceratophrys dorsata (2n=8X=104) from Brazil 
and C. arnata from Argentina are octoploids. Xenopus ru-
wenzoriensis (2n=6X=108) in Uganda is hexaploid. African 
clawed frog (Xenopus vastitus, 2n=4X=72) and America 
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rain frog (Hyla versicolor, 2n=4X=48) are tetraploid. In 
addition, Bufovtridis in Xinjiang is a tetraploid (2n=4X=44). 
There are almost no triploids among Anuran, with the ex-
ception of North America’s Rana esculenta (2n=3X=39). In 
Ambystoma of Caudata, A. platineum, A. tremblayi, and A. 
texanumxlaterale are all triploid gynogenesis types (2n=     
3X=42). Siren lacertima (2n=4X=52) and Pseudobrachis 
striatus (2n=4X=64) are sexual tetraploids [54]. 

All polyploids in Reptiles are triploids, and produce par-
thenogenetic progenies [55]. Cnemidophorus neomexicanus, 
C. uniparenus, and C. exsanguis (2n=3X=69) of Teiidae, 
are mainly distributed in Central America. In Gekkonidae, 
Gehyra variegate ogasauarisimae (2n=3X=63), Hemido-
dactylus garnotii (2n=3X=70), and Heteronotia binoei 
(2n=3X=63), come from Japan, Australia, or other places. 
Leiolepis belliana (2n=3X=54) and L. tripoida (2n=3X=54) 
in Agamidae are widespread in Malaysia. 

Higher vertebrates do not tolerate polyploidy [11]. Some 
scholars believe that the golden hamster (Mesocicetus au-
ratus) is a polyploid, but it has been proved to be a pseu-
do-tetraploid [56]. Among chicken embryos, only 0.9% are 
triploid or tetraploid. In mammals and birds, ploidy changes 
are typically fatal, with polyploids dying early during de-
velopment [1].  

3  The occurrence of polyploids 

3.1  Mechanisms of polyploid formation 

The formation of polyploid organisms has mainly occurred 
via three routes: chromosome doubling, gametic nonreduc-
tion, and polyspermy [31,57]. 

Chromosome doubling in plants and animals is related to 
a failure of cell division following mitotic doubling. It may 
occur in the zygote, young embryo, or meristem of a plant, 
and will ultimately lead to the production of polyploidy tis-
sues and the generation of minority polyploids [10,57]. The 
classic case is Primula kewensis [58], a tetraploid in Primula. 
It originated from fertile tetraploid shoots whose chromo-
somes doubled on sterile F1 plants of P. floribundaP. ver-
ticillata. The naturally occurring tetraploid among Lamarck-
ian primrose was formed through zygote chromosome dou-
bling [17]. On the other hand, in animals, when the distant 
hybridization of red crucian carp (Carassius auratus red var., 
2n=100) and blunt snout bream (Megalobrama amblyceph-
ala, 2n=48) occurred, in the first generation, the first cleav-
age of some fertilized eggs was inhibited, causing the chro-
mosome number to double, resulting in tetraploids [59,60].  

The union of two unreduced gametes, or of reduced and 
unreduced gametes, is a major mechanism of polyploidiza-
tion in plants [31]. For example, triploids and pentaploids 
occured in the progenies of the open-pollinated diploid 
Crepis capillaris, and these appeared to have been produced 
by the fusion of reduced (n) and unreduced (2n and 4n) 

gametes [57]. The hybridization of Raphanus sativa (2n=18) 
and Brassica oleracea (2n=18) could produce allotetraploid 
offspring (Raphanobrassica, 2n=4X=36) in the F2, because 
a small number of germ cells in the F1 generated unreduced 
gametes [61]. The autotetraploid Dactylis glomerata and 
allotetraploid Tragopogon were also produced in the same 
way [10]. 

In animals, the descendants of distant hybridization pos-
sess a reproductive characteristic to produce unreduced 
gametes. In the distant hybridization of red crucian carp 
(2n=100)×common carp (Cyprinus carpio L., 2n=100), 
some individuals produced unreduced gametes, then the 
unreduced eggs were fertilized with unreduced diploid 
spermatozoa to produce bisexual fertile allotetraploid (4n=    
200, or 2n=4X=200) in the F3 [62]. The diploid gynogenetic 
clonal line, which was formed by gynogenesis on diploid 
eggs of the allotetraploid, has the ability to stably produce 
unreduced diploid eggs [63]. The mechanism of the for-
mation of the unreduced gametes is related to the behavior 
of germ cells before meiosis [60,64], which may have in-
volved premeiotic endoreduplication or endomitosis, or 
fusion of oogonia or spermatogonia. Normal meiosis is car-
ried out after chromosome doubling of germ cells, thus re-
sults in unreduced gametes. 

The generation of unreduced gametes is also related to 
meiotic abnormalities [65,66]. Immature cytokinesis imme-
diately following the first meiotic division without entering 
into the second meiotic division, or if polar body is 
re-wrapped into the female pronucleus, could produce un-
reduced gametes; it also plays a role that the sister chroma-
tids do not separate or the second polar body cannot efflux 
normally in the second meiotic division. In the hybridiza-
tion of red crucian carpblunt snout bream, the triploid hy-
brids resulted from the retention of the second polar body of 
the fertilized eggs [60]. 

Polyspermy means the fertilization of an egg by two or 
more sperm nuclei [57]. It has been observed to induce 
polyploidy in some orchids, and is the most common 
mechanism leading to human triploids [31]. However, it is 
generally regarded as an uncommon mechanism of poly-
ploid formation. 

3.2  Polyploidy promoted by hybridization 

In the process of species formation, hybridization and gene 
flow (introgression) between species is a regular occurrence, 
especially in rapidly radiating groups [11,60,67,68]. Mallet 
pointed out that hybridization would be a catalyst not only for 
speciation, but also for major evolutionary innovations [69]. 
Somatic chromosome doubling in hybrid offspring probably 
results in allopolyploidy [69]. Chromosome pairing often 
fails during meiosis in hybrid diploids, and the hybrids usu-
ally overcome this problem by producing unreduced gam-
etes [1]. The formation and fusion of unreduced gametes 
accelerate the generation of polyploids from hybrid lineages. 
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Recent studies have indicated that whole genome duplica-
tion favors evolution of organisms. We believe that hybrid-
ization, especially distant hybridization, is an important 
driver of polyploidy accompanying genome duplication. 

Fishes are the largest group of vertebrates, with plenty of 
opportunity for distant hybridization to occur. We have in-
vestigated the chromosome number of more than 300 fish 
species [70–72] and found that the majority of chromosomal 
numbers are even, especially 44, 48, 50, and 100 (Figure 1, 
see Appendix Table in the Chinese Version). Approximate 
ploidy relationships exist between many pairs of species, 
and many of the species are polyploids or have gone 
through polyploidization and distant hybridization during 
species formation. 

Distant hybridization can promote genetic variation in 
the progeny, and produce fertile offspring, resulting in the 
formation of distant hybrid strains. The breeding of bisexual 
fertile allotetraploid fishes from the distant hybrid strains is 
important. The formation of the different ploidy fishes 
mainly depends on the genetic relationship between the 
parents [60]. Diploid or triploid hybrids were more likely to 
be formed than tetraploid hybrids in the first generation of 
the distant hybridization, when the parents had the same 
chromosome number. Nevertheless, breeders hope to pro-
duce tetraploid fish by building genetic lines from the dip-
loid hybrids. On the other hand, in the first generation pro-
duced by distant hybridization where the parents had dif-
ferent chromosomal numbers, tetraploid hybrids, triploid 
hybrids, or natural diploid gynogenetic fish were more like-
ly to be formed than diploid hybrids. 

3.3  Parthenogenesis and “triploid bridge” 

There are many parthenogenetic polyploids in animals [54–56]. 

During early evolution, unreduced eggs produced by distant 
hybridization could develop into diploid groups by parthe-
nogenesis. The parthenogenetic diploids might generate 
unreduced eggs, whose combination with haploid sperm 
would form triploids. The triploids maintain their fertility 
by parthenogenesis, and their backcrosses to diploids could 
produce tetraploids [50]. This indirect route of tetraploid 
formation, using the triploid as a ladder, is referred to as a 
“triploid bridge” [10,69]. High ploidy populations could 
have evolved from the tetraploids. Higher polyploidy plants 
can also be produced through the “triploid bridge” [73]. For 
example, 1% tetraploid progeny were obtained by back-
crossing a spontaneous triploid clone of Populus tremula to 
a diploid. Similarly, a small number of tetraploid progenies 
were obtained from triploid apple varieties that had them-
selves originated as spontaneous polyploids [57]. 

3.4  Organisms’ habits can promote the occurrence of 
polyploids 

Growth habits and breeding systems of species can also 
affect the production of unreduced gametes [57]. The pro-
portion of polyploids is higher in perennial herbs with veg-
etative reproduction. Perhaps the presence of vegetative 
reproduction decreases the selection pressure to sexual re-
production, thus providing a relaxed environment for the 
generation of unreduced gametes and other nonfunctional 
gametes, further promoting the formation of unreduced 
gametes. 

3.5  Environmental factors influence the occurrence of 
polyploids 

The effect of the environment, especially temperature, on  
 
 

 

Figure 1  Fish (318 species) chromosome number distribution (arrows indicate four types with the widest range). 
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polyploid formation cannot be ignored [31]. Environmental 
factors, such as cold and heat stimulation, and radiation, act-
ing on diploid fertilized eggs, can promote chromosome dou-
bling; when acting on meiosis of diploids, they can inhibit the 
efflux of the polar body, leading to the formation of poly-
ploids. In the southeast rimland and nearby areas of the 
Qinghai-Tibet Plateau, the plateau uplift brought about a rap-
id change of temperature and humidity, becoming the major 
region for the generation of polyploid fish in China [50]. 
Among plants, a dramatic increase in 2n pollen production 
of Uvularia grandiflora following aberrant cold spells was 
observed [74]. In Solanum tuberosum, the ability of two 
genotypes to adapt to different temperatures by generating 
2n gametes differs by a factor of two [75]. 

4  The genetic effects of polyploidy 

4.1  Changes to cell and body size  

Accompanying genome doubling and increases in genetic ma-
terials, the cell volumes of polyploids usually enlarge. Plants 
and animals may employ different strategies to cope with the 
increase in cell size associated with polyploidy [38,76]. Poly-
ploid plants maintain the same number of cells as diploids 
and thus develop larger organs and body sizes. By contrast, 
many animal polyploids reduce the overall number of cells 
and maintain a similar organ and body size to their diploid 
progenitors. 

4.2  Genomic change after polyploid formation 

Genomic instability and genomic rapid recombination are 
the most characteristic features of the new polyploid, in an 
effort to achieve the harmonious co-existence of multiple 
genomes within one nucleus [77,78]. For instance, in artifi-
cial synthetic polyploid Brassica hybrids, extensive ge-
nomic rearrangements and fragment loss within five genera-
tions were observed [79]. The structural changes to the ge-
nome consist of deletion, insertion, duplication, transloca-
tion, and transposition [78]. Using chromosome painting 
techniques, Kenton et al. found at least nine intergenomic 
chromosomal rearrangements in allotetraploid tobacco (Ni-
cotiana tabacum) [80]. Similarly, by genomic in situ hy-
bridization (GISH), Jellen et al. detected five intergenomic 
translocations in allotetraploid oat (Avena), and approxi-
mately 18 such rearrangements in the allohexaploid [81]. 
Liu et al. [60] confirmed that the allotetraploid offspring of 
red crucian carpcommon carp possess the parental genes, 
and demonstrated the hybridity by fluorescence in situ hy-
bridization (FISH). Furthermore, genome recombination 
was found in allotetraploids at both the genome and tran-
scriptome level, and it is hypothesized that the autosyndesis 
and allosyndesis of chromosomes coexist in meiosis of the 
germ cells (data to be published). 

4.3  Changes in gene expression in polyploids 

In addition to the genomic structural changes, polyploids 
also go through changes in gene expression [82–84], such as 
gene silencing, up-regulation or down-regulation of expres-
sion, nonfunctionalization, subfunctionalization, and neofunc- 
tionalization. Genetic and epigenetic mechanisms both play 
important roles [85]. Genetic changes are based on altera-
tion of the DNA sequence, resulting in permanent changes 
in DNA sequence or gene loss. Epigenetic changes com-
prise DNA methylation, histone modification, RNA inter-
ference, and dosage compensation, which influence gene 
expression and display significant phenotypic effects [86]. 
After treatment with an inhibitor of DNA methyltransferase, 
Madlung et al. observed the development of altered mor-
phologies in a synthetic Arabidopsis allotetraploid, and 
showed that DNA demethylation induced changes to the 
transcriptome, demonstrating the epigenetic regulation of 
expression in an allopolyploid [87]. In addition, the repres-
sion and activation of transposable elements can also cause 
changes in gene expression, and even promote rapid ge-
nome reorganization after polyploidization [88]. 

4.4  Diploidization 

To maintain the stability after genome merging and dou-
bling, the allopolyploid often performs diploidization, to 
eliminate a wide range of incompatibilities [89]. Cytologi-
cally, because the homoeologous chromosomes may pair 
during meiosis, which could prohibit the formation of func-
tional gametes, allopolyploids often exhibit bivalent pairing 
of chromosomes rather than multivalent pairing, as a dip-
loid-like meiotic behavior [1]. Special factors, such as the 
Ph1 gene, are responsible for disomic inheritance in allo-
polyploid wheat. Ph1 acts as a “local editor” to ensure spe-
cific centromere association between homologous chromo-
somes [90]. The synthetic Arabidopsis allotetraploids were 
capable of homologous pairing as early as three generations 
after their formation [91]. It is likely that either the parents 
provided genes controlling pairing behavior or features of 
the parental chromosomes hindered homoeologous pairing. 
Moreover, genomic sequence elimination, as well as chro-
mosome rearrangement, also benefits cytological diploidi-
zation [91], as has been demonstrated in many polyploidy 
plants. In autopolyploids, the chromosome rearrangement, 
gene sequence changes, and consequently genetic changes 
may increase pairing fidelity over time, ultimately yielding 
disomic inheritance [1]. Genetically, diploidization refers to 
the phenomenon whereby the expression level of genes in 
an allopolyploid is reduced to a level comparable to its dip-
loid progenitors, to avoid redundancy of duplicated genes 
[91]. The presence of many transposable elements and re-
petitive sequences, DNA methylation, and other epigenetic 
modifications can promote changes in gene expression and 
functional diversity in polyploids, thus accelerating the 
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process of diploidization [10]. Genetic and functional dip-
loidization eases the slow transition from polyploids to new 
diploids. Many questions remain regarding diploidization, 
which require further research. Studies on artificial poly-
ploids have already indicated their diploidization process, 
but whether or not these polyploids will change into dip-
loids is unknown. In a word, the diploidization behavior of 
polyploids ensures their fertility and stability, in favor of 
survival and propagation. 

4.5  Changes promote the evolution of polyploids 

The abundant gene redundancy shields polyploids from the 
deleterious effects of mutation. Polyploids can mask reces-
sive alleles by expressing dominant wild-type alleles, and 
diversify gene function by altering redundant copies of im-
portant or essential gene [11]. Furthermore, by fixing of 
different genomes, hybrid polyploids can integrate good 
parental traits and further display heterosis, showing better 
environmental adaptability compared with closely related 
diploid organisms [92]. By fast or slow genomic and gene 
expression changes, polyploids innovate and improve their 
function to achieve speciation and evolutionary success. 

5  Polyploid breeding 

5.1  Application of polyploid breeding in plants 

Studies on the growth and biochemical characters of natural 
polyploid plants showed that polyploids, especially allo-
polyploids, have many obvious advantages, such as bigger 
nutritive organs, faster metabolism, more secondary metab-
olites, and increased stress resistance [93]. Artificial poly-
ploid breeding is becoming more and more common in 
plants. For vegetable crops [33], fruit trees [94], horticultur-
al plants [95], medicinal plants [96], by the application of 
artificial selective breeding, distant hybridization, tissue 
culture, physicochemical factors induced breeding, proto-
plast culture, and somatic hybridization, many polyploid 
lines were created and widely applied. 

The triploid seedless watermelon is one of the best ap-
plications of polyploid breeding [97]. The key to cultivating 
triploid watermelon is the acquisition of tetraploid parents. 
The most widely used method is by colchicine-treatment. 
When treating the seeds and seedlings of diploid watermel-
on, colchicine hinders the formation of spindles. Thus, the 
genome is doubled and tetraploid watermelons are produced. 
The triploid seeds were obtained by crossing tetraploid (♀) 
with diploid (♂). The triploid plants cannot generate seeds 
because of meiotic abnormalities, while the ovary can de-
velop into triploid fruit by the stimulation of diploid pollen. 
By integrating the dual advantages of polyploidization and 
hybrid origin, the triploid seedless watermelons gain obvious 
advantages, such as higher sugar content, increased stress 

resistance, higher yield, larger fruit, which are valued by the 
growers and consumers. China is now the biggest producer 
of seedless watermelon.  

Many other polyploid lines have been obtained by selec-
tive breeding and hybridization in Malus (X=17), Pyrus 
(X=17), Euvitis (X=19), Prunus (X=8), and Fragria (X=  
7) [94]. By inducing chromosome duplication with artificial 
induction, tissue culture, and hybridization, polyploid cab-
bage (Brassica rapa pekinensis), lettuce (Lactuca sativa), 
capsicum (Chili pepper), lily (Lilium brownie), and cucum-
ber (Cucumis sativus) were obtained, some of which have 
been widely planted and applied [33]. Among horticultural 
plants, polyploid common calla (Zantedeschia aethiopica), 
Dendrobium devonianum, Armeniaca mumeBeauty mei, 
balsamine (Impatiens balsamina), Cymbidium goeringii, 
mandala (Datura stramonium) were acquired [95]. Poly-
ploid medicinal plants with higher output and increased 
stress resistance were formed in Savia miltiorrhiza, Isatis 
tinctoria, Lonicera japonica, Glycyrrhiza pallidilora, Radix 
angelicae dahuricae, and Twotooth achyranthes [96]. 

5.2  Application of polyploid breeding in animals 

Studies on animal polyploid breeding have played a signifi-
cant role in the field of aquatic organisms, and the breeding 
of polyploids in crustacea, shellfish, marine fish, and fresh-
water fish has made tremendous progress. Many kinds of 
polyploids were obtained by biological (distant hybridiza-
tion, nuclear transfer, cell fusion), physical (temperature 
shock, hydrostatic pressure shock), or chemical (chemical 
inducers such as cytochalasin, caffeine, polyethylene glycol 
and colchicine) methods [98]. Among the polyploid animals, 
sterile triploids could translate the energy of gonad devel-
opment into increased energy for flesh development, and 
display obvious advantages in growth rate, taste, survival 
rate, and disease resistance [99]. Moreover, triploids are not 
only a good way to control the density of the cultured fish, 
but also an effective approach to safeguard fish genetic re-
sources [100]. There were two main pathways to produce 
triploid fish. One is direct induction and the other is indirect 
production by crossing a tetraploid with a diploid. 

Artificial induction of aquatic organism polyploids by 
physical and chemical methods is based on the retention of 
the first or the second polar body of the oocytes, or the inhi-
bition of the first cleavage of the fertilized eggs, thus pro-
ducing a triploid or tetraploid [101]. 

Polyploid breeding in crustacea and shellfish often makes 
use of cytochalasin or temperature shock treatment, which 
generally cause high mortality at the early embryo stage or 
during larva development [102,103]. As a result of this 
mortality, large-scale production by these methods is diffi-
cult. Temperature shock and hydrostatic pressure shock 
have been used to induce polyploid fish. Song et al. used 
heat shock to treat yellow sang fish (Pelteobagrus fulvidra-
co) and gained 57% triploids [104]. Gui et al. successfully 
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achieved a triploid C. auratus transparent colored variety by 
hydrostatic pressure shock, and further obtained tetraploid 
embryos by a combination of hydrostatic pressure shock 
and cold shock [105]. These methods are subject to the con-
trol of treatment conditions and sample size, and cannot 
guarantee the production of 100% triploid offspring. While 
suppressing the first mitosis of the fertilized eggs, there 
have been no reports on the formation of bisexual fertile 
tetraploids. Acquisition of each generation of tetraploid 
broodstock must be handled manually, which increases 
costs. 

However, treatments by physical and chemical factors 
are different from the conditions in nature, which may result 
in aneuploids. The chemical agents used to induce poly-
ploids often react with genetic materials or other structures 
in the cytoplasm, influencing the individual's development 
and activity, and may produce malformation and chimeras. 

Hybridization in nature could speed up species formation. 
Artificial hybridization in fish corresponds with natural 
evolutionary law, and accelerates the formation of polyploid 
groups. It has been proved that distant hybridization is the 
most widely used and effective biological method to pro-
duce allopolyploid fish. Wu et al. obtained several allotet-
raploids from the distant hybridization progeny of grass 
carp (Ctenopharyngodon idellus) and common carp [106]. 
Gui et al. found compound tetraploid allogynogenetic silver 
crucian carp in an artificial population [107]. Wu et al. ac-
quired an artificial composite triploid by crossing the hy-
brids of xingguo red carp (Cyprinus carpio var.)×red cru-
cian carp with scattered scales mirror carp (C. carpio 
haematopterus), but only the females were fertile [108]. 
Although these studies did not form bisexual fertile tetra-
ploid populations, nor were put into production or applica-
tion, they provided vital reference data for polyploid breed-
ing by distant hybridization. 

In our previous study, we found partial fertile diploid in-
dividuals in the first generation of the distant cross between 
red crucian carp and common carp. The F2 hybrids obtained 
by self-crossing of the F1 were all diploids. It is interesting 
that the males and females of diploid F2 hybrids were able 
to generate unreduced diploid spermatozoa and diploid eggs, 
respectively, which were fertilized to form the allotetraploid 
hybrids (4n=200 or 2n=4X=200, abbreviated as the 4nAT) 
in the F3 [60,62]. Until now, the 4nAT has propagated to F21, 
forming a stable tetraploid population. The bisexual fertile 
allotetraploid population with stable genetic traits provides 
adequate parents for the mass production of sterile triploids. 
The sterile triploid hybrids (3n=150, or 2n=3X=150) were 
produced on a large scale by crossing the males of the 4nAT 
with the females of diploid crucian carp or common carp. 
They were widely cultured in China and readily accepted by 
fish cultivators, and provided significant economic, social, 
and ecological benefits. Additionally, all-female triploid 
crucian carp were acquired by mating the allotetraploid fe-
males with sex reversal Japanese crucian carp (Carassius 

cuvieri). The all-female triploids are the first examples of 
polyploid fish obtained through the combination of sex rever-
sal, gynogenesis, and diploid-tetraploid hybridization [109]. 
The bisexual fertile, genetically stable allotetraploid popula-
tion, maintains the inheritance of heterosis and will perhaps 
become a new species [60]. Its generation provides an ex-
cellent model system for exploring the nature of polyploid 
origin and the evolution of fish. 

The development of transgenic fish has made substantial 
advances in China [110,111]; however, because of the pos-
sible ecological risk posed by these fish, worldwide trans-
genic fish are not at the stage of commercialization. By 
crossing improved tetraploid red crucian carp hybrids with 
diploid transgenic yellow river carp that possessed an addi-
tional grass carp growth hormone gene (GCGH), a trans-
genic triploid fish was developed [112], which possessed 
some beneficial characteristics, such as faster growth rate 
and higher utilization rate of forage. Hybridization between 
different ploidy could yield 100% sterile triploid progeny, 
thus solving the problem of the ecological safety of trans-
genic fish. This method of producing transgenic triploid fish 
could also guarantee the supply of individuals for commer-
cial aquaculture. 

Distant hybridization of red crucian carp (♀) and blunt 
snout bream (♂), a combination between the parents with 
different chromosomal number, has also made great pro-
gress [59,113]. In the first generation, sterile triploid hy-
brids (3n=124, or 2n=3X=124) and bisexual fertile tetra-
ploid hybrids (4n=148, or 2n=4X=148) were obtained. 
Tetraploid hybrids can generate both reduced and unre-
duced gametes; therefore, the self-mating and breeding of 
the tetraploid hybrids formed a tetraploid clonal line 
(4n=200, or 2n=4X=200). By mating the tetraploid clonal 
line with diploid crucian carp, a new kind of triploid hybrid 
(3n=150, or 2n=3X=150) was produced. The tetraploid 
eggs of the first generation of tetraploid hybrids (4n=148) 
were fertilized with haploid sperm of the blunt snout bream 
and red crucian carp, respectively, to form two kinds of 
pentaploid hybrids (5n=172 or 5n=198), the first of their 
kind in vertebrates.  

6  Conclusion and outlook 

Through the in-depth study of polyploid organisms, re-
searchers have suggested that polyploidization played an 
important role in the history of biological evolution. Tradi-
tional studies mainly made use of artificial allopolyploidy 
model plants and crop plants, such as Brassica, Arabidopsis, 
wheat (Triticum), cotton (Gossypium), corn (Zea mays), and 
tobacco (Nicotiana), and established the understanding of 
genomic and genetic attributes following polyploidization. 
Currently, with the rapid development of genome sequenc-
ing, and modern molecular biological and bioinformatics 
techniques, studies on wild polyploids are increasing. 
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However, researchers hold different views regarding the 
exact time of polyploidy, the frequency, rate, and ploidy 
times of different organisms. Therefore, more studies on 
more species are required, especially the polyploidy model 
animals, to solve the above problems. 

Research advances on polyploid animals is relatively 
slow, because of the lack of model species. Although there 
has been good progress in the study of epigenetic influence 
on genotype and phenotype of polyploidy model plants, 
there are fewer relevant epigenetic studies on polyploid 
animals. The allotetraploid clonal line of red crucian 
carpcommon carp and the polyploid clonal line of red cru-
cian carpblunt snout bream undoubtedly provide good 
models for research into polyploid animals. The on-going 
work using BAC (bacterial artificial chromosome) library 
construction, transcriptome sequencing, methylation assay, 
identification of Sox gene clusters and Hox gene clusters, 
and whole genome sequencing, will provide powerful data 
and theoretical support for the study of animal polyploidiza-
tion. 

Although there are many studies on polyploidization, the 
details of the mechanisms of polyploid formation require 
further in-depth study. There is no doubt that continuing 
studies of polyploid plants and animals are of great signifi-
cance in biological evolution, genetics, and breeding. 
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