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Abstract

Polyploidization is a process that generates genetic variability and therefore one of the
engines of biological evolution. Since polyploidization produces important changes in the
phenotype, mainly an increase in the size of the organs (i.e.: flowers and fruits), it is also a very
important and powerful tool for plant improvement. Despite its intense use in breeding programs
for various species, very little is known so far about the nature of this phenomenon. This work
presents a brief review of the results obtained by the use of this tool in plant breeding and also

raises some reflections on its mechanism of action.

Introduction

Biodiversity provides the base and sustenance of
ecosystems and, from a human point of view, it is considered
the basis of agriculture, the source of all recent crops and
livestock species domestic since the beginning of human
civilization [1]. Indeed, from the beginning of its history,
humanity resorted to the Vegetable Kingdom in order to
obtain feed, flavors, and medicine.

Genetic variability is one of the pillars of neo-Darwinism
and it is responsible for the existing biodiversity.

The polyploidization phenomenon also named the whole
duplication genome and its consequences on the plant genome
are one of the main sources of this variability.

Discussion

According to Levin [2], polyploidy can greatly alter the
genetic, biochemistry, cytology, physiology and behavior
of organisms. In plants, these modifications can range from
evident phenotypic changes to not-so-noticeable changes at
the molecular level. Among noticeable phenotypic changes,
it is expectable to observe increases in organ size (and
biomass), intensification of colors, changes in the architecture
of the plant, and slowing down of growth. Others are observed
at tissue and cytological levels, such as stomata and pollen
grains sizes, and larger trichomes. At the molecular level,
polyploidization has given plants great adaptive capacity due
to the development and expansion of important gene families
responsible for the process of plant speciation, diversification,
and evolutionary innovation [3].

Phenotypically, the most immediate and noticeable
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effect of polyploidy in plants is the increase in cell size. The
volume of tetraploid cells generally increases by 1.5 times
relative to that of their diploid progenitors [4]. Because of
this, various authors suggest that metabolism and growth are
retarded in polyploid cells due to alterations in the geometric
relationships between the nucleus and the rest of the cell
[2]. Likewise, at the cellular level, the duration of mitosis is
another parameter closely correlated with the amount of
nuclear DNA. In this sense, the reduction of the number of cell
divisions during development is a characteristic of polyploidy.
Certain physical parameters of the plant, including mitotic
cycle time, duration of mitosis, chromosome size, and nuclear
and cellular volumes, are determined by the amount of DNA
per nucleus regardless of the DNA information content. The
contribution of DNA content, together with the increase in cell
size, is perhaps the most consistent effect of polyploidization

[5].

As a consequence of the increase in cell size, the original
phenotype is modified, resulting in increases in the width/
length ratio and size of both leaves and flowers, as well
as increases in the thickness and color of the leaves.
These characteristics are frequently the target of induced
polyploidization in horticultural and ornamental species [6].

Another important effect associated with polyploidization
is the increase in the production of secondary metabolites,
which has been observed in various aromatic and medicinal
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species [7]. Other features observed are greater drought
tolerance, resistance to pests, and longer flowering times [8].

The importance of these changes lies in the fact that they
could allow polyploids to access new ecological niches [9] or,
from a human benefit point of view, increase the aptitude of
the original genotype as a crop.

As it was mentioned above, polyploidization is one of the
mechanisms that can lead to adaptations to different selection
pressures produced by the environment. Itis nota coincidence
that humanity has emulated nature using technological
procedures that allow the obtaining of artificial polyploids as
a source of genetic variability, in order to increase quality and
productivity, as well as the adaptability of crops to prevailing
climate change, to overcome barriers of sexual incompatibility
due to imbalance of chromosomes between species and to
obtain triploid hybrids without seeds [10].

The stability of polyploids in angiosperms implies that
this state of the genome has an adaptive meaning and that it
is positively selected [9]. In this sense, the main advantages
that polyploidy individuals have with respect to the original
parents are genome buffering, the increasing of allelic
diversity and heterozygosity, generating novel phenotypic
variations, especially in allopolyploids (Udall and Wendel
2006). Some of these traits, such as larger organ sizes (leaves,
flowers, etc.), higher biomass, tolerance to drought, resistance
to pests, diverse flowering time, and other modifications
could allow polyploids to occupy new ecological niches [9].
For breeders, these characteristic polyploid traits are very
attractive; these genotypes are more likely to be selected for
agronomic uses [8]. Polyploidization is recognized as one of
the most important and frequent tools used in plant breeding.

Both natural and artificial polyploids are used for the
improvement of many of our most important crops, for
example, among the allopolyploids can be found wheat
(Triticum aestivum), tobacco (Nicotiana tabacum), peanut
(Arachis hypogaea), cotton (Gossypium hirsutum) (Udall and
Wendel, 2006), and Brassica genus (Osborn, 2004). Among the
crops improved by autopolyploid appear banana, watermelon,
and apple (triploids), potato and alfalfa (tetraploids), oat and
chrysanthemum (hexaploids), and dahlia, strawberry and
pansies (octoploid) [6,10,11].

Likewise, ancestors of cultivars such as maize, soybean,
and cabbage, apparently experienced the polyploidization
process (paleopolyploids), although genomic rearrangements
have concealed the evidence [8]. It is possible that each plant
species has undergone polyploidy cycles throughout its
evolution, although we can only recognize recent events [12].
In fact, based on its complete genome analysis [13], even the
small genome of the model organism Arabidopsis thaliana
seems to have been subjected to polyploidization during its
evolution. In the last decades, new and improved cultivars
of economically important species have been developed by
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inducing artificial or synthetic polyploids using mutagenic
agents (autoploid) [6,7,10].

Engand Ho [10] make a thorough review of crops improved
by polyploidization. These authors cite 30 species that include
horticultural, fruit, ornamental, and forest. A few specific
examples of different species are cited below. In horticulture
crops, Muthoni, et al. [14] studied the importance of the level
of ploidy in the production of Solanum tuberosum. Tanaka [15]
determined that some of the artificial tetraploids developed
from Solanum melongena recovered their fertility and showed
greater resistance to insects and drought. In ornamental
crops, Rosa rugosa [16], Mecardonia tenella [17], Dianthus
caryophyllus [18], Gerbera jamesonii [19], Glandularia (hybrid)
[20], Calendula officinalis [21], among others, showed an
increase of flower and/or leaves size; in the case of Petunia
axillaris [22] increasing plant compactness were reported. In
fruit crops, it was reported increasing fruit size and quality
in Actidinia chinenesis [23] and Fortunella crassifolia [24],
plant compactness in Eriobotrya japonica [25] and reduced
fertility in Punica grabatarum [26]. Concerning aromatics
and medicinal plants, an increase in secondary metabolites
production was reported in Artemesia annua, Catharanthus
roseus, Centella asiatica, and Lippia integrifolia by Lin, et al.
[27]; Xing, et al. [28], Kaensaksiri, et al. [29] and lannicellj, et
al. [30], respectively.

Among the major crops, rice - a diploid species - represents
a very interesting challenge for its improvement through
polyploidization. In the last years and in order to a better
understanding of the “polyploid effects” on plant genome, a
great advance was made increasing the seed setting rate of
polyploid rice lines (Chen, et al. 2021).

Actual wheat is an allopolyploid obtained after millennia
of natural and artificial hybridization. T. turgidum (durum
wheat) originated 500,000 years ago from the hybridization of
Triticum urartu (diploid) and a diploid extinct species related
to Aegilops speltoides. Ten thousand years ago, the crossing
between T. durum (tetraploid) x Aegilops tauschii (diploid),
originated the artificial hybrid T. aestivum (hexaploid) with
the common name of bread wheat [31].

Wheat is a clear example of how the ploidy level affects
the phenotype and, from an industrial point of view, the
properties and uses of each genotype.

The domestication of wheat is the possible cause of the
origin of our civilization, after all, both species changed
dramatically their way of life. One might wonder who
domesticated whom?

As it was previously indicated, polyploidy induces
phenotypic changes that are of interest to breeders, but the
impact of polyploidy on agricultural production through
grafting must also be highlighted. In a recent review work,
Ruiz, et al. [32] analyzed the advantages of using polyploid
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rootstocks and scions. These authors reported that, in general,
grafting improves agronomic traits by combining well-
adapted rootstocks and improved scions. And in particular,
polyploidy induces large changes in anatomical traits in the
rootstock as well as in the scion, which also may contribute to
stress adaptation.

These authors conclude that although our knowledge
of the "polyploid effect" on genome expression regulatory
mechanisms needs to be deepened, the evidence indicates that
the production of new triploids and tetraploids genotypes is
relatively simple and the use of these new poliployd varieties,
both on stems and grafts, could significantly benefit to the
crops grown using this technique.

According to FAO / IAEA [33], in 2020 there were 3,364
registered mutants, of which 47 were polyploids obtained
via colchicine. The condition of polyploidy profited for plant
breeding in several species. In this work, we have cited just
a few examples. Likewise, it is necessary to keep in mind
that it is not possible to know in advance the immediate
practical utility of a polyploid, nor even establish rules for
their obtaining. However, there are some issues that would
facilitate the obtaining of a useful artificial polyploid. The
following aspects should be considered when the development
of artificial polyploids is required.

1. Species with low chromosomal numbers.
2. Allogamous species.

3. Species whose agronomic value is the use of their
vegetative parts (for example, leaves) or their
reproductive parts (flowers).

4. Species that easily reproduce vegetatively.

5. Species in which spontaneous autoploids already exist.
Conclusion

Finally, one of the conclusions reached throughout in vitro
polyploidization assays carried out by our group, is that
polyploidization is not a linear phenomenon. Even if the
polyploid individuals were obtained under strict experimental
design in a very controlled way, the autopolyploid obtained
were not identical to each other and not did seem to be the
strict “sum of two genomes”. On the contrary, each one of the
recovered autotetraploid individuals showed their distinctive
traits being significantly different in some cases from the rest,
either in color intensity, organ size, or production of secondary
metabolites. Moreover, these traits did not always show to be
"twice" concerning the original.

This fact indicates that each polyploid individual
recovered from a trial should be considered an independent
polyploidization event until it is analyzed and the existence of
similarities will be demonstrated.
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What is the cause of this phenomenon? Is it from
physicochemical or biological nature? Does it only depend
on the affected cell that initiates the new polyploid lineage
or does the surrounding microenvironment also have to be
considered?

Besides, since the autopolyploids were developed under in
vitro conditions, the tissue culture effect must be considered.

Although our knowledge about polyploidization and its
evolutionary consequences has increased in recent years, the
adaptability of plants and the "fluidity” of their genome still
have many questions to answer.

References

1. Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P,
Narwani A, Mace GM, Tilman D, Wardle DA, Kinzig AP, Daily GC,
Loreau M, Grace JB, Larigauderie A, Srivastava DS, Naeem S.
Biodiversity loss and its impact on humanity. Nature. 2012 Jun
6;486(7401):59-67. doi: 10.1038/nature11148. Erratum in: Nature.
2012 Sep 13;489(7415):326. PMID: 22678280.

2. Levin D. Polyploidy and Novelty in Flowering Plants. The American
Naturalist. 1983; 122(1): 1-25.

3. Fawcett JA, Van de Peer Y, Maere S. Significance and Biological
Consequences of Polyploidization in Land Plant Evolution. In:
Greilhuber J., Dolezel J., Wendel J. (eds) Plant Genome Diversity.
Springer, Vienna. 2013.

4. Lavania UC, Srivastava S, Lavania S, Basu S, Misra NK, Mukai Y.
Autopolyploidy differentially influences body size in plants, but facilitates
enhanced accumulation of secondary metabolites, causing increased
cytosine methylation. Plant J. 2012 Aug;71(4):539-49. doi: 10.1111/j.1365-
313X.2012.05006.x. Epub 2012 Jun 12. PMID: 22449082.

5. Ramsey J, Schemske DW. Neopolyploidy in flowering plants. Ann Rev
Ecol Syst. 2002; 33: 589-639.

6. Dhooghe E, Van Laere K, Eeckhaut T, Leus L, Van Huylenbroeck J.
Mitotic chromosome doubling of plant tissues in vitro. Plant Cell Tiss
Organ Cult. 2011; 104:359-373. doi 10.1007/s11240-010-9786-5.

7. lannicelli J, Guariniello J, Tossi VE, Regalado JJ, van Baren CM,
Pitta Alvarez SI, Escandén AS. The “polyploid effect” in the breeding
of aromatic and medicinal species. Scientia Horticulturae. 2020; 260:
1-10. https://doi.org/10.1016/j.scienta.2019.108854.

8. Osborn TC, Pires JC, Birchler JA, Auger DL, Chen ZJ, Lee HS, Comai L,
Madlung A, Doerge RW, Colot V, Martienssen RA. Understanding
mechanisms of novel gene expression in polyploids. Trends Genet.
2003 Mar;19(3):141-7. doi: 10.1016/s0168-9525(03)00015-5. PMID:
12615008.

9. Levin DA, Soltis DE. Factors promoting polyploid persistence and
diversification and limiting diploid speciation during the K-Pg interlude.
Curr Opin Plant Biol. 2018 Apr;42:1-7. doi: 10.1016/j.pbi.2017.09.010.
Epub 2017 Oct 27. PMID: 29107221.

10. Eng WH, Ho WS. Polyploidization using colchicine in horticultural
plants: A review. Scientia Horticulturae. 2019; 246: 604-617.

11. Lundqvista U, Franckowiak JD, Forster BP. Mutation Categories. In: Plant
Mutation Breeding and Biotechnology. Edited by Q.Y. Shu, B.P.Forster,
H.Nakagawa lant Breeding and Genetics Section Joint FAO/IAEA
Division of Nuclear Techniques in Food and Agriculture International
Atomic Energy Agency, Vienna, Austria. Section |. 2011; C4: 47-55.

12. Wood TE, Takebayashi N, Barker MS, Mayrose |, Greenspoon PB,
Rieseberg LH. The frequency of polyploid speciation in vascular plants.
Proc Natl Acad Sci U S A. 2009 Aug 18;106(33):13875-9. doi: 10.1073/
pnas.0811575106. Epub 2009 Aug 10. PMID: 19667210; PMCID:
PMC2728988.

www.plantsciencejournal.com m



Alook at polyploidy and plant breeding

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Arabidopsis Genome Initiative, 2000.

Muthoni J, Shimelis H, Melis R. Production of hybrid potatoes: Are
heterozygosity and ploidy levels important? Australian Journal of Crop
Science. 2019; 13: 687-694.

Tanaka M. Studies on artificial polyploid egg plants. |. The production of
tetraploid eggplants by means of colchicine. Seiken Jiho = Rep Kihara
Inst biol Res. 1950; 59-65.

Allum JF, Bringloe DH, Roberts AV. Chromosome doubling in a Rosa
rugosa Thunb. hybrid by exposure of in vitro nodes to oryzalin: the
effects of node length, oryzalin concentration and exposure time. Plant
Cell Rep. 2007 Nov;26(11):1977-84. doi: 10.1007/s00299-007-0411-y.
Epub 2007 Jul 20. PMID: 17641861.

Escandon AS, Alderete M, Hagiwara JC. A new variety of Mecardonia
tenella, a native plant from South America with ornamental potential,
obtained by in vitro polyploidization. Scientia Horticulturae. 2007; 115:
56-61.

Roychowdhury R, Tah J. Chemical mutagenic action on seed
germination and related agro-metrical traits in M1 Dianthus generation.
Curr Bot. 2011; 2(8): 19-23.

Gantait S, Mandal N, Bhattacharyya S, Das PK. Induction and
identification of tetraploids using in vitro colchicine treatment of
Gerbera jamesonii Bolus cv. Sciella. Plant Cell Tiss Organ Cult. 2011;
106: 485-493. https://doi.org/10.1007/s11240-011- 9947-1

Gonzalez Roca L, lannicelli J, Coviella A, Bugallo V, Bologna P, Pitta-
Alvarez S, Escandon AS. A protocol for the in vitro propagation and
polyploidization of an interspecific hybrid of Glandularia (G. peruviana
x G. scrobiculata). Scientia Horticulturae. 2015; 184: 46-54.

El-Nashar YI, Ammar MH. Mutagenic influences of colchicine on
phenological and molecular diversity of Calendula officinalis L. Genet Mol
Res. 2016 Apr 26;15(2). doi: 10.4238/gmr.15027745. PMID: 27173261.

Regalado JJ, Carmona-Martin E, Querol V, Veléz CG, Encina CL, Pitta
Alvarez Sl. Production of compact petunias through polyploidization.
Plant Cell Tiss Organ Cult. 2017; 129: 61-71. https://doi.org/10.1007/
$11240-016-1156-5.

Wu H, Ross Ferguson A, Murray BG, Duffy AM, Yilin J, Cheng C, Martin
PJ (2013) Fruit Quality in Induced Polyploids of Actinidia chinensis.
Hort Science. 48(6): 701-707.

Nukaya T, Sudo M, Yahata M, Ohta T, Tominaga A, Mukai H, Yasuda K,

https://doi.org/10.29328/journal.jpsp.1001092

25.

26.

27.

28.

29.

30.

31.

32.

33.

5

Kunitake H. The Confirmation of a Ploidy Periclinal Chimera of the
Meiwa Kumquat (Fortunella crassifolia Swingle) Induced by Colchicine
Treatment to Nucellar Embryos and Its Morphological Characteristics.
Agronomy. 2019; 9: 562. 10.3390/agronomy9090562.

Blasco M, Badenes ML, Naval MM. Colchicine-induced polyploidy in
loquat (Eriobotrya japonica (Thunb.) Lindl.). Plant Cell Tiss. Organ
Cult. 2015; 120: 453-461. https://doi.org/10.1007/s11240-014-0612-3.

Shao J, Chen C, Deng X. In vitro induction of tetraploid in pomegranate
(Punica granatum). Plant Cell Tissue Organ Cult. 2003; 75:241-246.

Lin X, Zhou Y, Zhang J, Lu X, Zhang F, Shen Q, Wu S, Chen Y,
Wang T, Tang K. Enhancement of artemisinin content in tetraploid
Artemisia annua plants by modulating the expression of genes in
artemisinin biosynthetic pathway. Biotechnol Appl Biochem. 2011 Jan-
Feb;58(1):50-7. doi: 10.1002/bab.13. PMID: 21446959.

Xing SH, Guo XB, Wang Q, Pan QF, Tian YS, Liu P, Zhao JY, Wang GF,
Sun XF, Tang KX. Induction and flow cytometry identification
of tetraploids from seed-derived explants through colchicine
treatments in Catharanthus roseus (L.) G. Don. J Biomed Biotechnol.
2011;2011:793198. doi: 10.1155/2011/793198. Epub 2011 May 29.
PMID: 21660143; PMCID: PMC3110335.

Kaensaksiri T, Soontornchainaksaeng P, Soonthornchareonnon N,
Prathanturarug S. In vitro induction of polyploidy in Centella asiatica
(L.) Urban. Plant Cell Tissue Organ Cult. 2011; 107: 187-194. https://
doi.org/10.1007/s11240-011-9969-8.

lannicelliJ, Elechosa MA, Juarez MA, Martinez A, Bugallo V, BandoniAL,
Escandon AS, van Baren CM. Effect of polyploidization in the production
of essential oils in Lippia integrifolia. Ind. Crops Prod. 2016; 81: 20—29.
https://doi.org/10. 1016/j.indcrop.2015.11.053.

Krasileva KV, Vasquez-Gross HA, Howell T, Bailey P, Paraiso F,
Clissold L, Simmonds J, Ramirez-Gonzalez RH, Wang X, Borrill P,
Fosker C, Ayling S, Phillips AL, Uauy C, Dubcovsky J. Uncovering
hidden variation in polyploid wheat. Proc Natl Acad Sci U S A. 2017
Feb 7;114(6):E913-E921. doi: 10.1073/pnas.1619268114. Epub 2017
Jan 17. PMID: 28096351; PMCID: PMC5307431.

Ruiz M, Oustric J, Santini J, Morillon R. Synthetic Polyploidy in
Grafted Crops. Front Plant Sci. 2020 Nov 5;11:540894. doi: 10.3389/
fpls.2020.540894. PMID: 33224156; PMCID: PMC7674608.

IAEA/MVD. 2019. IAEA Mutant Variety Database. Accessed 2022-11-
15. https://mvd.iaea.org/

www.plantsciencejournal.com m



