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Abstract

Polyploids are organisms that have more than two paired homologous sets of chromosomes. Polyploidy has played a
significant role in the evolution and diversification of higher plants. Artificial polyploidization has been induced using a
few antimitotic chemicals such as colchicine, trifluralin and oryzalin. The type of mitotic inhibitors and their concentration
and duration time are variable and species-dependent. This technique can be applied ex vitro or in vitro of which, tissue
culture is simpler and more efficient. Changes in nuclear DNA content, gene expression and developmental processes
due to ploidy manipulation can lead to morphological, anatomical and physiological changes in polyploid plants. In
general, polyploid plants exhibit larger organs, greater biomass, higher yield, superior tolerance to biotic and abiotic
stresses as well as higher primary and secondary metabolites. Also, polyploidy often reduces fertility and allows the
production of seedless fruits. In ornamental plants, increasing the size of polyploid flowers is aesthetically and
economically important. There are two direct and indirect methods for the ploidy determination of plants. Indirect
methods are simpler but more inaccurate, involving the relationship between ploidy level and morphological (i.e. plant
height, leaf size and pollen diameter) and anatomical (i.e. stomatal frequency and size as well as chloroplast number in
guard cells) properties. In contrast, direct assay methods, such as chromosome counting in mitotic cells of root-tips and
flow cytometry are accurate techniques for the determination of ploidy level in plants. Overall, polyploidy manipulation
has long been used in improving the yield of many crop plants and can be considered as one of the most promising tools
in plant breeding programs.

Keywords: Antimitotic agent; Flow cytometry; Genome doubling; Plant breeding; Polyploid.

Citation: Miri SM, 2020. Artificial polyploidy in the improvement of horticultural crops. Journal of Plant Physiology
and Breeding 10(1): 1-28.

Introduction

Polyploidy refers to an organism that contains three
or more complete sets of chromosomes per cell
nucleus (Ranney 2006). It was first discovered in
1907 and is one of the more prominent mechanisms
of speciation and diversification in higher plants
(Lutz 1907; Wendel and Doyle 2005). The
estimation of polyploidy frequency in angiosperms
(flowering plants) is widely variable in the
literature, ranging from 30-80% for with most
estimates about 50-70% (Masterson 1994; Soltis et

al. 2015). In gymnosperms, polyploidy is rare;
however, Smarda et al. (2018) found a viable
spontaneous  tetraploid Ginkgo seedling in a
Botanical Garden in the Czech Republic. The
evolution of polyploidy is a continuous process,
and not only a rare occurrence but also produce at
a relatively high frequency, as it is estimated that
the total rate of autotetraploid formation is the
same as the rate of genetic mutation (10°) in

flowering plants (Ramsey and Schmeske 1998;
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Soltis et al. 2015). Since many important crops are
polyploid, the attention of plant breeders has led to
utilize it as a tool for crop improvement and induce
desirable traits (Sattler et al. 2016; Salma et al.
2017; Miri and Roughani 2018a). Polyploids often
possess novel biochemical, physiological,
morphological and ecological traits, and
presumably, it is the greater environmental
adaptability of the polyploids that has allowed
them to establish and sustain the severity of
environmental change over the evolutionary time
scale (Levin 1983). It has been demonstrated that
polyploids show, although not always, increased
gene activity and enzyme diversity, photosynthetic
capacity, yield and biomass, tuber, rhizome, root,
fruit and flower size, leaf length, leaf thickness,
color intensity, flowering time, resistance to
nutrient deficiency, diseases, pests, drought and
cold stresses, increased secondary metabolite
production as well as primary metabolism in
medicinal plants, may break the self-incompatible
system and restore fertility and cause dwarfism
(Levin 1983; Parida and Misra 2015; Hannweg et
al. 2016; He et al. 2016).

Traditionally, the polyploidy could be chiefly
classified into two major groups: (i) allopolyploidy
- more typically in nature, by hybridization of two
or more different species and consequent
duplication of the chromosomes of the resulting
hybrids, and (ii) autopolyploidy - doubling
homologous genomes of a species (Ramsey and
Schmeske 1998; Hegarty et al. 2013). For instance,
the AAA genomic group forms the major
autopolyploids valued for its commercial uses in
the Musa acuminata (A-genome) industry.

Interspecific crosses occurred between M.

acuminata diploids and M. balbisiana (B-genome),
resulting in different allopolyploids including AB,
AAB, ABB and ABBB (Subbaraya et al. 2011).
This paper provides an overview of the
applications and advantages of polyploidy in plant
improvement and the techniques for artificial
polyploidization and detection, as well as examples
of the effects of induced polyploidy on some

horticultural crops.

Applications of polyploidy in plant breeding

Polyploidy induction has played a credible
approach to plant improvement. Many vegetatively
propagated flowers and fruits as well as crop plants
are polyploids (Dhooghe et al. 2011; Corneillie et
al. 2019). The effects of polyploidy in plants often
seem to be associated with observable changes in
phenotype such as increases in vigor and
adaptation of the newly formed polyploid to novel
conditions (Levin 1983; Sattler et al. 2016). These
interesting features exhibited by polyploid
individuals have led to an increased interest in
developing artificial polyploids (Dhooghe et al.
2011; Sattler et al. 2016).

Reports indicate that natural and artificial
polyploids have shown rapid and dynamic changes
in genomic structure and gene expression after
polyploidization (Song and Chen 2015). Genotypic
changes in polyploid plants may occur due to
heterozygosity, gene silencing and gene dosage
effect or because of epigenetic and genetic
interactions (Dewitte et al. 2011).

Genomic  changes include  structural
chromosome rearrangements, aneuploidy, DNA
sequence change, loss of duplicated genes and gene

conversion. Epigenetic maodifications including
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DNA methylation, histone acetylation, chromatin
remodeling and RNA interference also occur,
promoting alterations in gene expression (Sattler et
al. 2016; Ding and Chen 2018). The affected traits
are diverse, including flowering time, biomass, leaf
morphology, etc., which are subject to selection
and can lead to the domestication of crop plants
(Osborn et al. 2003; Ding and Chen 2018).

The most widespread consequence of
polyploidy in plants is the increase in cell size, due
to genome duplication, which is known as the gigas
effect. Therefore, organs of polyploid individuals
may exhibit an increase in size compared to their
diploid progenitors, such as roots, leaves,
tubercles, fruits, flowers and seeds. An increase in
cell size is typical in polyploids, with tetraploid
cells approximately have twice the volume of their
diploid counterparts, but it does not necessarily
lead to increased size of the whole plant or its
organs, since the number of cell divisions in
polyploids is often reduced (Hegarty et al. 2013;
Sattler et al. 2016). VVolume is ultimately a cubic
function of the linear dimensions of the cell, while
the area is a square function (Epstein 1986).
Indeed, by doubling the cell genome, the nucleus
volume increases up to 1.6 fold in the nuclear
surface area, which can disrupt the balance
between the chromosome and nuclear components.
It is assumed that metabolism and overall growth
would be inhibited in polyploids due to the altered
ratios of nuclear/cytoplasmic volume. Therefore,
high levels of polyploidy, for instance in
octoploids, can cause stunted and malformed plants
due to somatic instability and extreme gene
redundancy (Manzoor et al. 2019). Also, it was

revealed that autotetraploids of several plants

possessed, on average, 30% less hormone content
than diploids (Gustafsson 1944). Because of this,
polyploid plants have typically lower growth rates,
which tend to flower later or over a longer period
than related diploids, which is a desirable feature
for ornamental breeding (Sattler et al. 2016).
However, this is different at specific stages of life,
so the larger endosperm of polyploid seed can lead
to faster growth in the early stages of seedling
development, but not necessarily in adult stages of
the plant development (Hegarty et al. 2013).

Polyploids frequently demonstrate disrupting
of self-incompatibility systems, allowing self-
fertilization (Comai 2005; Hegarty et al. 2013).
The reduction in seed sterility is another common
consequence of autopolyploidy and may result
from meiotic irregularities (Sattler et al. 2016).
Therefore, autopolyploidy induction in breeding
programs is usually favorable in species grown for
their vegetative organs and those with vegetative
propagation, e.g. triploid watermelon and banana
(Acquaah 2015; Sattler et al. 2016). For
ornamental breeding, reduced fertility is not a
problem, since larger and more beautiful flowers
may offset the lower number of flowers and seed
production (Sattler et al. 2016). Triploidy promote
vegetative growth by conserving a large amount of
photosynthetic energy consumed by seed and fruit
production, hence they are very important in trees
and shrubs that are used for biomass and soil
conservation (Hoshino et al. 2011).

Interspecific hybrids are usually sterile due to
the failure of chromosome pairing during meiosis.
Chromosome doubling provides a pathway to
resolving major chromosomal differences in

interspecific  hybrids by preparing each
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chromosome gets its exact copy and chromosomal
homology, which result to overcome hybrid
sterility and produce viable offspring after
interspecific or interploidy crosses (Aversano et al.
2012; Hegarty et al. 2013; Manzoor et al. 2019).
Artificial polyploidization has been utilized as a
means to resolve the difficulties in crossing
between two Vitis subgenus: Euvitis (2n = 2x = 38)
and Muscadinia (2n = 2x = 40) (Owens 2008).

In addition to the alterations in the
morphology, polyploid plants exhibit larger
stomata with lower density, enlarged vessel
diameter, bigger vacuole, thicker leaves, denser
pubescence, lower transpiration rate, higher rates
of photosynthetic activity and lower specific
hydraulic conductivity that may result in higher
capacity to drought stress (Levin 1983; Maherali et
al. 2009; Dhooghe et al. 2011; Manzoor et al.
2019). Autopolyploids may also be more
compatible with the environmental conditions such
as nutrient deficiency, temperature, pests and
pathogens stresses (Levin 2002).

Furthermore, by increasing the nuclear
content in the polyploid plants, gene expression is
increased, which eventually leads to increased
production of secondary metabolites. These
metabolites not only enhance the plant resistance
and tolerance mechanisms but are also valuable in
pharmacology (Manzoor et al. 2019).

Although polyploidy has been obtained in
many crops, they do not always present higher
quality and/or quantity than their diploid relatives
or this improvement occurs in organs that are not
of commercial interest. Each plant species
responds differently to polyploidy induction,

depending on their ploidy level, genome structure,

reproduction state, perennially and the plant organ
for which the crop is cultivated (Sattler et al. 2016).
Polyploidy also has disadvantages, including
changes in cellular architecture and regulatory
implications, problems in mitosis and meiosis,
regulatory changes in gene expression and

epigenetic instability (Comai 2005).

Methods of polyploidy induction

It was generally assumed that polyploids in plants
are induced through two mechanisms: sexual
(meiotic) polyploidization or somatic (mitotic)
doubling in meristem tissue of sporophytes

(Ramanna and Jacobsen 2003).

1. Sexual polyploidization

Before the discovery of colchicine in the 1930s,
meiotic polyploidization was commonly used for
obtaining polyploids (Ramsey and Schmeske
1998; Ramanna and Jacobsen 2003). This process
involves the generation of unreduced (2n) gametes
during gametogenesis, which contain the full
somatic chromosome number. Meiotic aberrations
related to spindle formation, spindle function and
cytokinesis have been implicated as the cause of
unreduced gamete production (Ramsey and
Schmeske 1998).

The mechanisms of 2n gamete formation can
be divided into three developmental-specific
classes: pre- and post-meiotic genome doubling
and meiotic restitution. Pre- and post-meiotic
genome duplication is only rarely recorded in
plants, whereas meiotic restitution is the
predominant mechanism of unreduced gamete
formation. In this process, meiotic cell division is

converted into a mitosis-like nonreductional
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process, generating dyads (and triads) instead of
the normal tetrads at the end of meiosis Il (De
Storme and Geelen 2013). The fusion of reduced
(n) and unreduced gametes, or of two unreduced
gametes, can produce triploid and tetraploid
embryos, respectively. It is believed that unreduced
gametes (2n pollen or 2n eggs) to be a major
mechanism of polyploid formation (Ramsey and
Schmeske 1998). In cacti, most polyploids
originated by fusion of 2n gametes (Karle et al.
2002). Triploids are also produced by crossing
diploids and tetraploids (Ramsey and Schmeske
1998). Sedov et al. (2017) reported that in diploid
x tetraploid apples crosses, 31.8% diploid, 68.0%
triploid and 0.1% tetraploid plants were formed,
whereas, in tetraploid-diploid crosses, 22.4%
diploid, 54.0% triploid and 23.4% tetraploid were
obtained.

Polyspermy, the fertilization of an egg by
multiple sperm, is a widespread phenomenon in
angiosperms (Vigf usson 1970). The polyspermy-
derived triploids are taller and produce bigger
organs than monospermic plants, however, it is
lethal in many eukaryotes and generally considered
as an uncommon mechanism of polyploid
formation (Grant 1981; Nakel et al. 2015). The
major advantage of sexual polyploids against
somatic polyploids is that they enhance genetic
variation of the progeny, allowing the maintenance
of high levels of heterozygosity and, therefore, a
potentially higher degree of expression of traits
(Ramsey and Schmeske 1998; Sattler et al. 2016).

For some crops, such as triploid Musa
acuminata and M. balbisiana,  sexual
polyploidization may be the most efficient way to

produce polyploids. However, the application of

sexual polyploidization is restricted by the low
frequency of unreduced gametes production
(Sattler et al. 2016). It has been found that
unreduced pollen production is mainly controlled
genetically, however, several pieces of evidence
have shown that the genes involved in the control
of the 2n pollen production are highly influenced
by environmental conditions such as temperature,
light, herbivory, wounding and water and nutrient
stress, of which light and temperature, especially
changes in temperature during gametogenesis,
have particularly large effects on meiotic
abnormalities (Ramsey and Schmeske 1998;
Guerra et al. 2016; Martin et al. 2019).

Besides, several attempts to increase the
production of 2n gametes have been made, by
applying nitrous oxide (N20), anti-tubulin agents
and ethyl methane sulphonate (EMS), as well as
gene silencing by RNA interference and virus-
induced gene silencing (Dewitte et al. 2011).
Induction of 2n pollen in tulips was obtained by the
treatment of bulbs with N,O for 24-48 h at 6
atmosphere when meiosis in the anthers reached
metaphase | (Okazaki et al. 2005).

2. Somatic polyploidization

Somatic polyploidization implies the induction of
chromosome doubling in somatic tissues, and has
been performed in several crop species (Sattler et
al. 2016). There is a wide range of natural and
synthetic compounds that are reported to interrupt
the cell cycle mainly in the late metaphase stage
and known as the antimitotic agents (Ascough et
al. 2008; Salma et al. 2017). Initial efforts to induce
somatic polyploidy were made through other

methods, such as exposure to high or low
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temperature (Blakeslee and Avery 1937). An
increased frequency of tetraploid cells was
observed in root-tips of Pisum sativum and Zea
mays plants which had been exposed to hot water
at 40 °C (Randolph 1932). Nevertheless, the
advancement in artificial polyploidy induction was
accomplished only after the introduction of
colchicine by Blakeslee and Avery (1937) (Sattler
et al. 2016; Salma et al. 2017).

Colchicine is a toxic alkaloid extracted from
seeds and bulbs of Colchicum autumnale L. and the
most widely employed antimitotic agent for
polyploidy induction (Sattler et al. 2016). During
metaphase, a microtubules network comprising of
a dimer of a- and B-tubulin, forms a spindle fiber
that emerges out from the microtubule-organizing
center. The spindle fiber is essential during
anaphase for proper polar migration of
chromosomes (Salma et al. 2017). Colchicine is a
metaphase inhibitor and its mechanism of action
involves binding to a- and B-tubulin dimers,
disruption of microtubule assembly during the cell
cycle and prevention of polar chromosome
migration during anaphase that results to raise the
ploidy level (Sattler et al. 2016). It is very toxic to
humans because it binds tightly to the microtubules
of an animal cells. However, it has a poor affinity
for plant tubulins and must be used in relatively
high  concentrations.  These  shortcomings
necessitate searching for a substitute cell cycle
inhibitor that has a higher affinity for plant tubulins
(Salma et al. 2017). About 25% of all herbicides
are likely to affect the mitosis of the plants that may
be used as antimitotic agents at lower
concentrations. They belong to different chemical

classes, including vinblastin, acenaphthene,

dinitroanilines (trifluralin, oryzalin, benfluralin,
ethalfluralin, pendimethalin, butralin, dinitramin),
pyridines (dithiopyr, thiazopyr), benzamides
(pronamide, propyzamide), phosphoroamidates
(amiprophos-methyl, butamiphos), benzoic acid
(chlorthaldimethyl), carbamates (chlorpropham,
isopropyl N-(3-chlorophenyl) carbamate) and
others (Dhooghe et al. 2011; Salma et al. 2017,
Roughani and Miri 2018b). Except for carbamates,
these antimitotic agents, like colchicine, are
metaphase inhibitors. Carbamates disrupt and
fragment the microtubule organizing center, but do
not depolymerize microtubuli. Instead, they alter
the organization of the spindle microtubules so that
multiple micronuclei are formed (Vaughn and
Lehnen Jr 1991; Dhooghe et al. 2011). Pliankong
et al. (2017) demonstrated that the induction of
polyploidy in Capsicum frutescens by colchicine
was more effective than oryzalin. Roughani et al.
(2017) treated the seeds of Spinacia oleracea with
colchicine, trifluralin and oryzalin and found that
all three antimitotic agents could be effective in the
increase of polyploidy induction, but oryzalin was
preferred for its low toxicity, low cost and ability
to increase ploidy levels at lower doses. On the
other hand, plant materials responded differently to
the chemicals, showing diversity in antimitotic
sensitivity and effect indicating (Carvalho et al.
2016). For instance, Talebi et al. (2017) reported
that the highest tetraploid plants (20%) were
observed from seeds treated with 100 uM oryzalin
for 24 h, whereas the highest tetraploid induction
of apical meristems and seedlings (16%) was
achieved with 17500 uM colchicine and 50 uM
trifluralin, respectively.

Endopolyploidy is commonly observed in
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many species of orchids (Chen and Tang 2018).
Chen and Tang (2018) described a simple and
effective technique for the induction of polyploids
in Phalaenopsis orchids by horizontal sectioning of

protocorms without using antimitotic agents.

2.1. Ex vitro polyploidy induction

Antimitotic agents are applied by two methods of
ex vitro and in vitro (Roughani and Miri 2018b).
Initially, colchicine was applied by dipping of
seeds, shoot apices, or the whole plant in solution
or repeated application of single drops of solution
to a bud (Blakeslee and Avery 1937). The
application of antimitotic agents is generally done
by foliar spray or cotton plug method, but the most
effective method for tetraploidy induction is
through pre-germinated seeds having emerging
roots (Manzoor et al. 2019; Salma et al. 2017).
However, Noh et al. (2012) obtained a suitable
method with high efficiency for inducing
tetraploids in Citrullus lanatus by treating seed,
shoot apex and inverted hypocotyl with 0.1% and
0.2% colchicine and concluded that the highest rate
tetraploids  (29.5%) were identified when
hypocotyl portion of seedlings was placed at the
inverted position in the glass tubes containing 0.2%
colchicine for 15 h. He et al. (2016) examined plant
materials, colchicine concentrations and duration
time for improving the induction of polyploidy in
Dendranthema indicum and found that soaking the
germinated seeds in 0.1% colchicine for 24 h
(14.5%) and dropping of 200 pl 0.1% colchicine by
using a micropipette onto a cotton plug placed on
shoot tips for 7 d (40%) were suitable method to
induce chromosome doubling. It is believed that

this technique is generally uneconomical due to the

wastage of chemicals through evaporation (Salma
et al. 2017). Even though the ex vitro system of
regrowth is cheaper, it has a lower rate of
polyploidy induction and high numbers of
mixoploids and is more time-consuming than the in
vitro techniques (Salma et al. 2017; Roughani and
Miri 2018b). Shi et al. (2015) stated that the
popular synthetic polyploidy induction methods for
fruit trees cause difficulties and usually take at least
2-3 years to thoroughly separate mixoploids and
obtain pure polyploidy, and another 3-4 years to get
fruits from an in vitro plantlet. To overcome these
challenges, Shi et al. (2015 & 2016) developed a
mixoploid-free in vivo autopolyploid induction
technique in the Ziziphus sp. by integrating in vivo
bud regeneration via calli with polyploid induction.
Their novel protocol included field callus induction
from strong branches treated with 4 mg/L
thidiazuron plus 2 mg/L AgNOs, callus cell
polyploidy induction with 0.05% colchicine, and
shoot regeneration from a chromosome duplicated

callus cell.

2.2. In vitro polyploidy induction

In vitro polyploidy induction is recommended
since plant growth regulators in the supplemented
media raise the regeneration of explants and also
shortens the time and space (Salma et al. 2017).
Murashige and Nakano (1966) first reported an in
vitro protocol that resulted in the spontaneous
polyploidy induction of tobacco calli and
suggested that in vitro culture is a potential tool for
artificial polyploidy. The in vitro technique is
simpler to apply and more efficient in inducing
polyploidy due to the controlled conditions than the

greenhouse (Salma et al. 2017). The effectiveness
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of an in vitro chromosome doubling depends on
many factors, such as a well-established protocol
for the multiplication of the target species, type and
concentration of the antimitotic agent, exposure
time, the method of antimitotic solution
application, explant type and regrowth medium
(Sattler et al. 2016; Salma et al. 2017). So, the
development of an in vitro polyploidy induction
protocol requires several tests to obtain the most
appropriate combination of antimitotic agent
concentration and exposure time for each species
(Sattler et al. 2016). Dhooghe et al. (2011)
summarized the most currently used methods for in
vitro polyploidy induction of fruits, vegetables,

ornamental and medicinal plants.

2.2.1. Genotype

Chromosome doubling is genotype-dependent and
plants with lower ploidy levels have a higher
propensity for polyploidy induction (Khosravi et
al. 2008; Roughani and Miri 2018b). Some
research has indicated that oryzalin was less
efficient for chromosome duplication in cassava
(Mondin et al. 2018) and chili pepper (Pliankong
et al. 2017), but more efficient in Alocasia (Thao
et al. 2003), ornamental ginger (Sakhanokho et al.
2009) and blueberry (Tsuda et al. 2018). Mondin et
al. (2018) studied in vitro polyploidy induction of
two cassava cultivars and found that Vassourinha
genotype was more responsive to colchicine than
Colombia 22. However, Chauvin et al. (2005)
demonstrated that the percentage of in vitro
tetraploid tulip clones was not influenced by the

genotype.

2.2.2. Explant source

True choice of explant is the critical step to induce
polyploidy. Several explants have been employed
as the starting material for successful
polyploidization, for instance, seedling, shoot tip,
callus, somatic embryo, seed, single node, tuber
segments, cotyledon, hypocotyl and root tip
(Ascough et al. 2008; Dhooghe et al. 2011; Salma
et al. 2017). As endosperm is a triploid tissue, it
would be reasonable to assume that endosperm
culture is a useful procedure for the production of
natural triploids from diploid plants, however, the
time needed for triploid plant production by this
technique is lower than conventional methods, but
regeneration from cultured endosperm is often
technically challenging and factors such as explant
stage, media composition and additives, especially
plant growth regulators are important (Hoshino et
al. 2011; Wang et al. 2016).

The success of polyploidization depends upon
the cells remaining in the active division stage and
permeability potential of the antimitotic agents
through the cell membrane and their transport
capability to the meristem. Even though several
explants have been used to effectively induce
polyploidy and further multiplication, but apical
bud or shoot tips and then seeds have been the most
accepted explant choice, and other explants are
rarely employed (Dhooghe et al. 2011; Salma et al.
2017). In an experiment conducted on
Petroselinum crispum, the induction of polyploidy
was higher in the node explants compared with the
seeds (Nasirvand et al. 2018). The reviewed reports
about the comparison of the explant sources on
their influential role in polyploidy induction are

insufficient, so it is recommended to consider the
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different types and stages of explant for
optimization (Salma et al. 2017).

2.2.3. Antimitotic agent

Colchicine is the most common antimitotic agent
to induce polyploidy in plants. Even after
autoclaving it does not lose its polyploidizing
ability. But, colchicine has some adverse effects on
various plant species, including abnormal growth,
reduced viability due to irregular shaped nuclei and
micronuclei, sterility, chromosome aberrations and
gene mutation. In many instances, trifluralin and
oryzalin are a standard preference against
colchicine, have increased survival of explants and
are used at lower concentrations (Ascough et al.
2008; Salma et al. 2017). Ascough et al. (2008)
reported that in Watsonia lepida, oryzalin is more
effective in comparison to colchicine in inducing
tetraploidy. Similarly, in Ranunculus asiaticus,
oryzalin and trifluralin were more efficient for
chromosome doubling than colchicine (Dhooghe et
al. 2009).

2.2.4. Concentration and exposure time of the
antimitotic agent

Polyploidization is often induced through the
treatment of explants with low concentrations of
antimitotic agents in the liquid or solid culture
medium during one subculture, or a short
application in liquid medium containing high
concentrations of antimitotic agents followed by
culture of explants on a fresh medium (Dhooghe et
al. 2009; Dhooghe et al. 2011). There are reports
that the survival rate of explants decreased with
increasing concentration of the antimitotic agent

and its treatment period, while too low

concentrations were unsuccessful (Nasirvand et al.
2018). He et al. (2016) indicated that high
concentrations of colchicine at short durations of
treatment and long durations at low concentrations
could achieve the same desirable effect on ploidy
induction. Zhang et al. (2018) also confirmed it and
found 10 and 20% tetraploids by treating the
germinated Stevia rebaudiana seeds for 24 h in
0.1% colchicine or 48 h in 0.05% colchicine,
respectively. Treatment of 24 h of 0.05%
colchicine was inadequate to induce polyploidy,
whereas 48 h of 0.1% colchicine had some toxic
effects, as germination rate and survivability of
seedlings were very low. The tetraploid
Petroselinum crispum plants in 0.05% colchicine
increased from 12.5 to 75% by enhancing the
treatment duration from 8 to 48 h, respectively
(Nasirvand et al. 2018).

The solvent, which is used to dissolve the
antimitotic agent is also important. It contributes to
the efficacy of the treatment or sometimes toxicity
to the explant (Salma et al. 2017). In many reports,
antimitotic agents are dissolved in dimethyl
sulfoxide (DMSQ) (Shi et al. 2015; Tavan et al.
2015; Roughani et al. 2017; Manzoor et al. 2018).
The main function of DMSO is to increase the
permeability of cell membrane and allow easy
absorption of chemicals into the cell, but
sometimes it may induce cell mortality at higher
concentrations. Colchicine dissolved in 3-4%
DMSO decreased the explant survival compared to
water or liquid medium, however, the frequency of
tetraploids increased. As an alternative to prevent
over-toxicity, other solvents can be selected, such
as oryzalin, which can be dissolved in ethanol
(70%) or NaOH (1 M), trifluralin in acetone
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(100%) and colchicine in water, liquid MS medium
(for in vitro polyploidy induction) or ethanol (96%)
(Dhooghe et al. 2011; Salma et al. 2017).

2.2.5. Regrowth medium

Growth recovery after appropriate treatment with
antimitotic agents is an essential step in this
technique. A range of protocols was followed for
the regrowth of polyploids and maintenance
(Salma et al. 2017). In addition to genotype and
explant type, components of basal media including
both organic and mineral compositions as well as
growth regulators strongly influence the growth
and development of tissue culture plantlets
(Hasanloo et al. 2014; Fallahpour et al. 2015;
Erfani et al. 2017; Abbaszadeh et al. 2018; Miri
and Roughani 2018c). Most researchers have
suggested Murashige and Skoog (1962) (MS) or
modified MS media for shoot multiplication of the
polyploids because it contains all of the essential
nutrients for in vitro growth (Ascough et al. 2008;
Dhooghe et al. 2009; Hannweg et al. 2016; Hias et
al. 2017; Miri and Roughani 2018b; Parsons et al.
2019; Podwyszynska and Pluta 2019). Silva et al.
(2000) cultured young shoots of Cattleya
intermedia in a modified liquid induction medium
(Vacin & Ment 1949) supplemented with coconut
water, myo-Inositol, vitamins (nicotinic acid,
pyridoxine HCI, thiamine HCI), amino acids
(glycine, tryptone) and sucrose. After four weeks,
the explants were transferred to the above-
mentioned medium containing BAP and NAA to
grow. Then, the grown meristems were sub-
cultured to the solid Y2 MS salts proliferation
medium containing BAP, NAA and the same

vitamins and amino acids of the induction medium.

After the colchicine treatment, the protocorm-like
bodies were transferred to the colchicine free
induction  liquid medium for two days.
Subsequently, the protocorm-like bodies were
transferred onto the proliferation solid medium to
multiply and plantlets to develop. In the immature
endosperm, it is essential to add a nitrogen source
such as yeast extract, casein hydrolysate, coconut
milk, or tomato juice for endosperm multiplication
(Hoshino et al. 2011).

Assessment system

After induction of chromosome doubling, it is
important to confirm polyploidy status in plants as
they might have several polyploid series or
chimeras in their tissues (Sattler et al. 2016;
Manzoor et al. 2019). The methods for detection of
polyploidy are categorized as direct and indirect.
Indirect  methods  involve  physiological,
morphological and anatomical traits that are rather
rapid and simple but often inaccurate. Conversely,
confirmation through direct methods is accurate
and sometimes necessary, for instance,
chromosome counting and measuring nuclear
genome by flow cytometry (FCM) (Sattler et al.
2016; Salma et al. 2017).

1. Indirect assay

The indirect  measures  for

polyploidy
identifications  include  morphological and
anatomical features. The morphological evaluation
takes account of plant height, shoot number and
length, root number and length, leaf size and pollen
grain diameter (Salma et al. 2017). Morphological
traits commonly associated with polyploidy are

bigger flowers, higher yield, larger fruit size,
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altered leaf length-to-width ratio, darker-colored
green and ticker leaves, stouter stems and shorter
internodes (Hias et al. 2017; Zhang et al. 2018).
Hannweg et al. (2016) stated that the induced
tetraploid Tetradenia riparia plants were
characterized by thicker, stickier and more rounded
leaves compared with the diploid plants.
Anatomical assessment engrosses  stomatal
frequency and size as well as chloroplast density in
guard cells (Salma et al. 2017). The measurement
of stomatal dimensions is rapid, inexpensive, non-
destructive, does not require expensive equipment
and has a fairly high accuracy rate (Ascough et al.
2008). Polyploids typically exhibit larger stomata
in lower density than the diploids and chloroplast
number per guard cell is higher (Sattler et al. 2016;
Salma et al. 2017). If chimeras (mixoploid) plants
exist, then stomata size and density can be an
unreliable method to select putative tetraploids and
should be combined with another technique (Chen
et al. 2006). Pliankong et al. (2017) observed an
increase in the stomata size of guard cells and a
decreased density of stomata per unit leaf area.
Tetraploid Stevia rebaudiana plants had larger
stomata, higher chlorophyll content index and
approximately 2-4 times more glands of the diploid
controls; however, they only had about half the
number of stomata (Zhang et al. 2018). Similarly,
Nasirvand et al. (2018) found that the size of the
stomata and leaves in tetraploid Petroselinum
crispum plants was larger as compared to the
diploids, but the density of stomata was decreased.
However, tetraploid Dendranthema indicum had
greater values for stomatal density and size, and the
chloroplast number of guard cells than the controls
(He et al. 2016). Hias et al. (2017) noticed that the

pigment content (especially chlorophyll a and b)
considerably was higher in tetraploid apples.
According to Salma et al. (2017), tetraploid-
induced plantlets showed decreasing plant height,
internode length and root length than the normal
diploids, but a higher width/length ratio of the leaf
and stem diameter was observed. Hias et al. (2017)
suggested that the frequently observed lower
growth rate and smaller organ size of tetraploids
may be due to the decrease in cell density, which
can be partially compensated by an increased cell
volume. Polyploidy was also reported to affect
pollen size, and pollen diameters in the polyploid
plants were higher than diploids, but their viability
and in vitro and in vivo germination were lower
(Kuliev 2011; Martin et al. 2019). Thus, if diploid
plants were pollinated with pollens of tetraploid
plants, the fruit set rate, seed number and
germination ability significantly reduced compared
to reciprocal crosses and crosses between the
controls (Zhang et al. 2016).

2. Direct assay

Chromosome counting has been considered the
most accurate and efficient technique to detect
ploidy levels (Sattler et al. 2016). Compared to
diploids, polyploids exhibit multiple sets of
chromosomes (Salma et al. 2017). However,
cytogenetic techniques are often time-consuming,
requiring highly specific protocols for each species
(Sattler et al. 2016). Fixation is the most critical
step in the cytological method on which the
chromosome visibility depends. Counting the
chromosome number in cells is sometimes hectic
due to poor magnification of light microscope
(Nagahatenna and Peiris 2008). Also, the
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chromosomes appear so small, like dots, under the
optical microscope that it is difficult to count
(Tavan et al. 2015). Also, successful staining
depends on temperature, pH, osmotic balance and
fixation time. If there is a discrepancy in any of the
factors, insufficient staining may result, and
therefore, a limited number of cells could only be
tested. For this reason, inaccuracy often occurs
during the counting of small chromosomes
(Bohanec 2003). Alternatively, FCM is a rapid,
accurate and simple method to estimate ploidy
level and genome size, which has been used
extensively since the 1980s. Also, it is an efficient
means of analyzing the nuclear DNA content of
large populations within seconds and can be used
in the early stages of plant growth (Xing et al.
2011; Hannweg et al. 2016; Zhang et al. 2018). The
FCM technique follows an extraction of the cell
nuclei using a razor blade chopping or bead beating
method and subsequently, DNA is stained by a
DNA fluorochrome such as DAPI (4',6-diamidino-
2-phenylindole) or PI (propidium iodide) that binds
to the DNA (Salma et al. 2017; Roughani and Miri
2018a). The stained nucleus emits a fluorescence
that can be measured with the aid of a flow
cytometer (Figure 1) and the fluorescence intensity
is directly related to the ploidy level (Roughani et
al. 2017; Salma et al. 2017).

In the FCM analysis, the ploidy level is
correlated with the accurate nuclear DNA content
(Salma et al. 2017). Therefore, it is assumed that
an increment in the DNA content is due to an
increase in the chromosome number (Sattler et al.
2016). For flow cytometric genome size
measurements, an internal reference standard (a

plant with known nuclear DNA content, processed

together with the sample) is needed. In many
works, species such as Petunia hybrida, Glycine
max, Allium cepa, Pisum sativum and Petroselinum
crispum (Figure 2) which possess a stable genome
size, serve as internal standards (Sattler et al. 2016;
Roughani et al. 2017; Salma et al. 2017; Sliwinska
2018). FCM can efficiently discriminate the
polyploids from diploids and mixoploids (Salma et
al. 2017). Besides, flow cytometry requires
expensive equipment and chromosome behavior
cannot be observed with this method (Ascough et
al. 2008).

Advances in molecular technologies have
created opportunities for determining
polyploidization. Guo et al. (2016) established an
analytical toolkit for polyploid Salix identification
by combining molecular markers and FCM. A total
of 10 single-copy fully informative SSRs were
chosen for marker-aided selection based on a
segregation test with a full-sib willow pedigree and
a mutability test with a collection of natural willow
stands. They found that results from marker-aided
selection were consistent with those from FCM
measurements, and with this analytical toolkit,
polyploids can be rapidly screened from a large
number of natural stands. Zhang et al. (2019)
developed a reliable real-time quantitative PCR
(gPCR) technique by quantifying the highly
conserved 5S rDNA sequence and its copy
numbers for watermelon ploidy detection. gPCR is
a mature method for gene expression detection and
copy number analysis. They stated that this
technique requires less sample collection and has
comparable accuracy to FCM, it accelerates the
analysis process and provides a new method for the

identification of polyploidy of watermelon.
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Figure 1. Diagram of the methodology used to analyze the nuclear DNA content from plant tissue (Pasqual et al. 2012).
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Figure 2. Histograms of nuclear DNA content obtained during the analysis of diploid Musa clones. Nuclei isolated from
Glycine max were used as an internal reference standard (Doleel et al. 2004).
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Impacts of polyploidy induction on crop
improvement

Fruit Trees

In the breeding of fruit trees, many polyploid
cultivars have been commercially successful due to
their favorable horticultural characteristics, such as
large fruit size, sturdiness, high productivity, better
disease resistance and lack of or a small number of
seeds (Shi et al. 2015). The ways of producing
polyploid fruit crops mainly include the selection
of natural variation, artificial mutation, sexual
hybridization, endosperm culture and protoplast
fusion (Tongkun et al. 2004). Polyploid breeding
has been achieved widely in many species of fruit
trees including Citrus sp. (Guerra et al. 2016),
Eriobotrya japonica (Blasco et al. 2015; Liu et al.
2019), Malus domestica (Hias et al. 2017), Ribes
nigrum (Podwyszynska and Pluta 2019), Vitis
vinifera (Kuliev 2011) and Ziziphus jujuba (Shi et
al. 2015). Fruit of colchicine-induced tetraploids of
Actinidia chinensis was 50-60% larger than those
of their diploid progenitors (Wu et al. 2003).
However, Notsuka et al. (2002) revealed no
difference of induced tetraploid grapes and the
original diploids in time of full maturity, cluster
and berry shape, skin color, Brix and acidity,
whereas, depending on the variety, a 1.1 to 1.5 fold
increase in berry size was observed.

The study of a new polyploid variety of leafy
and fruit-producing mulberry demonstrated that the
fruit and leaf yield of the new variety were 45.8 and
40% higher than the control cultivar, respectively.
Compared to the clonal diploid parents, synthetic
tetraploids were superior and their net
photosynthetic rate and chlorophyll content

increased (Wang et al. 2011). Researchers in

Sweden were the first to show promising prospects
of apple breeding through polyploidy. During
1970-2015, a substantial study was conducted at
All-Russian Research Institute of Fruit Crop
Breeding on apple breeding using polyploidy: 455
crossing combinations were carried out; 660000
flowers were artificially pollinated; 124700 hybrid
seeds were obtained; and 47900 one-year-old
seedlings were grown, from which, after multiple
rejections, 13200 seedlings were planted into
selection gardens; 10 triploid varieties from crosses
of di- tri- or tetraploid varieties and five triploid
varieties from crosses of two diploid varieties were
regionalized, that was promising in terms of
triploid varieties, scab immunity and columnar
habit (Sedov et al. 2017). Xue et al. (2015) showed
that colchicine-induced autotetraploid of apple
cultivars ‘Hanfu’ and ‘Gala’ had a better response
to salt stress and higher relative water content
(RWC) than that of the diploids. They suggested
that it may be related to the higher levels of
expression of aquaporin genes
(MdPIP1;1, MdTIP1;1) in response to salt stress.
According to Tan et al. (2015), tetraploid citrus
rootstocks are expected to have stronger stress
tolerance than diploid. They observed that doubled
diploid of Citrus junos Sieb. ex Tanaka rootstock
had typical morphological and anatomical features
such as shorter plant height, larger and thicker
leaves, bigger stomata and lower stomatal density
compared to its diploid parent. They also
concluded that the higher expression level of
stress-related genes and higher content of stress-
related metabolites (such as sucrose, proline and y-
aminobutyric acid (GABA)) in the doubled diploid

could be beneficial for its stress tolerance.
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Although polyploidization is a useful tool for crop
improvement with the potential to generate new
diversity, it should be noted that polyploid
induction does not always increase and improve
crop traits. For instance, Amah et al. (2019)
evaluated induced tetraploids of banana genotypes
for their agronomic traits and found that tetraploids
generally displayed 20% lower bunch weights and
a 50% decrease in fruit provitamin A carotenoids
than their original diploids. Nevertheless, they
indicated that induced tetraploids were pollen
fertile, hence could provide an opportunity for
utilizing useful variability in diploid bananas,
which may otherwise remain inaccessible for

breeding.

Flowers and ornamental plants

Ornamental plant breeders primarily focus on
esthetically relevant parameters including plant
shape, flower color, flower type, or fragrance
(Roughani and Miri 2018b). Chromosome
doubling has been frequently considered during the
last few decades as a valuable strategy to improve
ornamental characteristics, since it often results in
the extension of flower longevity, increase in
flower and leaf size, deep flower colors, delay in
flowering, malformation of flowers and alter the
plant shape, which is more attractive to consumers
(Ascough et al. 2008; Sattler et al. 2016; Miri and
Roughani 2018a; Manzoor et al. 2019). In
ornamentals, mostly in vitro protocols are used for
polyploidy induction, as good micropropagation
protocols have already been established for many
plant species (Leus et al. 2012). In Zinnia violacea,
autotetraploid plants were produced in the 1930s

and the first autotetraploid cultivar (‘State Fair’)

was released in the 1950s. Several other
autotetraploid cultivars have been introduced since
that time. Compared to diploids, tetraploid zinnias
have larger flowers, thicker and stronger stems but
have poorer seed germination, less branching,
delayed flowering and fewer capitula. Polyploidy
was also used to restore fertility in allodiploid Z.
marylandica (Stimart and Boyle 2007). Relative to
diploids, polyploid cacti (Schlumbergera and
Hatiora) typically have larger and thicker
phylloclades and larger flowers but are slower to
root, produce fewer phylloclades and show less
branching (Boyle 2007). In cyclamen, both mitotic
and meiotic polyploidy induction is possible, as in
vivo and in vitro chromosome doubling by using
colchicine treatments and tetraploid production via
unreduced pollen in 4x x 2x cyclamen crosses has
been reported. The colchicine induced tetraploid
yellow-flowered plants had larger and deeper
yellow petals than the diploid relatives, suggesting
that polyploidy could be one of the techniques to
improve flower characteristics (Takamura 2007).
Most of the tulip cultivars are diploid (2n = 2x =
24), however, several attempts have been made to
obtain polyploid tulips. Furthermore, most
interspecific hybrids of tulip are highly sterile, but
their fertility can be restored by artificial
polyploidization. In tulip, mitotic chromosome
doubling with colchicine is difficult, because the
meristems are hidden in noses inside bulbs and
colchicine is harmful to bulbous plants. Oryzalin
was successfully used with in vitro chromosome-
doubling in tulip T. gesneriana during a stem-disc
regeneration process (Marasek-Ciolakowska et al.
2012). The tetraploid Dendranthema indicum

exhibits larger and thicker leaves, greater flower
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diameter and shorter plant than the diploid plants
(He etal. 2016). Kushwah et al. (2018) showed that
the application of 0.2% colchicine solution in
cotton swab to the shoots of Chrysanthemum
carinatum seedling is an effective method for
inducing polyploidy. The tetraploid plants showed
slightly slower growth, stronger stem, thicker and
larger leaves, larger flowers and seeds. Unlike
tulip, Lilium tends to replace diploids with
polyploid cultivars. Therefore, a lot of research has
been done to optimize the concentration of
different chemicals and time of treatment used to
induce polyploids or restore F1 fertility in lily
hybrids. Oryzalin is more effective in comparison
to colchicine to produce tetraploids in the lily
species. An alternative to mitotic polyploidization
is the use of unreduced gametes by utilizing flower
buds of lilies with N,O gas to inhibit the
chromosome segregation in metaphase | during
meiosis of pollen mother cells. There are several
reports that tetraploid lilies have larger but fewer
flowers, thicker leaves, higher tolerant to leaf
scorch and bloom later than their diploid
counterpart (Marasek-Ciolakowska et al. 2018). To
improve the ornamental traits of tetraploid
gladiolus ‘White Prosperity’, Manzoor et al.
(2018) induced polyploidy by soaking gladiolus
corms in 0.1-0.3% colchicine solution for 24 h and
found that all colchicine concentrations were
equally effective in the induction of octoploids (17-
18%). They observed that 0.1% colchicine
increased vase life whereas 0.3% colchicine was
effective in increasing floret diameter. Zeng et al.
(2020) evaluated nine cultivars of Cymbidium
orchid and discovered that unreduced-gamete

formation frequencies varied from 0.15 to 4.03%

and interspecific hybrids generally produced more
2n gametes than the traditional cultivars. To
generate sexual polyploid plants, they made seven
pairs of crosses and produced five triploid and two
tetraploid hybrids. Characterization of triploid
plants showed that they exhibited improved
ornamental value including a more compact
growth style, produced fragrant flowers and

rounder flowers with wider sepal, petals and lips.

Vegetables

The tetraploidization method for seedless
watermelon production was invented by Kihara
(1951). Seedless cultivars (2n = 3x = 33) are
produced by crossing a tetraploid (female parent)
with a diploid (male parent) inbred line. Since the
triploid hybrid is female sterile, the fruit induced
by pollination tends to be seedless. On the other
hand, the triploid does not have viable pollen, so it
needs to plant at least 20% diploid cultivar in the
production field to provide the pollen that
stimulates fruit set (Wehner 2008). Triploid
seedless watermelon is popular on a commercial
scale and has a high price in the world market, due
to its distinctive characteristics such as small size,
vigorous growth, higher fruit number per plant,
high sugar content, flesh firmness, thin rind and
possible longer shelf life (Noh et al. 2012).
Marzougui et al. (2009) evaluated morphological
and chemical comparison of diploids and induced
autotetraploids of Trigonella foenum-graecum and
found that the autotetraploids had higher leaf
area and productivity concerning the number of
seeds, pods and branches compared to the diploids.
Its leaves also are richer

in potassium, sodium, calcium and phosphorus. In
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a study, tetraploid muskmelon (Cucumis melo)
were induced from diploid plants by colchicine.
The results showed that the fruit weight, total
soluble solids (TSS), soluble sugar and vitamin C
contents in the tetraploids were higher than those
in the diploids (Zhang et al. 2010). Ramirez-
Godina et al. (2013) indicated that colchicine-
induced autopolyploidy can increase vitamin C and
fruit quality in Physalis ixocarpa, even though, it
was associated with undesired changes in the shape
of fruits which became flattened at the poles with
gaps between the endocarp and mesocarp.
Pliankong et al. (2017) induced polyploidy in
Capsicum frutescens and reported that the size and
amount of capsaicin in the polyploid fruit were
higher than the diploid fruit. Colchicine-induced
polyploid has also been reported to be high in
vitamin C content (Basu and Krishna De 2003).
The Petroselinum crispum tetraploid plants
obtained from the colchicine treatment had higher
leaf size and stem diameter than diploid plants
(Nasirvand et al. 2018). Induced tetraploids of
Lepidium sativum plants as compared with diploid
ones, were specified by the increase in leaf size and
thickness, stem diameter, seed weight and on the
contrary, decrease in plant height and percentage of
seed germination (Agafarini et al. 2019). The
induced tetraploid plants of Raphanus sativus
displayed larger leaves and taproots as well as
higher soluble sugar and protein, vitamin C and
antioxidant  enzyme  activity  (peroxidase).
Moreover, the gqRT-PCR analysis showed that
FLC1.1, the gene that has been known to play roles
in suppressing flowering, was highly expressed in
tetraploid plants at the flowering stage, whereas the

expression levels of VRN2 and AGL24, the genes

that positively regulated flowering and bolting,
were lower in the tetraploid compared to the
diploid radish, at flowering and bolting stages (Pei
et al. 2019).

Medicinal plants

Several factors including genotype, geography,
climate and harvest period are responsible for the
secondary metabolite content found in medicinal
plants (Salma et al. 2017). Genetic improvement
by chromosome doubling has been reported to
affect not only oil quantity but also its components
such as phenolics, terpenoids, phenylpropanoids,
anthocyanins,  flavonoids,  alkaloids  and
polyketides (Parida and Misra 2015; Hannweg et
al. 2016). Salma et al. (2017) presented a summary
of the ex vitro and in vitro methods of producing
synthetic polyploidy in medicinal herbs. In general,
polyploids are larger than the normal plants, which
may be due to increased biomass or yield. In those
medicinal plants that accumulate the secondary
metabolites in the vegetative tissues, polyploidy
may be very beneficial and priceless due to the
increased composition or biomass yield (Salma et
al. 2017; Corneillie et al. 2019). Furthermore, due
to the increased number of gene copies in
polyploids, synthetically induced polyploidy may
lead to increases in enzymatic activity, isozyme
diversity and alteration in flavonoid profiles that
contribute to enhanced production and qualitative
changes in secondary metabolites (Dhawan and
Lavania 1996). For instance, tetraploids induced in
Tetradenia riparia produced 3.5 times higher oil
than diploid plants. Also, tetraploids contained
higher amounts of fenchone than diploids and had

a-humulene, o-terpineol and viridiflorol which
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were not present in the diploids (Hannweg et al.
2016). The increase of ploidy levels in
Dracocephalum moldavica caused a decrease in
plant height and an increase in leaf area, fresh and
dry mass of plants, size of seeds as well as essential
oil content (Omidbaigi et al. 2010). Xing et al.
(2011) induced tetraploidy in Catharanthus roseus
and reported that accumulation of terpenoid indole
alkaloids (vindoline, catharanthine, vinblastine)
increased in the tetraploid plants. They analyzed
the expression of terpenoid indole alkaloids
biosynthesis-related genes and transcript factors by
QRT-PCR to explain the molecular mechanism of
these metabolites enhancement, and found that the
expression of tdc, g10h, sls, str, dat and prx1 genes
increased in the autotetraploids. Similarly,
tetraploid Stevia rebaudiana plants showed higher
contents of stevioside and rebaudioside A, in
comparison to the diploid controls (Zhang et al.
2018). Zhou et al. (2020) studied the polyploid
induction system of Zingiber officinale. Tetraploid
gingers were larger than their diploid plants for leaf
length, leaf width, leaf thickness, stem diameter
and guard cell. The soluble sugar, soluble protein,
proline and other substances were also higher;
especially carotenoids concentration was near 1.4
times than the diploid plants, which showed that
tetraploid gingers had potential to increase yield

and adaptability.

Conclusions and future perspectives

Polyploidy is one of the most common phenomena
of diversity, adaptation and evolution in flowering
plants. The several advantages of polyploidy
observed in natural species indicate that polyploids

have a selective advantage over diploids.

Polyploidy is associated with extensive structural,
developmental, physiological and biochemical
changes in plants that result in wide variation in
these traits. Therefore, it can be said that
polyploidization provides new options for plant
breeders to induce ex vitro and in vitro synthetic
polyploids and select suitable plants depending on
the purpose such as medicinal, ornamental and
resistance applications, and so on. The gigas effect
is one of those direct consequences and, when
occurring in organs of commercial interest, is a
valuable feature to improve the crop. The
phenomena of genome buffering, heterozygosity
and heterosis deserve attention in plant breeding
programs, as they may lead to the higher vigor
observed by polyploid organisms than their diploid
relatives. Polyploids are also important as bridges
for germplasm transfer between species where
direct crossing is not possible, as well as to restore
the fertility of sterile hybrids. Polyploidy
effectively affects the enzymatic activity of the
pathways of production of secondary metabolites
and consequently the quantitative and qualitative
pattern of production of plant secondary
compounds. Increasing biomass production
coupled with the change in the production of
secondary pharmaceutical compounds has made
researchers an efficient option for selecting high-
yielding plants.

Several protocols have been developed for
possibility of artificial polyploidization by using
different chemicals and methods in a wide range of
crop species. Since the discovery of colchicine, in
vitro polyploidy induction using this antimitotic
agent has been one of the most important means of

artificial polyploidy induction. The type of
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antimitotic agent and its concentration acting for a
time period for polyploidy induction is variable and
species dependent. Although, colchicine at
different concentrations and time durations has
been widely employed as antimitotic agent both in
vitro and ex vitro, other antimitotic agents like
oryzalin, trifluralin and AMP (amiprophos-methyl)
can also be investigated. It is likely that other
antimitotic agents will be identified in future that
will lead to superior polyploidy induction and also
minimize harmful chemical effects. In the ex vitro
polyploidy induction technique, antimitotic agents
are applied by various methods including dipping,
soaking, whole plant immersion or by cotton wool
method. Sexual polyploidy induction is also
achieved through the fusion of unreduced gametes,
especially when high levels of heterozygosity are

References

required. For successful polyploidization, various
direct and indirect techniques have been used to
identify ploidy level in plants

In recent decades, significant progress has
been made in the field of polyploidy and several
mechanisms have been explored in relation to its
causes and consequences. Further study of the
relationship between genomic changes with gene
expression and regulation after polyploidy
induction may allow plant breeders to obtain more

accurate and desired results.

Conflict of Interest
The author declare that they have no conflict of
interest with any organization in relation to the

subject of the manuscript.

Abbaszadeh SM, Miri SM and Naderi R, 2018. An effective nutrient medium for asymbiotic seed germination
and in vitro seedling development of Phalaenopsis ‘Bahia Blanca’. Journal of Ornamental Plants 8(3):
183-192.

Acquaah G, 2015. Conventional plant breeding principles and techniques. In Al-Khayri JM, Jain SM and
Johnson DV (Eds.). Advances in Plant Breeding Strategies: Breeding, Biotechnology and Molecular
Tools, Vol 1. Pp. 115-158. Springer, Switzerland.

Agafarini A, Lotfi M, Norouzi M and Karimzadeh G, 2019. Induction of tetraploidy in garden cress:
morphological and cytological changes. Plant Cell, Tissue and Organ Culture 137: 627-635.

Amah D, van Biljon A, Maziya-Dixon B, Labuschagne M and Swennen R, 2019. Effects ofin
vitro polyploidization on agronomic characteristics and fruit carotenoid content; implications for banana
genetic improvement. Frontier in Plant Science 10(1450). doi.org/10.3389/fpls.2019.01450.

Ascough GD, Staden J and Erwin JE, 2008. Effectiveness of colchicine and oryzalin at inducing polyploidy in
Watsonia lepida N.E. Brown. HortScience 43(7): 2248-2251.

Aversano R, Ercolano MR, Caruso I, Fasano C, Rosellini D and Carputo D, 2012. Molecular tools for exploring

polyploid genomes in plants. International Journal of Molecular Sciences 13: 10316-10335.


https://doi.org/10.3389/fpls.2019.01450

20 Miri 2020, 10(1): 1-28

Basu SK and Krishna De A, 2003. Capsicum: historical and botanical perspectives. In Krishna De A (Ed.).
Capsicum. Pp. 1-15. Taylor & Francis, UK.

Blakeslee A and Avery A, 1937. Methods of inducing doubling of chromosomes in plants by treatment with
colchicine. Journal of Heredity 28: 393-411.

Blasco M, Badenes ML and Naval MdM, 2015. Colchicine-induced polyploidy in loguat (Eriobotrya japonica
(Thunb.) Lindl.). Plant Cell, Tissue and Organ Culture 120: 453-461.

Bohanec B, 2003. Ploidy determination using flow cytometry. In Maluszynski M, Kasha KJ, Forster BP and
Szorejko | (Eds.). Doubled Haploid Production in Crop Plants. Pp. 397-403. Springer, Dordrecht,
Netherlands.

Boyle T, 2007. Cacti. In Anderson NO (Ed.). Flower Breeding and Genetics. Pp. 360-388. Springer,
Netherlands.

Carvalho MJS, Gomes VB, Souza AS, Aud FF, Santos-Serejo JA and Oliveira EJ, 2016. Inducing
autotetraploids in cassava using oryzalin and colchicine and their in vitro morphophysiological effects.
Genetics and Molecular Research 15(2). doi: 10.4238/gmr.15028281.

Chauvin JE, Label A and Kermarrec MP, 2005. In vitro chromosome-doubling in tulip (Tulipa gesneriana L.).
Journal of Horticultural Science and Biotechnology 80(6): 693-698.

Chen WH and Tang CY, 2018. A protocol for the induction of polyploids in Phalaenopsis orchids by in vitro
method without using anti-microtubule agents. In Lee Y1 and Yeung ECT (Eds.). Orchid Propagation:
From Laboratories to Greenhouses-Methods and Protocols. Pp. 317-330. Springer.

Chen LP, Wang YJ and Zhao M, 2006. In vitro induction and characterization of tetraploid Lychnis senno
Siebold et Zucc. HortScience 41: 759-761.

Comai L 2005. The advantages and disadvantages of being polyploid. Nature Reviews Genetics 6: 836-846.

Corneillie S, De Storme N, Van Acker R, Fangel JU, De Bruyne M, De Rycke R, Geelen D, Willats WGT,
Vanholme B and Boerjan W, 2019. Polyploidy affects plant growth and alters cell wall composition. Plant
Physiology 179: 74-87.

De Storme N and Geelen D, 2013. Sexual polyploidization in plants — cytological mechanisms and molecular
regulation. New Phytologist 198(3): 670-684.

Dewitte A, Van Laere K and van Huylenbroeck J, 2011. Use of 2n gametes in plant breeding. In
Abdurakhmonov | (Ed.). Plant Breeding. Pp. 59-86. InTech Open Access Publisher, Rijeka, Croatia.
Dhawan OE and Lavania UC, 1996. Enhancing the productivity of secondary metabolites via induced

polyploidy: a review. Euphytica 87: 81-89.

Dhooghe E, Denis S, Eeckhaut T, Reheul D and van Labeke MC, 2009. In vitro induction of tetraploids in
ornamental Ranunculus. Euphytica 168: 33-40.

Dhooghe E, van Laere K, Eeckhaut T, Leus L and van Huylenbroeck J, 2011. Mitotic chromosome doubling
of plant tissues in vitro. Plant, Cell, Tissue and Organ Culture 104: 359-373.


https://www.nature.com/nrg
https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Storme%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23421646
https://www.ncbi.nlm.nih.gov/pubmed/?term=Geelen%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23421646

Acrtificial polyploidy in the improvement of horticultural crops 21

Ding M and Chen ZJ, 2018. Epigenetic perspectives on the evolution and domestication of polyploid plant and
crops. Current Opinion in Plant Biology 42: 37-48.

Doleel J, Valarik M, Vrana J, Lysak MA, Hoibova E, Bartos J, Gasmanova N, Doleelova M, safao J and
Simkova H 2004. Molecular cytogenetics and cytometry of bananas (Musa spp.). In Jain SM and Swennen
P (Eds.). Banana Improvement: Cellular, Molecular Biology and Induced Mutations. Science Publishers,
Inc, USA.

Epstein CJ, 1986. The Consequences of Chromosome Imbalance. Cambridge University Press, UK.

Erfani M, Miri SM and Imani A, 2017. In vitro shoot proliferation and rooting of Garnem rootstock as
influenced by basal media, plant growth regulators and carbon sources. Plant Cell Biotechnology and
Molecular Biology 18(3&4): 101-109.

Fallahpour M, Miri SM and Bouzari N, 2015. In vitro propagation of Gisela 5 rootstock as affected by media
and plant growth regulators. Journal of Horticultural Research 23(1): 57-64.

Grant V, 1981. Plant Speciation. Columbia University Press, New York, USA.

Guerra D, Schifino-Wittmann MT, Schwarz SF, Weiler RL, Dahmer N and de Souza PVD, 2016.
Tetraploidization in citrus rootstocks: effect of genetic constitution and environment in chromosome
duplication. Crop Breeding and Applied Biotechnology 16(1). doi.org/10.1590/1984-70332016v16n1a6.

Guo W, Hou J, Yin T and Chen Y, 2016. An analytical toolkit for polyploid willow discrimination. Scientific
Reports 6, 37702. 37702 (2016). https://doi.org/10.1038/srep37702.

Gustafsson FG, 1944. Growth hormone studies of some diploid and autotetraploid plants. Journal of Heredity
35: 269-272.

Hannweg K, Visser G, de Jager K and Bertling I, 2016. In vitro-induced polyploidy and its effect on
horticultural characteristics, essential oil composition and bioactivity of Tetradenia riparia. South African
Journal of Botany 106: 186-191.

Hasanloo T, Jafarkhani Kermani M, Malmir Chegini M, Sepehrifar R, Mohajeri Naraghi S and Miri SM, 2014.
Optimization of in vitro propagation of Qare-Qat (Vaccinium arctostaphylus). Journal of Medicinal Plants
and By-Product 2: 21-26.

He M, Gao W Gao Y, Liu Y, Yang X, Jiao H and Zhou Y, 2016. Polyploidy induced by colchicine in
Dendranthema indicum var. aromaticum, a scented chrysanthemum. European Journal of Horticultural
Science 81(4): 219-226.

Hegarty M, Coate J, Sherman-Broyles S, Abbott R, Hiscock S and Doyle J, 2013. Lessons from natural and
artificial polyploids in higher plants. Cytogenetic and Genome Research 140: 204-225.

Hias N, Leus L, Davey MW, Vanderzande S, Huylenbroeck JV and Keulemans J, 2017. Effect of
polyploidization on morphology in two apple (Malus x domestica) genotypes. Horticultural Science
(Prague) 44(2): 55-63.

Hoshino Y, Miyashita T and Thomas TD, 2011. In vitro culture of endosperm and its application in plant

breeding: Approaches to polyploidy breeding. Scientia Horticulturae 130(1): 1-8.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ding%20M%5BAuthor%5D&cauthor=true&cauthor_uid=29502038
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20ZJ%5BAuthor%5D&cauthor=true&cauthor_uid=29502038
http://www.ikpress.org/journal/34
http://www.ikpress.org/journal/34
https://doi.org/10.1590/1984-70332016v16n1a6
https://www.sciencedirect.com/science/article/pii/S0304423811003311#!
https://www.sciencedirect.com/science/article/pii/S0304423811003311#!
https://www.sciencedirect.com/science/article/pii/S0304423811003311#!
https://www.sciencedirect.com/science/journal/03044238/130/1

22 Miri 2020, 10(1): 1-28

Husband BC, Baldwin SJ and Suda J, 2013. The incidence of polyploidy in natural plant populations: major
patterns and evolutionary processes. In Leitch 1J, Greilhuber J, Dolezel J and Wendel J (Eds.). Plant
Genome Diversity, Vol. 2. Pp. 255-276. Springer-Verlag, Switzerland.

Karle R, Parks CA, O’Leary MC and Boyle TH, 2002. Polyploidy-induced changes in the breeding behavior
of Hatiora graeseri (Cactaceae). Journal of the American Society for Horticultural Science 127(3): 397-
403.

Khosravi P, Jafarkhani Kermani M, Nematzadeh GA, Bihamta MR and Yokoya K, 2008. Role of mitotic
inhibitors and genotype on chromosome doubling of Rosa. Euphytica 160: 267-275.

Kihara H, 1951. Triploid watermelons. Proceedings of the American Society for Horticultural Science 58:
217-230.

Kuliev VM, 2011. Induced autotetraploid grape mutants. Cytology and Genetics 45(3): 163-169.

Kushwah KS, Verma RC, Patel S and Jain NK, 2018. Colchicine induced polyploidy in Chrysanthemum
carinatum L. Journal of Phylogenetics and Evolutionary Biology 6(1). DOI: 10.4172/2329-
9002.1000193.

Leus L, Eeckhaut T, Dhooghe E, Van Labeke MC, Van Laere K and Van Huylenbroeck J, 2012. Polyploidy
breeding in vitro: experiences with ornamentals. Acta Horticulturae 961: 235-238.

Levin DA, 1983. Polyploidy and novelty in flowering plants. The American Naturalist 122: 1-25.

Levin DA, 2002. The role of chromosomal change in plant evolution. Oxford University Press, Oxford, UK.

Liu M, Wang P, Wei X, Liu Q, Li X, Liang G and Guo Q, 2019. Effects of triploidization of loquat [Eriobotrya
japonica (Thunb.) Lindl.] on flavonoids and phenolics and antioxidant activities in leaves and flower buds
HortScience 54(8): 1310-1318.

Lutz AM, 1907. A preliminary note on the chromosomes of Oenothera lamarckiana and one of its mutants,
0. gigas. Science 26: 151-152.

Maherali H, Walden AE and Husband BC, 2009. Genome duplication and the evolution of physiological
responses to water stress. New Phytologist 184: 721-731.

Manzoor A, Ahmad T, Bashir MA, Baig MMQ, Quresh AA, Shah MKN and Hafiz IA, 2018. Induction and
identification of colchicine induced polyploidy in Gladiolus grandiflorus “White Prosperity’. Folia
Horticulturae 30(2): 307-319.

Manzoor A, Ahmad T, Bashir MA, Hafiz |A and Silvestri C, 2019. Studies on colchicine induced chromosome
doubling for enhancement of quality traits in ornamental plants. Plants 8(7): 194.
doi: 10.3390/plants8070194.

Marasek-Ciolakowska A, Nishikawa T, Shea DJ and Okazaki K, 2018. Breeding of lilies and tulips-
Interspecific hybridization and genetic background. Breeding Science 68(1): 35-52.

Marasek-Ciolakowska A, Ramanna MS, Arens P and Van Tuyl JM, 2012. Breeding and cytogenetics in the

genus Tulipa. Floriculture and Ornamental Biotechnology 6(special issue 1): 90-97.


https://www.researchgate.net/profile/Brian_Husband?_sg%5B0%5D=1JVIjxn-B8yzM0a_gyyUR1ka493GCAbe1fB1pdNITf-n3ZkaXdrOrzLE4DLlB4ky9V4dtDk.a2PzQNbvPj7SIkFFPYtm7-ScO-65W4noo4a215zYKald1sHn79nunZDORtTuH6N2Wvld2BR6hwez_Hr0ti4NZg&_sg%5B1%5D=14f6cT3iPblSzQVjfS6WqwLvWcuBsF3vDRorGOFp8PCJ6oBpNwkYN5hVxnONI9DUxzKwDHoTymEJTAmL.amzPUbgS7jNWfykvHgJWI3KPQwQYlngh-SIHUVvgp1tpUZAXtFAWEE9iaV-Z2HqJb8urLQ-_CdWdfAoaOYgbFA
https://www.omicsonline.org/author-profile/kalyan-singh-kushwah-228099/
https://www.omicsonline.org/author-profile/rakesh-chandra-verma-228103/
https://www.omicsonline.org/author-profile/sapan-patel-228104/
https://www.omicsonline.org/author-profile/nk-jain-228107/
https://dx.doi.org/10.3390%2Fplants8070194
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marasek-Ciolakowska%20A%5BAuthor%5D&cauthor=true&cauthor_uid=29681746
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nishikawa%20T%5BAuthor%5D&cauthor=true&cauthor_uid=29681746
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shea%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=29681746
https://www.ncbi.nlm.nih.gov/pubmed/?term=Okazaki%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29681746

Acrtificial polyploidy in the improvement of horticultural crops 23

Martin C, Viruel MA, Lora J and Hormaza JI, 2019. Polyploidy in fruit tree crops of the
genus Annona (Annonaceae). Frontiers in Plant Science 10, 99. doi.org/10.3389/fpls.2019.00099.

Marzougui N, Boubaya A, Elfalleh W, Ferchichi A and Beji M, 2009. Polyploidy induction in Trigonella
foenum-graecum L.: morphological and chemical comparison between diploids and induced
autotetraploids cultivars. Acta Botanica Gallica 156(3): 379-389.

Masterson J, 1994. Stomatal size in fossil plants: evidence for polyploidy in majority of angiosperms. Science
264: 421-423.

Miri SM and Roughani A, 2018a. Biotechnology in floriculture. Proceedings of the 2™ International and 3™
National Congress on Flower and Ornamental Plants, October 23-25, Mahallat, Iran.

Miri SM and Roughani A, 2018b. Factors affecting tissue culture success in ornamental crops, I. medium
composition. Proceedings of the 2" International and 3™ National Congress on Flower and Ornamental
Plants, October 23-25, Mahallat, Iran.

Miri SM and Roughani A, 2018c. Factors affecting tissue culture success in ornamental crops, 1l. genotype,
explant and physical environment. Proceedings of the 2" International and 3" National Congress on
Flower and Ornamental Plants, October 23-25, Mahallat, Iran.

Mondin M, Silva PAKXD, Latado RR and Mourdo Filho FAA, 2018. In vitro induction and regeneration of
tetraploids and mixoploids of two cassava cultivars. Crop Breeding and Applied Biotechnology 18(2):
176-183.

Murashige T and Nakano R, 1966. Tissue culture as a potential tool in obtaining polyploid plants. Journal of
Heredity 57: 114-118.

Nagahatenna DSK and Peiris SE, 2008. Modification of plant architecture of Hemidesmus indicus (L.) R.Br.
(Iramusu) by in vitro colchicine treatment. Tropical Agricultural Research 20: 234-242.

Nakel T, Tekleyohans DG, Mao Y, Fuchert G, Vo D and Grof3-Hardt R, 2017. Triparental plants provide direct
evidence for polyspermy induced polyploidy. Nature Communications 8, 1033. doi.org/10.1038/s41467-
017-01044-y.

Nasirvand S, Asghari Zakaria R, Zare N and Esmaeilpoor B, 2018. Polyploidy induction in parsley
(Petroselinum crispum L.) by colchicine treatment. Cytologia 83(4): 393-396.

Noh J, Sheikh S, Chon HG, Seong MH, Lim JH, Lee SG, Jung GT, Kim GM, Ju HJ and Huh YC, 2012.
Screening different methods of tetraploid induction in watermelon [Citrullus lanatus (Thunb.) Manst. and
Nakai]. Horticulture, Environment, and Biotechnology 53(6): 521-529.

Notsuka K, Tsuru T and Shiraishi M, 2000. Induced polyploid grapes via in vitro chromosome doubling.
Journal of the Japanese Society for Horticultural Science 69(5): 543-551.

Omidbaigi R, Yavari S, Hassani ME and Yavari S, 2010. Induction of autotetraploidy in dragonhead
(Dracocephalum moldavica L.) by colchicine treatment. Journal of Fruit and Ornamental Plant Research
18(1): 23-35.


http://www.frontiersin.org/people/u/674061
http://www.frontiersin.org/people/u/675526
http://www.frontiersin.org/people/u/263124
http://www.frontiersin.org/people/u/239569
https://doi.org/10.3389/fpls.2019.00099
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Marzougui%2c+N.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Boubaya%2c+A.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Elfalleh%2c+W.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Ferchichi%2c+A.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Beji%2c+M.%22
https://www.cabdirect.org/cabdirect/search/?q=do%3a%22Acta+Botanica+Gallica%22
https://link.springer.com/chapter/10.1007/978-1-4684-5760-5_9
https://link.springer.com/chapter/10.1007/978-1-4684-5760-5_9
https://www.nature.com/articles/s41467-017-01044-y#auth-1
https://www.nature.com/articles/s41467-017-01044-y#auth-2
https://www.nature.com/articles/s41467-017-01044-y#auth-3
https://www.nature.com/articles/s41467-017-01044-y#auth-4
https://www.nature.com/articles/s41467-017-01044-y#auth-5
https://www.nature.com/articles/s41467-017-01044-y#auth-6
https://www.nature.com/ncomms
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Kazunori+Notsuka
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Takekazu+Tsuru
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Mikio+Shiraishi

24 Miri 2020, 10(1): 1-28

Okazaki K, Kurimoto K, Miyajima I, Enami A, Mizuochi H, Matsumoto Y and Ohya H, 2005. Induction of
2n pollen in tulips by arresting the meiotic process with nitrous oxide gas. Euphytica 143: 101-114.
Osborn TC, Pires JC, Birchler JA, Auger DL, Chen ZJ, Lee HS, Comai L, Madlung A, Doerge RW, Colot V
and Martienssen RA, 2003. Understanding mechanisms of novel gene expression in polyploids. Trends

in Genetics 19: 141-147.

Owens CL. 2008. Grapes. In Hancock JF (Ed.). Temperate Fruit Crop Breeding. Pp. 197-233. Springer.

Parida BP and Misra BB, 2015. Is a plant’s ploidy status reflected in its metabolome? Journal
of Postdoctoral Research 3(4): 1-11.

Parsons JL, Martin SL, James T, Golenia G, Boudko EA and Hepworth SR, 2019. Polyploidization for the
genetic  improvement of Cannabis sativa. Frontiers inPlant Science 10, 476.
doi.org/10.3389/fpls.2019.00476.

Pasqual M, Salles Pio LA, Lima Oliveira AC and Rodrigues Soares JD, 2012. Flow cytometry applied in tissue
culture. In Leva A and Rinaldi LMR (Eds.). Recent Advances in Plant In Vitro Culture. IntechOpen.
d0i.10.5772/50986.

Pei Y, Yao N, He L, Deng D, Li W and Zhang W. 2019. Comparative study of the morphological, physiological
and molecular characteristics between diploid and tetraploid radish (Raphanus sativus L.). Scientia
Horticulturae 257, 108739. doi.org/10.1016/j.scienta.2019.108739.

Pliankong P, Suksa-Ard P and Wannakrairoj S, 2017. Effects of colchicine and oryzalin on polyploidy
induction and production of capsaicin in Capsicum frutescens L. Thai Journal of Agricultural Science
50(2): 108-120.

Podwyszynska M and Pluta S, 2019. In vitro tetraploid induction of the blackcurrant (Ribes nigrum L.) and
preliminary phenotypic observations. Zemdirbyste-Agriculture 106(2): 151-158.

Ramanna MS and Jacobsen E, 2003. Relevance of sexual polyploidization for crop improvement: a review.
Euphytica 133: 3-8.

Ramirez-Godina F, Robledo-Torres V, Foroughbakhch-Pournabav R, Benavides-Mendoza A, Hernandez-
Pinero JL, Reyes-Valdes MH and Alvarado-Vazquez MA, 2013. Yield and fruit quality evaluation in
husk tomato autotetraploids (Physalis ixocarpa) and diploids. Australian Journal of Crop Science 7(7):
933-940.

Ramsey J and Schmeske D, 1998. Pathways, mechanisms and rate of polyploid formation in flowering plants.
Annual Review of Ecology and Systematics 29: 467-501.

Randolph LF, 1932. Some effects of high temperature on polyploidy and other variations in maize. Proceedings
of the National Academy of Sciences 18: 222-229.

Ranney T, 2006. Polyploidy: from evolution to new plant development. Combined Proceedings of the
International Plant Propagator's Society 56: 137-142.

Roughani A and Miri SM, 2018a. Flow cytometry for breeding of ornamental plants. Proceedings of the 2"

International and 3" National Congress on Flower and Ornamental Plants, October 23-25, Mahallat, Iran.


https://doi.org/10.3389/fpls.2019.00476
https://doi.org/10.1016/j.scienta.2019.108739

Acrtificial polyploidy in the improvement of horticultural crops 25

Roughani A and Miri SM, 2018b. Polyploidy induction in ornamental plants. Proceedings of the 2™
International and 3" National Congress on Flower and Ornamental Plants, October 23-25, Mahallat, Iran.

Roughani A, Miri SM, Kashi AK and Naserian Khiabani B, 2017. Increasing the ploidy level in spinach
(Spinacia oleracea L.) using mitotic inhibitors. Plant Cell Biotechnology and Molecular Biology
18(3&4): 124-130.

Sakhanokho HF, Rajasekaran K and Kelley RY, 2009. Induced polyploidy in diploid ornamental ginger
(Hedychium muluense) using colchicine and oryzalin. HortScience 44(7): 1809-1814.

Salma U, Kundu S and Mandal N, 2017. Artificial polyploidy in medicinal plants: advancement in the last two
decades and impending prospects. Journal of Crop Science and Biotechnology 20(1): 9-19.

Sattler MC, Carvalho CR and Clarindo WR, 2016. The polyploidy and its key role in plant breeding. Planta
243: 281-296.

Sedov EN, Sedysheva GA, Makarkina MA and Serova ZM, 2017. Development of triploid apple cultivars
as a priority in selection. Russian Journal of Genetics: Applied Research 7(7): 773-780.

Shi QH, Liu P, Liu MJ, Wang JR and Xu J, 2015. A novel method for rapid in vivo induction of homogeneous
polyploids via calluses in a woody fruit tree (Ziziphus jujuba Mill.). Plant Cell, Tissue and Organ Culture
121: 423-433.

Shi QH, Liu P, Liu MJ, Wang JR, Zhao J, Zhao Z and Dai L, 2016. In vivo fast induction of homogeneous
autopolyploids via callus in sour jujube (Ziziphus acidojujuba Cheng et Liu). Horticultural Plant Journal
2(3) and 147-153.

Silva PAKXD, Callegari-Jacques S and Bodanese-Zanettini MH, 2000. Induction and identification of
polyploids in Cattleya intermedia Lindl. (Orchidaceae) by in vitro techniques. Ciéncia Rural 30(1): 105-
111.

Sliwinska E, 2018. Flow cytometry —a modern method for exploring genome size and nuclear DNA synthesis
in horticultural and medicinal plant species. Folia Horticulturae 30(1): 103-128.

Soltis P, Marchant DB, Peer YV and Soltis DE, 2015. Polyploidy and genome evolution in plants. Current
Opinion in Plant Biology 35: 119-125.

Song Q and Chen ZJ, 2015. Epigenetic and developmental regulation in plant polyploids. Current
Opinion in Plant Biology 24: 101-109.

Smarda P, Horova L, Knapek O, Dieck H, Dieck M, Razna K, Hrubik P, Orloci L, Papp L, Vesela K, Vesely
P and Bures P, 2018. Multiple haploids, triploids, and tetraploids found in modern-day “living
fossil” Ginkgo biloba. Horticulture Research 5, 55. doi: 10.1038/s41438-018-0055-9.

Stimart D and Boyle T. 2007. Zinnia. In Anderson NO (Ed.). Flower Breeding and Genetics. Pp. 337-357.
Springer, Netherlands.

Subbaraya U, Saraswathi MS and Pillay M, 2011. Evolution and genetic relationships in banana and plantains.
In Pillay M and Tenkouano A (Eds.). Banana Breeding. Pp. 21-39. CRC Press, USA.


http://www.ikpress.org/journal/34
https://www.sciencedirect.com/science/article/pii/S2468014116300516#!
https://www.sciencedirect.com/science/article/pii/S2468014116300516#!
https://www.sciencedirect.com/science/article/pii/S2468014116300516#!
https://www.sciencedirect.com/science/article/pii/S2468014116300516#!
https://www.sciencedirect.com/science/article/pii/S2468014116300516#!
https://www.sciencedirect.com/science/article/pii/S2468014116300516#!
https://www.sciencedirect.com/science/article/pii/S2468014116300516#!
https://www.sciencedirect.com/science/journal/24680141/2/3
https://www.researchgate.net/profile/Pam_Soltis?_sg%5B0%5D=HTecXwkJNi3Fu_uGg00PcUAv70eopy2R5hBe8tKeGec1tIzVhCw76RdiTW7ltRp5vVYdgPI.SjuON-p3_3QM_9E4pXs-IfD-j3nKuyX-XBxreTSufLtxgFv-01Isl3Rl1fAdrOAJrma3ah_Z5LLPEXeooX_Y-Q&_sg%5B1%5D=O9VkTHu36Euevcv27LKXIqwH-wsezULyDeprvrG2DE3R1IiLgaB5K_i_DOvz7U8ySBXW99Qb9x-i1PIX.7bRwzlnt-3mrneRwp-_bfitR2sRsvKKMQ8OQj-p8lNWeUfEfPXptUVkLMOgO70bbgQXRkhtU_8i9BJFB0DY7Yw
https://www.ncbi.nlm.nih.gov/pubmed/?term=Song%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=25765928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20ZJ%5BAuthor%5D&cauthor=true&cauthor_uid=25765928
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=25765928
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=25765928

26 Miri 2020, 10(1): 1-28

Takamura, T, 2007. Cyclamen. In Anderson NO (Ed.). Flower Breeding and Genetics. Pp. 459-478. Springer,
Netherlands.

Talebi SF, Saharkhiz MJ, Kermani Jafarkhani M, Sharafi Y and Raouf Fard F, 2017. Effect of different
antimitotic agents on polyploid induction of anise hyssop (Agastache foeniculum L.). Caryologia 70(2):
184-193.

Tan FQ, Tu H, Liang WJ, Long JM, Wu XM, Zhang HY and Guo WW, 2015. Comparative metabolic and
transcriptional analysis of a doubled diploid and its diploid citrus rootstock (C. junoscv. Ziyang
xiangcheng) suggests its potential value for stress resistance improvement. BMC Plant Biology 15, 89.
doi: 10.1186/512870-015-0450-4.

Tavan M, Mirjalili MH and Karimzadeh G, 2015. In vitro polyploidy induction: changes in morphological,
anatomical and phytochemical characteristics of Thymus persicus (Lamiaceae). Plant Cell, Tissue and
Organ Culture 122: 573-583.

Thao NTP, Ureshino K, Miyajima I, Ozaki Y and Okubo H, 2003. Induction of tetraploids in
ornamental Alocasia through colchicine and oryzalin treatments. Plant Cell, Tissue and Organ
Culture 72: 19-25.

Tongkun W, Jingzheng Z, Yongshun Q and Haizhen P 2004. Advances on polyploid breeding of fruit crops in
China. Journal of Fruit Science 6: 592-597.

Tsuda H, Kojima S, Tetsumura T, Komatsu H and Kunitake H, 2012. Induction of polyploids
in Vaccinium using oryzalin and colchicine treatments. Horticultural Research (Japan) 11(2): 205-212.

Vaughn KC and Lehnen Jr LP, 1991. Mitotic disrupter herbicides. Weed Science 39(3): 450-457.

Vigfusson E, 1970. On polyspermy in the sunflower. Hereditas 64: 1-52.

Wang X, Cheng ZM, Zhi S and Xu F, 2016. Breeding triploid plants: a review. Czech Journal
of Genetics and Plant Breeding 52: 41-54.

Wang XL, Yu MD, Lu C, Wu CR and Jing CJ, 2011. Study on breeding and photosynthetic characteristics of
new polyploidy variety for leaf and fruit-producing mulberry (Morus L). Scientia Agricultura
Sinica 44(3): 562-569.

Wehner TC, 2008. Watermelon. In Prohens J and Nuez F (Eds.). Vegetables I. pp. 381-418. Springer, USA.

Wendel J and Doyle J, 2005. Polyploidy and evolution in plants. In Henry RJ (Ed.). Plant Diversity and
Evolution. Pp. 97-117. CAB International, UK.

Wu JH, Ferguson AR, Murray BG, Duffy AM, Jia Y, Cheng C and Martin PJ, 2013. Fruit quality in induced
polyploids of Actinidia chinensis. HortScience 48(6): 701-707.

Xing SH, Guo XB, Wang Q, Pan QF, Tian YS, Liu P, Zhao JY, Wang GF, Sun XF and Tang KX, 2011.
Induction and flow cytometry identification of tetraploids from seed-derived explants through colchicine
treatments in Catharanthus roseus (L.) G. Don. Journal of Biomedicine and Biotechnology 793198. doi:
10.1155/2011/793198.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20FQ%5BAuthor%5D&cauthor=true&cauthor_uid=25848687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25848687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liang%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=25848687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Long%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=25848687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20XM%5BAuthor%5D&cauthor=true&cauthor_uid=25848687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20HY%5BAuthor%5D&cauthor=true&cauthor_uid=25848687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guo%20WW%5BAuthor%5D&cauthor=true&cauthor_uid=25848687
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4374211/
http://caod.oriprobe.com/articles/found.htm?key_author=Wang+Tongkun
http://caod.oriprobe.com/articles/found.htm?key_author=Zhang+Jingzheng
http://caod.oriprobe.com/articles/found.htm?key_author=Qi+Yongshun
http://caod.oriprobe.com/articles/found.htm?key_author=Pang+Haizhen
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Wang+XiLing%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Yu+MaoDe%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Lu+Cheng%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Wu+CunRong%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Jing+ChengJun%22
https://www.cabdirect.org/cabdirect/search/?q=do%3a%22Scientia+Agricultura+Sinica%22
https://www.cabdirect.org/cabdirect/search/?q=do%3a%22Scientia+Agricultura+Sinica%22

Acrtificial polyploidy in the improvement of horticultural crops 27

Xue H, Zhang F, Zhang ZH, Fu JF, Wang F, Zhang B and Ma Y, 2015. Differences in salt tolerance between
diploid and autotetraploid apple seedlings exposed to salt stress. Scientia Horticulturae 190: 24-30.

Zeng RZ, Zhu J, Xu SY, Du GH, Guo HR, Chen J, Zhang ZS and Xie L, 2020. Unreduced male gamete
formation in Cymbidium and its use for developing sexual polyploid cultivars. Frontier in Plant Science
11, 558. doi.org/10.3389/fpls.2020.00558.

Zhang H, An S, Hu J, Lin Z, Liu X, Bao H and Chen R, 2018. Induction, identification and characterization of
polyploidy in Stevia rebaudiana Bertoni. Plant Biotechnology 35: 81-86.

Zhang N, Bao Y, Xie Z, Huang X, Sun Y, Feng G, Zeng H, Ren J, Li Y, Xiong J, Chen W, Yan Y and Tang
M, 2019. Efficient characterization of tetraploid watermelon. Plants 8(10):  419.
doi: 10.3390/plants8100419.

Zhang W, Hao H, Ma L, Zhao C and Yu X, 2010. Tetraploid muskmelon alters morphological characteristics
and improves fruit quality. Scientia Horticulturae 125(3): 96-400.

Zhang Q, Zhang F, Li B, Zhang L and Shi H, 2016. Production of tetraploid plants of Trollius chinensis Bunge
induced by colchicine. Czech Journal of Genetics and Plant Breeding 52: 34-38.

Zhou J, Gu F, FuJ, Xiao Y and Wu J, 2020. In vitro polyploid induction using colchicine for Zingiber officinale
Roscoe cv. ‘Fengtou’ ginger. Plant Cell, Tissue and Organ Cult doi: 10.1007/s11240-020-01842-1.


https://doi.org/10.3389/fpls.2020.00558
https://sciprofiles.com/profile/author/RTQyMUdzRnR2WTdmVXFTRXNoaVozZnBSdkltOEZUVUVzNVgrRURrMzUzVT0=
https://sciprofiles.com/profile/681959
https://sciprofiles.com/profile/author/dDVpVmY4V3ExUWw1amVBWEptT0tXdTJJR2s5U2ZaenhEVHRXMitMeTdZMD0=
https://sciprofiles.com/profile/90930
https://sciprofiles.com/profile/author/US9sNzNxcVp3UUJIeS80a1hRU0lndz09
https://sciprofiles.com/profile/6579
https://sciprofiles.com/profile/author/SmkzT1llZ1ZpNDJHSm5VQXhHN2lzemFHY0E0b0lmNlNUQWVoa2YvNHVBVT0=
https://sciprofiles.com/profile/author/dEJqc1lvZjhOTzRpT2tsenNCdDluYzFtSzJFbG5oc0RkcmJzbjlTYy9ZMD0=
https://sciprofiles.com/profile/author/UFV4NXVROHJiSmlOaEdQR3VReWxXSjI1Y2xHSlIwekthNURqWkZBL2xOVT0=
https://sciprofiles.com/profile/author/Sk80Rmp2WUxNWHlBUEQ3akhKam5MRHNmQStsV1lPSjMvb1IwdTg0UmdUbz0=
https://sciprofiles.com/profile/author/VHVhZWsydnF4c1dFUmcyNDlmandNVDJlTWhQTk1ERi80SGxkMHk2S3l5dz0=
https://sciprofiles.com/profile/author/eDJnUGYyVXJ0RmNiaDBBNFg1c09yQ0IyRzFTVm5wUnEzbXA2M3djSXhGTT0=
https://sciprofiles.com/profile/828030
https://dx.doi.org/10.3390%2Fplants8100419

28 Miri 2020, 10(1): 1-28

U Y pazo Sgatp 30 (Logwan el b
G0 (M0 o

'C)S ‘C)S A:>|5 L';“)L"l olj oKisls ‘gLJ:L |o5lx: 05;
Email: smmiri@kiau.ac.ir

oS>

oolitl b el il o (LS g935 5 JolSS )0 (qage G285 (Sl Gy )10 (Sglgem) @) pgjs09,S acgerme 99 5l (e a5 aites (Jlogge landshy b
Oley e g Sl g (55550 sloosisS s g8 098 o0 Wl (ogian ush (b llngl 5 el (65 cmmaddS iile (igtend (liend 03lo iz
Slyms 33 et Cel Sl )5 g Foslu S8l CutS (g, oS Wl sladad (99,0 b sladad (9 e @ WlEoe g,y (al el g @ atly 5 ke o
058 93k b el s (Sulsied 5 (Sl i Suilstoe Dliis 4 i Wigioe sl 6)s s & ady slald 5 05 Ol slaes DNA
a5l 5 adgl slacudplio 1 g ouiy 2l 5 00y ST plp )3 Fn Jood VL o Shee i 0398 Ceny ) laplail adsh (L plals (I ok &
ol Gal3l ey QLS )0 i oo mal B 1) 5 e Slaogee adg ISl g was oo (285 1) HlalS (59 T (sadsh (i omizmen Wl (g i
lat; )0 3925 (lalS (aeh (s (sl peiine o 5 s (B 99 Sawl 10 )95 0 (VL Coeal Sl g0l g (LD olo; ki jladsh (b sla S
Seogilil 5 (00,5 ails Jlad 5 5y ojluil ol S el )l auile) (S35lsd 90 sla Sy b sk gl L)l Jolds oS st 5585 18 Lol ool ol i
sladoba ;0 p9j909)5 (h)led wiile palitas homiw lahy; (blis ;0 abboe (Lle slashe )3 cundlg)lS @515 Guizmen g 439, o3l 5 @S15)
4 9o 5 g oS glayll (JsSUse sla Sl d sl atis (LS 0 sadsh s eet sl (RB0 Glo ST (s Regtilugls 5 Aty et e
ol o)y 4N pobo 4 55 (b Jgare iz 50 b b SIFT Sl (B oy p ol o s oo Al landiged 5l g3k lans Julod g 4525 (61 (sl e
oS el 51 (S Wil g 5 418,518 oolitiad 50 (Ll QLS ) (5 ks 9,8 Sguge 50 45 Ceslaiae sauish Gy slas S (I b 4 oo

e Cgmire SBLS 2ol slaasliy ;o el

S 25 ool (s taglugld tpsi) ol pl 93 el 1bLS Mol i gualS sla oy



