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ABSTRACT

Nowadays, it seems like human beings are worried about how the world will meet its food security demand urgently
when they have faced on rapidly increasing population and combat climate change. Scientists and researchers are
indispensably investigating to enhance food sources such developing novel cops with high yield and good quality and
even coping with the adverse environment in terms of biotic and abiotic stresses. Thus, there is one valuable method it is
believed that should be developed further. In fact, it is believed that human beings should continue using it as soon as
possible because it can provide the world with a source of food. Polyploidization introduced by plant growth regulator
induction is a good method because it is safety and easy to develop new crops with potential agronomic traits, these
polyploidy plants are rare aneuploid and it contains intriguing characteristics of polyploidy plants in adapting to ecological
variability. This review sheds light on 1) summarizing molecular mechanism of plant growth regulator induction for plant
ploidy manipulation; 2) achieving of polyploidization through plant growth regulator induction; 3) enumerating the
perspectives of polyploidization in crop development to cope with climate change. Although the role of phytohormones
is underestimated, the effectiveness on physiological level of plants to make polyploidy plants is worth considering and
the effects and bio-safety of that on human are also concerned.
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genetic material synthesis (S phase), and gap phases G1 and G2
separating the two phases mentioned above. To complete the cell cycle,
the complex transitions have to overcome two important check-points
consisting of from G1 to S and G2 to M phase which is actually
required mitogenic signals. The M phase mistaking in the cell cycle
results in endoreduplication and ploidy formation in some rare cases™.

There were several main artificial processes to develop tetraploid
plants from diploid counterpart. Each process consists of pros and cons.
Here were some of them. Using 2n gametes by hybridizing different
ploidy 4x-2x or 2x-2x can make tetraploid plants®*. A typical
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example was that 2n gametes had the prospect to become an remarkable method for potato germplasm
application, yet elite potatoes do not always to be successful®®.. The next method could be applied to make
polyploidy plant was the fusion of 2 protoplasts, but it is a complex techniquel®”. Another method was using
anti-spindle formation chemicals such as colchicine, oryzalin, trifluralin etc.’®®). However, using antimitotic
chemicals might make a high ratio of chimera plants which reached 50%-100% by treating oryzalin®*. In
contrast, the method of phytohormone induction that can make euploidy plants with chromosomes doubling
by phytohormone-based induction to be substantially successfull***? will be deeply discussed here. Although
studies showed that residues of phytohormones when using in production or in the field can affect
environmental pollution, the development of animal, human health problems, and food poisoning if using them
was not corrected the producer’s instructiont**'4l, Thus, the high residue of phytohormones in food can lead to
toxicity to organs such as liver, kidney, neurosystem, fluctuate antioxidant defense system or even induce
cancers®® ", Therefore, maximum residues limits of phytohormones have been controlled by international
and national laws not only to monitor and regulate phytohormone residues in food but also to ensure the food
safety. However, when comparing with using anti-mitotic chemicals (colchicine, oryzalin, trifluralin etc.) in
polyploidization, phytohormones are safer to human beings and environments, especially polyploidisation only
using in laboratory scale where biosafe was strictly protected.

This review provides insights into polyploidization by plant growth regulator induction and then think
that the advantages of polyploid plant are more valuable as well as discussing the application for ploidy
manipulation for plant breeding and crop improvement strategies. This review will first introduce the molecular
mechanisms of polyploidy plant development by plant growth regulator induction is a valuable method because
of the fact that it is easy to develop new crops with potential agronomic traits, but rare aneuploid and then
discuss that polyploidy plants contain intriguing characteristics of polyploidy plants in adapting to ecological
variability and climate change.

2. Molecular mechanisms of plant growth regulator induction for ploidy
manipulation

2.1. Signaling auxin in cell cycle

It is proved that auxin, a class of key plant growth regulator regulating many aspects of plant development,
has been illustrating its essential function in overcoming checkpoint of preparing DNA replication or transiting
from G1 to S. To be more precise, several in-vitro plant propagations reveal the molecular mechanisms
provided insights into the auxin function in regulating cell cycle™!. The intriguing crosstalks showing this
process are specifically described. Auxin-based induction occurred on the expression of genes related to the
cell cycle involving cycD3:1, and CDKA:1 standing for a cyclin D gene and cyclin-dependent kinase gene,
respectively. To be more accurate, the auxin receptor called an F-box protein TRANSPORT INHIBITOR
RESPONSEL1 (TIR1) binding auxin is pointed in Figure 1A. However, in other studies, it was mentioned that
there was the second auxin receptor: AUXIN-BINDING PROTEIN 1 (ABP1) existing is also described in
Figure 1B1°!, When auxin is presented, it combines with TIR1. This complex is a bridge between Aux/IAA
and SCF to activate the degradation of Aux/IAA by the proteasome. Meanwhile, ARFs are free from Aux/IAA
repressor and ARFs activate the transcription process?®. These genes were key functions in forming
CDKA/CYCD complex assembling (CYCD- D type cyclins). At the same time, two isoforms Kinesin-related
Proteins including KRP1 and KRP2 encoded respective two CDK inhibitors reducing expression under auxin
exposure and preserving the activated CDKA/CYCD complex. This phosphorylated complex could then
phosphorylate a protein called transcriptional repressor retinoblastoma-related (RBR). This led to the release
of its target complex consisting of Adenovirus E2 promoter-binding factor A/B (E2FA/B) and dimerization
partner A (DPA). Stabilizing the E2FA/B and DPA by auxin through post-transcriptional regulation which
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associated the expression’s essential genes initiated the S phase. After S phase completion, auxin enhanced the
degradation of F-box S phase kinase-associated protein 2A (SKP2A) via E3 ubiquitin ligase complex SCF
(standing for Skp, Cullin, F-box) containing complex preserving E2FC and DPB complex. This complex
repressed S phase genes to express. Many studies proved that auxin is not only a significant signal for transiting
checkpoint G1/S or entering DNA synthesis but also the requirement of G2/M transition in completing the
mitotic process?,
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Figure 1. TIR1 and ABP1 receptors of auxin in signaling pathways. A. The auxin receptor called an F-box protein TRANSPORT
INHIBITOR RESPONSEL1 (TIR1) binding auxin, B. The auxin receptor named AUXIN-BINDING PROTEIN 1 (ABP1) binding
auxin.

2.2. Sugar molecules in cell cycle

Sugar is a hugely vital function in distributing not only carbon structure and energy source but also the
role of transmission of signaling molecules in controlling gene expression. To be more exact, there was a tight
correlation among glucose and expression of genes related to cyclins such as cycD2;1, cycD3;2, cycA3;2 and
cycB1;2[222% related to cell cycle is shown in Figure 2. Thus, it was also proved that the D-type cyclin was a
function as sensors of outer condition and coupled with a kind of kinases named cyclin-dependent kinase as
CDKA to modulate phases of cell while A3 and B1 could have a function in the change of G1/S and G2/M, in
turn®*®!. The transition of G2/M was an important step to assist the mitotic process that was regulated by
several genes. A case in point is that glucose (Glc) signaling pathway in Arabidopsis thaliana meristematic
tissue commences the G2/M shift via the inhibiting process of the transcriptional process of the negative
regulator named TPR-DOMAIN (Tetratricopeptide repeat (TPR)- domains bind specific peptide ligands
to mediate protein—protein interactions) SUPPRESSOR OF STIMPY(TSS). Crucial phases of cell genes
like CYCB1;1 (B type cyclins) and CDKB1;1 (cyclin-dependent Kinases)were activated to overcome G2/M
transition. Although glucose inadequate led to initiate mitotic pathway, auxin-regulated to complete the
process'?. In shortly, auxin and glucose, a sugar synchronized role in regulating G2/M transition.
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Figure 2. The signaling pathways of plant growth regulators and sugar on cell cycle and endoduplication that formates polyploid.

2.3. Gibberellin in regulating cell cycle
An essential plant growth regulator in controlling cell expansion, cell differentiation, and seed
germination named gibberellin or gibberellic acid (GA) is related to the mitotic process. To be more accurate,
the process regulating the cell cycle of gibberellin is very complex. This means GA elevates significant
pathways of plant growth via cell expansion through promoting the reduction of DELLAS’ nuclear factor that
DELLA proteins get their name from five conserved amino acids (aspartic acid, glutamic acid, leucine, leucine,
and alanine) is summarized in Figure 2#"?8, To start with, GA binding with a kind of receptor named receptor
GA-INSENSITIVE DWARF1 (GID1) enhanced interface of GID1 with growth-repressing DELLA proteins
restraining cell production?®3%, following DELLAs polyubiquitinated through the E3 ubiquitin-ligase SCF*-"*
(SCF standing for Skp, Cullin, F-box and SLY1 standing for SLEEPY1 ) and DELLAS have finally destructed
by a protein degraded construction as 26S proteasomel®*? of which SCF complexes are the largest family of
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E3 ubiquitin—protein ligases and mediate the ubiquitination. When the GA-deficient gal-3 or the mutant of F
box factor as sly1-10 lead to dwarf phenotype due to the lack of DELLA function®"*233, Thus, it is observed
that DELLAs detain cell production through increasing Kip-related protein 2 (KRP2) and SIAMESE (SIM),
the cell cycle inhibitors. This means that DELLAs involve in plant growth inhibitory activity by reducing not
only cell division and elongation rates leading to phenotypic plasticity.

3. Achievements of polyploidization through plant growth regulators
induction

That polyploidization through phytohormone induction outranks other methods in terms of time-saving,
rare aneuploid, and easy to conduct. In particular, several successful studies proved that exploitation of plant
growth regulators induced polyploidization the typical of which are those which involve various plants such
as crops, ornamental and medicinal plants. For instance, a medicinal plant obtaining polyploidy Artemisia cina
by inducing plant growth regulators after treating with 2,4D combined with BA was observed that polyploid
ones enhance biomass such as larger leaves, larger stomatal size, and higher chlorophyll content in comparison
with diploid baring stomatal density. Likewise, observing polyploid Artemisia cina induced by one kind of
spindle inhibitor, colchicine, combined with two plant growth regulators consisting of BA and 2,4D revealed
that higher ploidy plant significantly increased not only biomass of leaves and root but also quercetin and
kaempferol contents in comparison with lower ploidy onel*>*!. Another typical example is that tetraploid
potato gained by plant growth regulators induction of zeatin riboside combining with indole acetic acid,
gibberellin, and sugar as well. Particularly, the polyploidization has occurred in two consecutive phases. The
first phase is that induction mitosis was conducted in Murashige Minimal Organic Medium added sucrose,
zeatin riboside, indole acetic acids (IAA), and gibberellic acid (GA3). Zeatin riboside and 1AA have functioned
to promote the S-phase of the cell cycle. While the high concentration of sugar with 50 g/L and a high
concentration of GA; of 10 mg/L stimulate S-phase but inhibit mitosis. The explants were sub-cultured in the
same medium after every two weeks and repeated up to three times to maintain the concentration of growth
regulator and sugar. The second phase is that shoots form, the callus was changed into the MSA medium (CIP-
Centro Internacional de la Papa- International Potato Center): Murashige Minimal Organic Medium with a
low concentration of GA3 and sucrose. Interestingly, these tetraploid potatoes are more likely to be resistant to
potato tuber moths™23"*8 In micropropagation of tomato (Solanum lycopersicum) induced by IAA and zeatin,
the frequency of polyploid found ranging 9%-14% is an apparent exampleP®. Another example is that
Gibberellin induces diploid pollen formation via interfering with meiotic cytokinesis is observed in
Arabidopsis. The production of diploid (2n) pollen grains is related to repressor of gal-3 (RGA) and
Gibberellic acid insensitive (GAI), a member of the DELLA family, which functions as a suppressor of GA
signaling®“?. Autopolyploid A. platanoides ‘Crimson Sentry’ was gained by pretreating for 7 days on MS
medium adding 4 uM benzyl adenine (BA) alone or combined with 1 uM Indole-3-butyric acid (IBA), indole-
3-acetic acid (IAA), or 1-naphthaleneacetic acid and then treating in liquid MS medium containing 15 uM
oryzalin for 3 days*. Using growth regulators as Zeatin and IBA have successfully induced tetraploid
eggplant is a typical protocol for polyploidization recently without having formed a chimeric plant™?. It seems
that the advantages of technological progress which allow people to perform polyploidization via growth
regulators do outweigh the benefits involved.

4. Perspectives of polyploidization in crop development

Polyploidization provides insight into a potent means in support of novel crop advancement by facilitating
breeding. This means induction of polyploidization is vital for human beings mainly because it can open the
doors of breeding opportunities for success in emerging new crops. A case in point is that polyploidization
through plant growth regulators induction is more likely to be successful in the future of crop development
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strategies associated with developing seedless forms thanking triploid plants, increasing ornamental features,
adapting to harsh environmental conditions, enhancing biomass, and restoring fertility were enumerated in
several reviews!**!l, To be more specific, whole-genome duplication may substantially affect crop breeding
and development strategies due to the fact that they may cause noteworthy genetic changes in gene function
and gene expression, and regulation®**®!, The specific effects from polyploidization may be proved in various
greatly along to species, especially with polyploid induction methods that have been mentioned above.

Concerning the increasing ornamental characteristics, many findings were proved that higher levels of
ploidy plant species gained a number of intriguing traits. For example, the flower of tetraploid gerbera
(Gerbera hybrida; Asteraceae) gained fascinating characteristics such as flower became larger, ray florets were
wider, flower scapes were thicker, etc., in comparison with diploid counterpart*”. Regarding seedless nursery
crops, several triploid plant species have gained from the hybrid of diploid and tetraploid counterparts that
were seedless. To be more precise, watermelon and banana triploid were typical, successful examples of
triploid seedless and have been popularly exploited in commercial for several decades**>". As far as
enhancing biomass is concerned, whole-genome duplication benefits the biology of plant species. A case in
point is that cell size increases substantially in polyploids that might affect the organism especially in guard
cells, pollen tubes, xylem, and other organs® 4. With regard to guard cells, epidermal cells have flank stomata
that are the pores in the leaf surface assisting gas change which is essential for energy production by the
photosynthetic process. It is known that stomatal size and density relate to the rate of CO, uptake into the plant
and transpiration rate of water as well®>®1. To be more accurate, studying mutants in Arabidopsis thaliana
revealed that more stomatal density leads to higher CO, assimilation under high light, but less stomatal density
could reduce gas exchange and photosynthetic rates®" 8. As well as this, restoring fertility is a vital
characteristic of polyploidization. This provides a homolog for chromosomes to pair with during meiosis, then
restore fertility. To be more precise, whole genome doubling has led to success in restoring fertility in the wide
hybrids Rhododendron ‘Fragrant Affinity’®, xChitalpa tashkentensis®”, and Rudbeckia sp.'®Y). Furthermore,
chromosome duplication restored fertility to Miscanthus xgiganteus, the interspecific triploid bioenergy grass
is a typical example!®?,

In addition to this, polyploid has efficiently mitigated and adapted to detrimental environmental
conditions®®, Abiotic stress tolerance and biotic resistance were obviously witnessed in coping with a
deleterious environment. Concerning salt stress, several investigations revealed that polyploid plants response
to salinity stress to adapt to high salt concentration conditions consisting in not only physical processes such
as cumulating Na* extrusion in the root, rising Na* transport to leaf, regulating osmotic but also genes
expression related to antioxidant, mitigating reactive oxygen species (ROS)-functioning as signal transduction
molecules that regulates different pathways during plant acclimation to stress, photosynthesize cues, changing
single nuclotide polymorphism (SNP) marker related to salt stress, up-regulating aquaporin genes,
phytohormone transduction cues, protein processing, regulating transcription factors, up-regulating ATP
synthase, a catalyzing protein that functions the formation of the energy storage molecule adenosine
triphosphate (ATP) using adenosine diphosphate (ADP) and inorganic phosphate (P;), to enhance ion transport
changing proton as well as using miRNAs®*"2, Concerning drought stress, polyploidy plants have used
miRNAs mechanisms and target genes controlling transcriptional regulation, hormone metabolism, and plant
defense, a rise in abscisic acid (ABA) content, a plant hormone functions in plant developmental processes,
consisting of seed and bud dormancy, the control of organ size and stomatal closure, especially important for
plants in the response to environmental stresses, cope with water insufficiency in several polyploidy plants
were witnessed in Paulownia fortunei, P. australis, P. tomentosa, Lycium ruthenicum!™ 78, Activating
antioxidant defense systems were to sufficiently exist in heat stress in polyploidy Dioscorea and Arabidopsis
are typical examples’®®2, Polyploidy plants might increase antioxidant and epigenetic to adapt to cold
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temperature®#4, A way to survive in an environment containing a high concentration of copper to higher
ploidy plants is that they have enhanced Cu transport gene, activated anti-oxidation defense, positive regulated
expression ABA-responsive genes, while autotetraploid have changed root anatomical characters to adapt to
the high concentration of boron in environmental living!®®®. The capacity of NaHCO; stress tolerance of
autopolyploid birch plant (B. platyphylla) was illustrated by enhancing expression of target genes controlled
proline biosynthetic processt®”. As far as biotic resistance is concerned, there were to witness autotetraploid
plants such as Malus > domestica and S. chacoense. For instance, the capacity of common scab resistance of
autotetraploid potato has been gained by hybridizing 2n gametes from diploid S. chacoense®®. Further, a way
to support autopolyploid to enhance the resistance of Venturia is that significantly increases Rvi6 resistance
gene-locus®. This review is mentioned that polyploidization contributes better adapting to a harsh
environmental condition in terms of suitability for cultivars due to the aforementioned benefits. Scientists and
breeders can benefit immensely from polyploidization since it contributes potential agronomic traits being
exploited efficiently to those desiring development of new cultivars.

5. Conclusion

In brief, it is true that current crops cannot supply all of the world’s food security needs much longer.
However, human beings can develop novel potential crops that contain good quality and high yield from the
initiated development in the laboratories to field trials through developing polyploidization. Polyploids
developed through plant hormone induction do outweigh the benefits involved, especially polyploidy induction
process only being applied in laboratory scale to make plant parents where biosafe was strictly protected to
avoid effects and bio-safety of that on human. It is undeniable that polyploidization nowadays plays an
important role in breeding strategies which scientists and breeders may benefit immensely from gaining higher
ploidy level plants after polyploidization since it contributes to desired agronomic traits being exploited for
breeding as a whole. Polyploidy plants not only are food supplies, ornaments, and medicinal materials but also
are void of the detrimental environment by enhancing abiotic and biotic tolerance. Unquestionably, new crops
whether the artificial or natural polyploid formation is essential for success to ensure source’s food security to
those living on this planet to cope with climate change in the future.
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