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Abstract 
Polyploidization is one of the most crucial pathways in introducing speciation 
and broadening biodiversity, especially in the Plant Kingdom. Although the 
majority of studies have focused only on allopolyploid or disomic polyploids, 
polysomic polyploid species have occurred frequently in higher plants. Due to 
the occurrence of the capabilities of more copies of alleles in a locus which 
can have additive dosage effects and/or allelic interactions, polysomic polyp-
loids can lead to unique gene regulations to silence or adjust the expression 
level to create variations in organ size, metabolic products, and abiotic stress 
tolerance and biotic stress resistance, etc. This review aims to comprehen-
sively summarize the contemporary understanding and findings concerning 
the molecular mechanisms of gene expression as well as gene regulation in 
natural typed and resynthesized polysomic polyploid plants. The review in-
vestigates the molecular level of phenomena in polysomic polyploid plants 
such as 1) typically enlarging organ size and stabilizing meiosis, 2) increasing 
phytochemical content and metabolic products, 3) enhancing the ability to 
adapt with biotic and abiotic stress, and 4) changing in gene regulation to si-
lence or adjust the expression levels involve in sequence elimination, methy-
lation, gene suppression, subfunctionalization, neo-functionalization, and trans-
poson activation. 
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1. Introduction 

A plentiful history and various approaches have been used to study polyploid. 
Over one hundred years, the early stage of cytological investigations has found 
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phenomenon that some plants have had a set of doubled chromosomes [1]. Po-
lyploid hypothesis has been suggested by Winge, 1917 [2]. Based on the origins 
of polyploids, polyploids have divided into autopolyploid and allopolyploid [3]. 
Autopolyploid plants double a set of chromosomes of the same species (Table 
1); allopolyploid plants are coming together with various types of chromosomes 
which from different species. Origin of polyploids has resulted in non-reduced 
gametes and somatic doubling [4] [5] [6]. Based on the genetic or cytogenetic 
features of polyploids, polysomic polyploids are comprised of homologous 
chromosomes that segregate from multivalents or stochastic bivalents. On the 
other hand, disomic polyploids are comprised of at least two arrangements of 
homeologous chromosomes that segregate from bivalents shaped distinctly be-
tween homologous chromosomes [7]. Polysomic polyploid is utilized by Mackey 
(1970) [8], rather than “autopolyploid” as utilized by Stebbins (1947) [9] and 
other botanists. The term “polysomic polyploid” refers to autopolyploids with 
multiple copies of alleles in a locus and at least 2 paired homologous chromo-
somes in gametogenesis that form multivalents [8] [10] [11] [12]. Recently, there 
has been an increasing interest in the exploration of the polysomic polyploidy 
mechanism, leading to the re-emergence of concerns about polyploid plants 
[13]. Previous studies mainly unraveled a hypothesis that polysomic polyploids 
are evolutionary dead-ends [14] [15]. However, recent research in angiosperm 
plants revealed that autopolyploids occur more popular than expected and just 
as frequently as allopolyploids [16] [17]. Possibly due to genome rearrange-
ments, polysomic polyploids have been proven to have a high level of hereditary 
and genomic diversity, leading to a variety of biochemical products [18] [19] 
[20]. Therefore, polyploids might have broader ecological amplitudes than their 
diploid counterparts; in consequence, polyploid events occur more frequently in 
domesticated plants than their wild relatives, e.g. 54% of monocot crops are po-
lyploids, while 40% of them are wild species [20] [21]. However, wild relatives 
have potentially advantageous gene pools, determining biotic stress resistance 
and abiotic stress tolerance (in corn, cotton, rice, and soybean) [22] or attractive 
traits (in potatoes [23] [24]). Current strategies for domestication and breeding 
of wild relatives may reduce the hereditary diversity of all crops [25]. Therefore, 
the majority of commercial crops are polyploids, which have an increased level 
of heterozygosity, compared to diploids [26] Several crops are autopolyploidy 
plants (watermelon, strawberries, potato, banana, and alfalfa) derived from an in-
creased allele number generating novel morphologies. Polyploidy, being so wide-
spread crops must have some selective benefits such as hybrid vigors, enabling 
evolutions in the changing functions of genes, and alternation of regulation [27]. 
Polyploid have also been used as a bridging organism by constructing innovative 
cultivar species involving autotriploids (triploid sugar beet and watermelon), au-
totetraploid (potato, alfalfa) that have larger flowers and more extended blooming 
period [28]. One practical application of polyploid is an enhancement and expan-
sion of commercial crops. 

https://doi.org/10.4236/ajps.2019.108101


P. V. Hieu 
 

 

DOI: 10.4236/ajps.2019.108101 1411 American Journal of Plant Sciences 
 

Table 1. Chromosome number of diploid and polyploid plants. 

No. Species 
Chromosome number of  
diploid and polyploids 

Reference 

1 Camellia sinensis L. 2n = 2x = 30, 2n = 4x = 60 [71] 

2 Lycopersicum esculentum 2n = 2x = 24, 2n = 4x = 48 [134] 

3 Citrus limonia Osbeck 2n = 2x = 18, 2n = 4x = 36 [135] 

4 Arabidopsis thaliana 2n = 2x = 10, 2n = 4x = 20 [96] 

5 Biscutella laevigata 2n = 2x = 18, 2n = 4x = 36 [128] 

6 Brassica rapa 2n = 2x = 20, 2n = 4x = 40 [64] 

7 Paulownia tomentosa 2n = 2x = 40, 2n = 4x = 80 [136] 

8 Anoectochilus formosanus Hayata 2n = 2x = 24, 2n = 4x = 48 [40] 

9 Helianthus decapetalus 
2n = 2x = 34, 2n = 4x = 68 

2n = 6x = 102 
[137] 

10 Morus alba L. 2n = 2x = 28, 2n = 4x = 56 [57] 

11 Phlox drummondii Hooker 2n = 2x = 14, 2n = 4x = 28 [116] 

12 Nicotiana benthinana 2n = 4x = 38, 2n = 8x = 76 [138] 

13 Paulownia fortunei 2n = 2x = 40, 2n = 4x = 80 [139] 

14 Chrysanthemum nankingense 2n = 2x = 18, 2n = 4x = 36 [113] 

15 Citrullus lanatus 
2n = 2x = 22, 2n = 3x = 33 

2n = 4x = 44 
[140] 

16 Chrysanthemum lavandulifolium 2n = 2x = 18, 2n = 4x = 36 [106] 

17 Brassica rapa L. ssp. pekinensis 
n = x = 10, 2n = 2x = 20 

2n = 4x = 40 
[64] 

18 Malus × domestica Borkh 2n = 2x = 34, 2n = 4x = 68 [58] 

19 Arabidopsis arenosa 2n = 2x = 16, 2n = 4x = 32 [141] 

20 Linum album 2n = 2x = 18, 2n = 4x = 36 [42] 

21 Oryza sativa 2n = 2x = 24, 2n = 4x = 48 [76] 

22 Hordeum bulbosum 2n = 2x = 14, 2n = 4x = 28 [50] 

23 Isatis indigotica 2n = 2x = 14, 2n = 4x = 28 [49] 

24 Paspalum notatum 2n = 2x = 20, 2n = 4x = 40 [47] 

25 Papaver somniferum L 2n = 2x = 22, 2n = 4x = 44 [43] 

26 Betula platyphylla 2n = 2x = 28, 2n = 4x = 56 [51] 

27 Paulownia australis 2n = 2x = 40, 2n = 4x = 80 [55] 

28 Physalis angulata LINN 2n = 2x = 36, 2n = 4x = 72 [84] 

29 Dendrocalamus latiflorus Munro 
2n = 3x = 36, 2n = 6x = 72 

2n = 12x = 144 
[119] 

30 Nicotiana alata 2n = 2x = 18, 2n = 4x = 36 [98] 

31 Solanum phureja n = x = 12, 2n = 2x = 24 
2n = 4x = 48 

[108] 

32 Lonicera japonica Thunb. 2n = 2x = 18, 2n = 4x = 36 [91] 

33 Medicago sative L. 2n = 2x = 16, 2n = 4x = 32 [142] 

34 Dioscorea zingiberensis 2n = 2x = 20, 2n = 4x = 40 [97] 

35 Anacamptis pyramidalis 2n = 2x = 36, 2n = 4x = 72 [59] 

36 Centaurea phrygia 2n = 2x = 22, 2n = 4x = 44 [60] 

37 Pyrus communis 2n = 2x = 34, 2n = 4x = 68 [143] 
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Polyploidy is increasing in frequency in the plant kingdom as more evidence 
shows that nearly 70% of angiosperms have a historical evolution involving one 
or more periods of genetic materials duplication in their progenitors [29] [30]. 
Polyploid went through with short-term factors affecting survival such as effects 
on species interactions, environmental robustness, and biodiversity before facing 
long-term factors as environmental instability [31] [32] [33]. Paleopolyploids, a 
kind of ancient polyploid, as well as novel polyploids have remarkably changed 
their size, components, and intricate hereditary materials. Catalysts for processes 
of speciation and biodiversification might derive from preserved pivotal genes, 
changed functions, and alterations in complex regulatory systems after the en-
largement of genomic potential through key innovations or phenotypic alterna-
tions [7] [34] [35] [36] [37]. Genetic material content and transcriptomes may 
rapidly change after polyploidization, and regulatory interactions occurred in 
levels of subgenomes [38]. 

Much research on gene expressions and transcriptomes has showed several 
divergences between ploidy levels of three kinds of plants, i.e., herbs, shrubs, and 
trees. Polysomic polyploid herbs have tended to upregulate genes related to the 
biosynthesis pathways [39] [40] [41] [42] [43] [44]. The differences of transcrip-
tomes concerned functions in polarity of cell and conservation of cell membrane 
integrity, cell wall biogenesis, synthesized pectin, and metabolism [45] [46], cluster 
DNA repair process, chromosome structure modification, adjustment of tran-
scriptomes, protein function in lysis, folding, metabolites of carbohydrates and 
lipids [47], signal transductions, transcriptional regulations, metabolic pathways 
and developmental pathways [48] [49], synthesis of expansin and pectin (cell 
development), cell wall elements, metabolic processes of byproducts, and the 
pathways of responsive adverse condition and using light energy pathways, an-
tioxidant enzymes, more express miR528-3p in DNA-replication, repair, and sa-
linity stress. Additional, miRNAs also play an important role in function in po-
lysomic polyploid to support a high concentration of salt tolerance [50]. In trees, 
gene expression and transcriptomes found genes linked to biosynthesis, leading 
to change in transduction pathways and ethylene after polysomic polyploid re-
sulting in morphological changes [51], as well as pivotal differential expression 
belong to carbon fixation group and energy metabolism group [52], photosyn-
thesis, the synthesis of lignin, and the enhancement of manifested transcription 
factors in tetraploid supporting salt tolerance [53]. Transcriptomes in trees also 
revealed several miRNAs that play a role in drought stress [54] [55] [56]. Be-
sides, shrubs showed divergent photosynthesis processes and the promotion of 
biosynthesis as well as adjusted phytohormone pathways including auxin, gib-
berellins, cytokinin, and ethylene [57], increased the proline content and expres-
sion of aquaporin genes [58]. 

Polysomic polyploid changes development processes involved in periods of 
flowering, grain production. The autotetraploid Anacamptis pyramidalis shifted 
its flowering time and enhanced a new environmental adaptation that persisted 
in the subsequent population differences in diploid [59]. A study seed produc-
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tion of the autotetraploid and its diploid Centaurea phrygia showed greater seed 
production in higher ploidy [60]. The analysis of a whole genome of the Arabi-
dopsis arenosa autotetraploid and its diploid counterpart showed that several 
genes related to genome conservation functions were a hereditary adaptation af-
ter polyploidization consisting of chromosomal cohesion and separation, DNA 
reparation, crossover, modulation of transcription and framing of genetic mate-
rials. It anticipated to gene interaction with each other’s [61]. Polysomic polyploid 
has confirmed the need to continue studying novel functional genes. Changes in 
gene functions might occur following polyploidization as a case of neofunctiona-
lization [62] [63]. 

The purpose of this review not only is to concisely evaluate the latest progress 
of polysomic polyploid but also summarize the current state of this phenome-
non. It creates an understanding of polysomic polyploid by discussing the find-
ings presented in recent research papers. This review paper also presents some 
challenges. In general, the studies on polysomic polyploid are scarce. The dif-
ference in transcriptomes of polysomic polyploid is not as obvious as in allopo-
lyploid. In cases of whole genome duplication, transcriptome analysis becomes 
complicated due to massive data and several complicated processes involved 
along with elucidating the complicated physiological, cytological and molecular 
mechanism. This review aim to consolidate understanding of the molecular cha-
racteristics of genetics of polysomic polyploids based on recent research related to 
some native attributes of natural-typed and resynthesized autopolyploid plants, 
e.g. larger organs, meiosis stability, high concentrations of phytochemicals and 
metabolic products, adaptive responses to biotic and abiotic stresses, the molecular 
mechanisms of gene expression as well as gene regulation (sequence elimination, 
methylation, gene suppression, subfunctionalization, neo-functionalization, and 
transposon activation) are also concerned. 

2. Polysomic Polyploids Have a Phenotypic Meiotic  
Peculiarity 

Polysomic polyploids are prevalently known as organisms whose enlarged or-
gans are constructed by mechanisms of extension and divarication at the cell le-
vels. In one study, a series of ploidy of Chinese cabbage (Brassica rapa L. ssp. pe-
kinensis) originating from a haploid plant showed an enhanced ARGOS expres-
sion in proportional polysomic levels in both leaves and floral bud [64] [65]. In 
addition, overexpression of ARGOS protein is thought to regulate downstream 
of transcription factor ANT (AITEGUMENTA) in promoting cell division of 
aerial organs through modulating cyclin CYCD3, a factor involving in a cell 
cycle. Besides, the increase of ARGO signals may boost the expression of Arabi-
dopsis Growth-Regulating Factor 1 (AtGRF1) and Arabidopsis EXPASIN 10 
(AtEXPA10) that regulate cell expansion [66]. In another study, transcription of 
the lipid transport genes such as wbc11-2 and cer5-2 was found to enhance cell 
extension of hypocotyls in polyploidy thale cress grown in the dark. Both of 
those genes were further discovered to have an important role in the genesis of a 
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thicker cuticular layer of tetraploid mouse-ear cress [67] [68] [69]. Another re-
cent study also showed changes in a cell wall composition and plant growth after 
polyploidization occurred [70]. In general, size enlargement in polysomic po-
lyploid plants is promoted by both cell proliferation and cell length consequently 
leading to gigantic effects [64] [71]. Enlarged organ size in a polysomic polyploid 
plant usually leads to increased yield and crop production [71]. As mentioned 
earlier, enlarged organs are quite common in polysomic polyploidy. However, in 
some cases like the tetrasomic tetraploid apple tree (Malus domestica), a dwarf 
morphology was unexpectedly found compared to its diploid counterpart. A test 
of the paraffin diploid sample showed that the vertical parenchyma cell was longer 
than in higher ploidy. The third and fifth year of autotetraploid apples showed a 
sharp reduction in phytohormone concentration of indoleacetic acid (IAA) and 
brassinosteroid (BR). Digital gene expression (DGE) for RNA-seq also revealed 
divergent transcriptions related to IAA and BR networks. A microarray result 
additionally showed that enhanced microRNA390 in duplicated genotype could 
led to upregulation of MdTAS3 (apple trans-acting short-interfering RNA3), 
which might downregulate MdARF3. This molecular mechanism interrupted the 
activation pathway of IAA and BR, which afterward lead to the midget pheno-
type of tetrasomic tetraploid apples [72]. Biosynthesis and signal transduction of 
IAA (indole acetic acid) and ethylene were found modified after genotype dup-
lication in Betula platyphylla, which subsequently developed morphological 
changes [51]. 

In polyploid plants, phenotypic and microstructural variation occurred in 
phenomena that related to expression level in transcriptome analysis. In a study 
on polysomic polyploid Paulownia australis, larger and broader polyploid leaves 
that were found to have larger but fewer cells than diploid ones could possibly be 
an evidence of phenotypic and microstructural variation of ploidies. Likewise, 
Rangpur lime (Citrus limonia) autotetraploid showed remarkable differences in 
the structure and physiology of leaves, stems, and roots comparing to diploids. 
Interestingly, these physiological changes were not parallel to the corresponding 
modification that occurred in foliar transcription. Microarray analysis on leaf 
transcriptome on 21,081 genes revealed that there were less than 1% differences 
in gene expression, with a maximum of twofold differnce in expression level 
between diploid and tetraploid. Furthermore RT-PCR confirmed microarray re-
sults for six of those upregulated genes: five genes function in drought stress and 
act the same way in both ploidy levels, the last one codes a histone which might 
play a pivotal role in modulating development [73]. Transcriptome analysis in 
another study of Betula platyphylla autotetraploid showed direct link between 
upregulated 7052 unigenes and downregulated 3658 unigenes and the alteration 
morphologies [51]. Aside from transcriptomes studies, proteomes research on 
Paulownia australis detected 773 differentially abundant proteins (DAPs) out of 
total 3010 proteins that might be involved in cell proliferation, synthesis of glu-
tathione and the constituents of the cell wall (lignin, cellulose) and photosyn-
thetic pigments [74]. Analysing proteomes plays a pivotal role in identification 
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protein conferring functions that are differentially abundant protein in cell pro-
liferation. 

After autopolyploidization, polysomic polyploid meiosis became more intri-
cate due to the occurrence of multivalents. The disjuncture of sister chromosomes 
in gametogenesis needs to be equal to make microspores [75]. Using microarray 
dissection to evaluate the hereditary deviation of male gametogenesis, research-
ers found that diploid and tetrasomic tetraploid rice displayed several unusual 
chromosome manners, involving multivalents, cell proliferation lacked asyn-
chronous, chromosomes that lagged, etc. in gametogenesis of higher ploidy. Al-
though the higher ploidy rice exhibited several divergent types of irregularity such 
as multi-aperture, the degeneracy of male gametophytes, and difference of cell 
wall, the generation of microspores and microgametes the two types of ploidy rice 
were nearly the same. The maintained expression of genes supported pollen 
growth as well as cell metabolism, cell physiology, binding, catalytic process, 
molecular transducer process and regulatory pathways of transcription. In am-
brosia transcriptome of polyploid rice was 1251 genes were expressed differen-
tially than in diploid with 1011 upregulated transcripts and 240 down-regulated 
ones. The number of 124 co-up-regulated transcripts and six co-down-regulated 
ones have identified for the time of three phases of pollen generation—almost 
genes connected to pollen growth up-regulated in polyploid rice. In doubled te-
traploid rice, differential expressions of some pivotal genes affected the complex 
gene modulation with the abnormal creation of male gametophytes [76]. Thus, a 
comparison of diploid and autotetraploid thale cress Arabidopsis arenosa by 
SNP analyzing revealed 70 genes linked to gametogenesis. Choosing seven genes 
encoding structural proteins (ASY1, ASY3 PDS5, ZYP1a, ZYP1b, SMC1, and 
SYN1/AtREC8) that are associated with meiosis, pre-prophase containing sister 
chromosome cohesion, axis formation, and crossing over. There was a divergent 
transcription of these genes in two kinds of ploidy Arabidopsis [77]. The diver-
gence of genetic modulation in floral bud development at the meiosis of diploid 
and its tetraploid Brassica rapa identified by comparing RNA profiles showed 
4601 DEGs (differentially expression genes), 288 of which are functional in mei-
osis, including DMC1 genes identified as having a function in repairing DNA 
double-stranded breaks (DSBs) and being meiosis gene [78]. This gene was down-
regulated in tetrasomic tetraploid B. rapa, which supports the explanation of ano-
malous meiosis I. In addition, DEGs with functions on enzymes for a form of RNA 
molecules, somatic DNA repair, and cell-division cycle were up-regulated in te-
traploid genomic plant [79]. Remarkably, an investigation of the differently ex-
pressed miRNAs (DEM) in a period of growth of male gametes and female ga-
metophytes of seeds plant in tetrasomic tetraploid rice revealed 321 and 368 
DEM, respectively. It had seven dominance classes of gene function involving 
sequence-specific DNA binding factors and flora progress allied to pollen growth 
and 30 dominance classes of gene function consisting of transduction cues and 
specialized cell types to promote the growth of embryo sac in tetraploid rice. In 
39 DEM interacting with genes connected to meiosis that were examined, a level 
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of expression unraveled the differential expression in growing male gametes and 
embryo sac. Osa-miR167h-3p and osa-miR1436_L + 3_1ss5CT supported to fe-
male gametogenesis and osa-miR159a.1 and osa-MIR159a-p5 connected to the 
pollen formation. 24nt-phasiRNAs only related to pollen growth while 
21nt-phasiRNAs promoted all pollens and embryo sacs that showed reduced ex-
pression in tetrasomic tetraploid collated to diploid rice, and osa-miR2275d 
presented the same pattern of space-time expression. It was found that 24nt 
Tes-siRNAs enhanced in megagametophytes and repressed in a male gamete 
growth [80]. 

3. Polysomic Polyploid Plants Can Increase Phytochemical 
Content and Metabolic Products 

Polysomic polyploid plants have changed in phytochemical content and metabo-
lites are showed in Table 2. A recent study of the tetrasomic tetraploid opium 
poppy (Papaver somniferum L.) inducing 0.25% and 0.40% colchicine enhanced 
the expression of many genes belonging to the alkaloid biosynthesis pathways such 
as tyrosine/dopa decarboxylase (TYDC), (S)-N methylcoclaurine-3’-hydroxylase 
(CYPB80B1), codeinine reductase (COR), (S) norcoclaurine-6-O-methyltransferase 
(6OMT), (S)-3’-hydroxy-N-methylcoclaurine-4’-O methyl-transferase (4’OMT), 
reticuline 7-O-methyl transferase (7OMT), (S)-coclaurine N-methyltransferase 
(CNMT), 7(S)-salutaridinol 7-O-acetyltransferase (SALAT), major latex protein 
(MLP) and salutaridinol 7-O-acetyltransferase (SAT) genes to increase mor-
phine content 25% - 50% [43]. Remarkably, concetration of lycopene in water-
melon dependent on ploidy levels [81] [82]. A study of the divergent lycopene 
substances and phytohormones in a series of ploidy watermelons (diploid, auto-
triploid and autotetraploid) revealed that lycopene synthesis was controlled by 
phytohormone and level of genes expression involved. Particularly, gibberellin 
(GA) accretion and lycopene components had a negative link in all ploidy levels 
of fruit. Only in low ploidy watermelon, abscisic acid (ABA) gathering sup-
ported high lycopene content. Lycopene content in diploid watermelon was less 
than in two kinds of higher ploidy [41] [81]. It was heterosis lycopene, hybrid 
vigor between diploid and tetraploid made more lycopene in autotriploid 
throughout the fruit growth and ripened phase. Genes related to biosynthesis 
lycopene phytoene synthase (PSY1), phytoene desaturase (PDS), ζ-carotene de-
saturase (ZDS), carotenoid isomerase (CRTISO), and lycopene β-cyclase (LCYB) 
in autotriploid and autotetraploid plants had a high expression than lower ploi-
dy ones [41]. 

Dissection carried out in autotetraploid Linum album (family Linaceae) in-
duced by colchicine showed an increased concentration of podophyllotoxin 
(PTOX) caused by changes in podophyllotoxin biosynthetic pathways. Some of the 
upregulated genes with functions involved in the processing of PTOX biosyn-
thesis were PAL (phenylalanine ammonia-lyase), CCR (cinnamoyl CoA reduc-
tase), CAD (cinnamyl-alcohol dehydrogenase) and PLR (pinoresinol-lariciresinol 
reductase) in autotetraploid plant [42]. In a previous study on autotetraploid  
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Table 2. Polysomic polyploid leads to change in phytochemical and metabolites. 

Scientific name Ploidy 
Phytochemical and  
metabolite products 

The mechanism molecular Ref. 

Papaver somniferum L. 
Diploid and  

autotetraploid 
Increase morphine  

25% - 50%. 
Enhance many genes expression belongs to alkaloid 
biosynthesis pathway 

[43] 

Citrullus lanatus 
Diploid, autotriploid 
and autotetraploid 

Increase lycopene  
contents 

Biosynthesis lycopene phytoene synthase, phytoene  
desaturase ζ-carotene desaturase, carotenoid isomerase, 
and lycopene β-cyclase more expression 

[41] 

Linum album 
Diploid and  

autotetraploid 
Increase podophyllotoxin 

(PTOX) 
Upregulated genes related to pathway of PTOX biosyn-
thesis 

[42] 

Lycopersicum  
esculentum 

Diploid and  
autotetraploid 

Higher protein 
Upregulation genes malate dehydrogenase, acid inver-
tase, glutamate dehydrogenase, and nitrate reductase 

[39] 

Arabidopsis  
Thaliana Col-0 

Diploid and  
autotetraploid 

Change metabolite of TCA 
and GABA 

Genes related to TCA (tricarboxylic acid cycle) and 
GABA (γ-aminobutyric acid) divergent expression 

[83] 

Anoectochilus  
formosanus Hayata 

Diploid and  
autotetraploid 

Increase total flavonoid and 
gastrodin 

Enhanced the tropane biosynthetic pathways [40] 

Citrullus lanatus Diploid and  
autotetraploid 

Change in gene expression 

Some upregulated genes in tetrasomic tetraploid were 
Arginine biosynthesis, chlorophyllide synthesis, GDP 
mannose biosynthesis, trehalose biosynthesis, and starch 
and sucrose degradation pathways 

[44] 

Paulownia fortunei 
Diploid and  

autotetraploid 
Change in gene expression 

Showed 6.09 % pivotal differential expression belong to 
carbon fixation group and energy metabolism group 

[85] 

Morus alba L. 
Diploid and  

autotetraploid 
Change in gene expression 

Showed 2.87% (609) genes that changed the level of gene 
expression in total 21,229 expressed genes, 30 genes were 
promoting the biosynthesis and transduction cues of 
phytohormones such as cytokinin, gibberellins, ethylene, 
and auxin 

[57] 

Arabidopsis thaliana Diploid and  
autotetraploid 

Change gene expression 

92 homeologous gene pairs that were differential  
expression at tissue-specific as aerial tissue and apical 
tissue with function in cell polarity and conservation of 
cell wall integrity for development and stress tolerance 

[45] 

Paspalum notatum 
Diploid and  

autotetraploid 
Change gene expression 

26 divergent genes having a function and 22 novel  
sequences 

[47] 

Tolmiea 
Diploid and  

autotetraploid 
Change gene expression 

17% differential gene expression comparing between 
tetraploid and diploid plant 

[86] 

Isatis indigotica 
Diploid and  

autotetraploid 
Change gene expression 

4.3% differential gene expression, signal transduction, 
transcriptional regulation, metabolic and developmental 
pathway 

[49] 

Paulownia tomentosa 
Diploid and  

autotetraploid 
Change gene expression 

Differentially expressed unigenes related to pathways 
such as 30 photosynthesis response, 21 transcription 
factors, and 22 lignin process 

[87] 

Isatis indigotica Fort Diploid, autotetraploid, 
autotetraploid 

Change gene expression 

Differentially expressed genes were significantly in  
expansin and pectin synthesis (cell growth), cell wall 
components, secondary metabolic pathways, and the 
pathway of the stress response and photosynthesis 

[46] 

Solanum commersonii 
and Solanum  

bulbocastanum 

Diploid and  
autotetraploid 

Change in gene expression 
Pericentromeric regions more enriched differentially 
expression genes 

[88] 
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made from diploid Lycopersicum esculentum, the level of gene expression 
changed with the gene dosage. The results showed upregulation in some genes 
activity of malate dehydrogenase, acid invertase, glutamate dehydrogenase, and 
nitrate reductase and decreased peroxidase activity; but it did not change the 
polymorphism of the listed enzymes [39]. Thus, applying the nuclear magnetic 
resonance (NMR) method, quantitative real-time PCR (qRT-PCR) and elemen-
tal analysis (carbon: nitrogen balance) to study the divergence between diploids 
and autotetraploids Arabidopsis thaliana Col-0 showed that metabolites be-
longed to TCA (tricarboxylic acid cycle) and GABA (γ-amino butyric acid) 
shunt concentrated, glutamate and GABA are linked to the TCA cycle through a 
short pathway composed of three enzymes called the GABA shunt, due to by-
passing two steps of the TCA cycle. The genes related to the TCA and GABA 
were divergently expressed between ploidy levels (diploids and autotetraploids) 
following the level of corresponding metabolites [83]. In addition, resynthesized 
autotetraploid Anoectochilus formosanus Hayata made by inducing colchicine 
showed that compared to its progenitor diploid the tetraploid produced expres-
sively more contents of total flavonoid and gastrodin in the leaf, the stem, and 
the whole plant [40]. Recently work in using the system of gas chromatography 
to investigate some kinds of fatty acid containing in diploid (n = 12) and tetrap-
loid (n = 24) of Physalis angutala Linn. from Rajasthan revealed variable per-
centages of palmitic acid (6.966%, 2x; 12.38%, 4x); linoleic acid (5.5%, 2x; 9.76%, 
4x) and linolenic acid (6%, 2x; 11.67%, 4x) [84]. 

High throughput technologies involving microarray or RNA-seq technology 
might support the detailed study of transcriptome and polysomic polyploids to 
determine the different levels of genes expressions. For example, a comparison of 
transcriptomes between autotetraploid and diploid watermelon using RNA-seq 
found 5362 upregulated genes and 1288 downregulated genes. Notably, it was 
recognized in leaf, stem, and fruits with 22 genes that caused alternative splicing, 
showing abilities of a making the difference of isoforms of protein changed roles 
of pivotal both carriers and sequence-specific DNA-binding factors. Some upre-
gulated genes in tetrasomic tetraploids were in involved in making of arginine, a 
precursor of chlorophyll, GDP mannose, trehalose, and starch and sucrose 
breakdown pathways [44]. Thus, analysis revealed a 6.09% variance of transcrip-
tion profiles among Paulownia fortunei autotetraploid and its diploid progenitor 
(1158 transcriptions out of a total 18,984 transcripts) with pivotal expression 
difference belonging to the carbon fixation group and energy metabolism groups 
[85]. Likewise, the transcriptome profile of autotetraploid Mulberry (Morus alba 
L.) and its diploid showed 2.87% (609) genes that changed the rank of transcrip-
tion out of a total 21,229 transcripts whereby forty-one genes belonging to pho-
tosynthesis changed their rate of expression along with thirty genes related to 
making phytohormones and their cues transduction such as auxin, ethylene, cy-
tokinin, and gibberellins [57]. Examination of the Thale cress Arabidopsis tha-
liana showed variant gene expression after autopolyploidization. A set of 92 ho-
meologous gene pairs showed tissue-specific subfunctionalization in aerial and 
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apical tissues. The gene expression alterations were responsible for cell polarity 
and conservation of cell membrane integrity, cell wall biogenesis, and metabolism, 
as xyloglucan endotransglycosylase. In addition, several genes segregate roles 
through subfunctionalization, genes detached function, in development and stress 
tolerance [45]. A transcriptional profile of 10,000 genes in flowers of diploid and 
its autotetraploid Paspalum notatum showed 42 homologous genes to 26 diver-
gent genes having a function and 22 novel structures. The roles of genes were in 
cluster DNA repair pathway, modifying the form of chromatin, adjustment of 
gene expression, protein function in lysis, folding, metabolite of carbohydrate 
and lipid, and transduction cues [47]. 

Studying the level of gene expression in diploid Tolmiea (Saxifragaceae) and 
its autotetraploid revealed the difference of biomass, the cell, and the whole tran-
scriptome. Particularly, a divergent expression between tetraploid and diploid 
plant at cell level of 3005 upregulated and 751 downregulated genes were found, 
as well as 1440 and 1550 up-and down-regulated genes, respectively at the bio-
mass level and 1559 up-and 1071 down-regulated genes at transcriptome level, 
amounting to about 17% differential gene expression between tetraploid and 
diploid plant [86]. A comparison of the RNA profile of tetraploid and its diploid 
Isatis indigotica revealed a 4.3% differential gene expression (715 upregulated 
genes and 251 downregulated genes in total 22,810 genes of a microarray of the 
Thale cress Arabidopsis thaliana Affymetrix Genechips). Up-regulated genes were 
largely signal communication, transcriptional adjustment, metabolic pathway and 
developmental pathway [49]. High-throughput sequencing methods used to study 
gene expression in the diploid and autotetraploid Paulownia tomentosa showed 
2677 unigenes were significantly divergently expressed in tetraploid. Differentially 
expressed unigenes related to pathways such as 30 photosynthesis response, 21 
transcription factors and 22 lignin process were found. The functions of perox-
idase in biosynthetic lignin, MYB DNA-binding proteins, and WRKY proteins 
related to modulating the relevant hormones [87]. 

Investigation of a series of polyploid Chinese woad plant (Isatis indigotica 
Fort)—diploid, triploid and tetraploid—utilizing RNA sequencing discovered 
the variation of transcripts containing up and down. The DEGs (differentially 
expressed genes) concerned the production of expansin and pectin with a role in 
the growth of a cell, cell wall constituents, networks of secondary metabolites, 
the processes coping to adverse conditions and the synthesis of phytochemicals 
with the aid of radiant energy. In higher polyploid, enhanced DEGs connected 
metabolic synthesis of functional chemicals [46]. An inspection of the total 
number of metabolites and transcriptome profile between wild diploid and its 
doubled tetraploid Solanum commersonii and Solanum bulbocastanum showed 
more enhanced DEGs in pericentromeric regions. The numbers of alternations 
were random; it has a robustly responsively genotypes. Adenine, guanine, and 
nucleosides were typical controlled transcripts and metabolites due to popular 
response to genome duplication [88]. A study of Arabidopsis thaliana, and Pyrus 
communis var. sativa autopolyploids revealed that hyperaccumulation of meta-
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bolites derived from the result of minor natural selection [89]. A comparison of 
metabolome profiles of diploid and wild and non-natural A. thaliana autote-
traploid showed the difference of these profiles. The metabolomes of wild auto-
tetraploid interrelated to their environmental origin. The different profiles may 
support the idea that plant acclimate to the antagonistic ecological condition 
[90]. 

4. Polysomic Polyploid Can Enhance the Ability to Adapt to 
Abiotic and Biotic Stress 

Adapting to harsh environmental conditions is one of the major challenges of 
plants. Table 3 displays a list of polysomic polyploidy plants have the ability to 
abiotic tolerance stresses and biotic resistant stresses. An investigation of photo-
synthesis proportion and carboxylation effectiveness of diploid and tetraploid 
Honeysuckle (Lonicera japonica Thunb.) under saline pressure (300 mM NaCl) 
showed that both ploidies decreased. However, diploid was more decreasing. 
The tetraploid conserved well the relation among PSII and PSI to avoid pho-
toinhibition and showed better photosynthetic action compared to diploid under 
effect of salt. Thus, tetraploid honeysuckle had less ionic poisonousness because 
of further Na+ extrusion in root and more Na+ moving to leaf to support the 
ability of photosynthesis [91]. Similar results were reported in salinity pressure 
of 150 mM NaCl applied at 3 and 5 days to inspect root tolerance among two 
rice sorting diploid rice (HN2026-2x and Nipponbare-2x), and autotetraploid 
one (HN2026-4x and Nipponbare-4x) showed lesser root growth hindrance and 
more proline accretion in autotetraploid rice, but a smaller amount of MDA. 
Moreover, increasing proton carriage into the apical root and decreasing Na+ 
influx into the root improved root adaptation to salt effects [85]. Likewise, an 
examination of the response to salt of diploid and autotetraploid turnip (Brassica 
rapa L.) at 5-7 leaf stage showed a better tolerance among high ploidy plant. 
There were substantial changes of gene expression belonging to the group of an-
tioxidant enzymes, e.g., ascorbate peroxidase (APX), catalase (CAT), peroxidase 
(POD), superoxide dismutase (SOD), and glutathione reductase (GR). This group 
of genes mitigated the ROS (reactive oxygen species) collecting that damaged 
plants [92]. 

Recently, an interesting report analyzing transcriptome profiles on doubled 
genome Paulownia tomentosa and its diploid affected by salt showed reticulum 
and tree-pathogen interaction. Twenty unigenes were applied to a real-time PCR 
to approve the transcription. This insight into the hereditary foundation of salty 
pressure in Paulownia tomentosa supports plant breeding as well as the devel-
opment of areas for Paulownia planting [87]. Thus, investigating transcriptomes 
among diploid and its doubled tetraploid Paulownia tomentosa under salt stress 
and annotating the divergent transcription using KEGG (Kyoto Encyclopedia of 
Genes and Genomes database) and together with use of GO (Gene Ontology) 
showed genes controlling the photosynthetic system and phytohormone cues 
transduction were pivotal for high salt adaptation. In particular, they were  
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Table 3. Polysomic polyploid effects on abiotic and biotic stress. 

Scientific name Ploidy Tolerance The ways to resistance Ref. 

Lonicera japonica Thunb 
Diploid & 

autotetraploid 
Salt stress 

Tetraploid more Na+ extrusion in root and higher Na+  
transport to leaf, supporting photosynthesis 

[91] 

Oryza sativa 
Nipponbare 

Diploid & 
autotetraploid 

Salt stress 
Tetraploid more proline, less MDA, increasing proton  
transport and decreasing Na+ influx into the root 

[85] 

Brassica rapa L. 
Diploid & 

autotetraploid 
Salt stress 

Tetraploid increasing gene expression of antioxidant APX, 
CAT, POD, SOD, and GR; mitigating ROS 

[92] 

Paulownia tomentosa 
Diploid & 

autotetraploid 
Salt stress 

RNA transporter, phytohormone transduction cues, protein 
processing, photosynthesize cues, AP2/EREBP, MYB, NAC, 
and bHLH 

[53] [133] 

Medicago sativa L. 
Diploid &  

autotetraploid 
Salt stress 

36 SNP markers related to salt stress, 14 genes functionalized to 
abiotic stress related to 23 pivotal markers promote salt  
tolerance 

[93] 

Malus domestica 
Diploid &  

autotetraploid 
Salt stress 

The expression of aquaporin gene (MdPIP1; 1 and MdTIP1; 1) 
higher in tetraploid 

[58] 

Hordeumbulbosum 
Diploid & 

autotetraploid 
Salt stress 

miRNAs support tolerance salt stress. e.g. miR528-3p was 
function in DNA-replication, repair 

[50] 

Paulownia fortune 
Diploid & 

autotetraploid 
Salt stress 

Increasing of soluble sugars, up-regulated ATP synthase to 
enhance ion transport changing proton 8 miRNAs more  
enhanced and 10 new miRNAs 

[95] [102] 

P. australis; 
P. fortunei; 

P. tomentosa; 

Diploid & 
autotetraploid 

Drought stress 
miRNAs and target genes related to transcriptional regulation, 
hormone metabolism, and plant defense 

[54] 
[55][56] 

Dioscorea zingiberensis 
Diploid &  

autotetraploid 
Heat stress 

Activation of the antioxidant defense system and enhanced 
heat tolerance compared to diploid plant 

[97] 

Nicotiana benthamiana Tetraploid & octaploid Cold stress Increasing antioxidant (SOD, CAT, APX...) [105] 

Arabidopsis thaliana 
Diploid &  

autotetraploid 
Copper stress 

Cu transport gene, AtHMA5, AtCOX17, and AtMT2b,  
activation of antioxidative defense, positive regulation of  
expression ABA-responsive genes 

[96] 

Citrus sinensis L.  
Poncirustrifoliata L. 

Diploid &  
autotetraploid 

Boron stress The root anatomical characters of the 4x plants [100] 

Betula platyphylla 
Diploid &  

autotetraploid 
NaHCO3 stress 

Enhancing the expression of some genes related to proline 
biosynthesis in tetraploid 

[98] 

Malus× domestica Borkh 
Diploid &  

autotetraploid 
Resistance of 

Venturia 
Containing Rvi6 resistance gene-locus significantly increased [105] 

 
several sequence-specific DNA-binding elements such as a group of AP2/EREBP, 
MYB, NAC, and bHLH [53]. 

Surprisingly, the researchers found that 36SNP markers related to salt stress in 
germination were located in all chromosomes, not chromosome 3. Chromosome 
1, 2 and 4 contained quite a lot of pivotal markers in autotetraploid alfalfa (Me-
dicago sativa L.) as found by the use of genotyping-by-sequencing. This study 
identified 14 genes functionalized to abiotic stress related to 23 pivotal markers 
that promote salt tolerance in germination [93]. Thus, an investigation the dif-
ference under increased salt conditions between diploid and tetrasomic tetrap-
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loid apple at 200 mmol/l NaCl for eight days displayed an ability to adapt well to 
salt pressure in the tetraploid plant. In the tetraploid apple, the relative water con-
tent (RWC) increased compared to its counterpart under saltier conditions. How-
ever, the proline as well as the concentration of malondialdehyde (MDA) was 
augmented in the diploid, but less in the autotetraploid plant. The transcripts of 
genes coding water channels (MdPIP1; 1 and MdTIP1; 1) in diploid was less than 
in the autotetraploid at all sampling times and at 24 h was decreased 4- to 10-fold. 
Due to higher expressed levels of these genes, the autotetraploid had a better to-
lerance than diploid under salt stress [58]. Likewise, the tetraploid Arabidopsis 
increased the concentration of K uptake to support enhancing salt resistance 
compared to its diploid [94]. Moreover, genome doubling affected miRNAs ex-
pression in diploid and tetraploid check Hordeum bulbosum under salt stress, 
five miRNAs in particular (miR171i, miR479, miR5048, mir6196 and miR528b-3p). 
One of these, miR528-3p was only found in the doubling genomic plant and re-
pressed under salt stress. The result showed that miR528-3p has a function in 
DNA-replication, repair and salt stress. Additionally, miRNAs played role in au-
topolyploid to support tolerance of salt stress [50]. A study of the alteration of 
miRNAs under salt stress among the diploid Paulownia fortunei and its poly-
somic polyploid identified 53 conservated miRNAs in 17 miRNA groups and 
134 new miRNAs in the species. A comparison of gene expression between 
ploidy levels of P. fortunei under high salt concentration revealed eight miRNAs 
that are more enhanced in the tetraploid than in the diploid from ten preserved 
and ten new miRNAs [95]. 

Autotetraploid mouse-ear cress was more tolerant to copper comparing with 
the diploid plant due to the enriched activation of antioxidative protection 
pathways, the change in the expression of genes supporting Cu carriage and 
chelation, and the promotion of control of transcript for ABA-responsive genes. 
The diploid Arabidopsis accumulated more Cu, ROS, and MDA compared with 
tetraploid plants. The tetraploid enhanced expression of AtHMA5, AtCOX17, 
and AtMT2b which help with tolerance to copper [96]. A Dioscorea zingiberen-
sis autotetraploid induced by 0.15% colchicine for 24h gained more antioxidant 
protection and improved heat tolerance compared to the diploid. At high heat 
(42˚C) for five days, the autotetraploid yam retained higher concentrations of 
vitamin C, glutathione (GSH), and a biocatalytic substance that inhibits oxida-
tion consisting of ascorbate peroxidase, the reduction of H2O2, the oxidation of a 
particular substrate by H2O2, superoxide dismutase, and GSH reductase. Adi-
tionally, in a tetrasomic tetraploid herd were less cell damage and concentration 
of MDA, superoxide anions and H2O2 than in diploid ones [97]. A comparison 
of Betula platyphylla diploid and its tetraploid plant in NaHCO3 stress revealed 
that the proline content of the higher ploidy plant was higher due to enhanced 
expression of some gene related to proline biosynthesis such as BpP5CS1, 
BpP5CS2, BpP5CR1, BpP5CR2, BpP5CR3, and BpOAT. In a diploid plant, 
BpProDH and BpP5CDH was less expression compared with tetraploid trees 
[98]. An examination of the diploid and its autotetraploid Nicotiana alata 
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showed mineral contents (N and P) in higher ploidy plants differed [99]. Te-
traploid Citrus sinensis L. Osb. × Poncirus trifoliata L. Raf increased its boron 
tolerance due to change in the anatomical root structure [100]. A comparative 
proteomic between diploid and autotetraploid Paulownia tomentosa by isobaric 
tag for relative and absolute quantitation coupled with liquid chromatogra-
phy-tandem mass spectrometry detected a total of 1427 proteins with 130 pro-
teins were divergently expression of ploidy level. Functional dissection of diver-
gently expression proteins showed an enhancement of proteins related to pho-
tosynthesis and related to responsive stress to support increasing photosynthesis 
and stress adaptability in the tetraploid P. tomentosa. Additionally, this study 
showed 11.5% of transcriptome and proteome relationship between diploid and 
tetraploid [101]. An analysis of proteins alternation in the leaf of diploid and 
doubled tetraploid Paulownia fortunei by iTRAQ dissection distinguished 2634 
proteins, 152 of which were specific DAPs related to autotetraploid. It was func-
tional with 26 GO functional groups and 22 KEGG metabolic processes. The 
enhanced sugar carrier associated to the intensification of soluble sugars that 
fluctuate the osmotic compression and the up-regulated ATP synthase delta in 
ATP led to an enhancement of the ion transport that changes proton rate to 
react to salt stress [102]. An inspection of the gap in the expression of diploid 
and autotetraploid thale cress in water deficit and regulator condition showed a 
changed expression of 441 upregulated genes and 30 downregulated genes in 
polyploidy plant compared to lower ploidy in 471 total genes (normal condition) 
and 977 up-regulated genes and 383 down-regulated genes of polysomic polyp-
loid related to diploid Arabidopsis [103]. 

A study of microRNAs among doubled tetraploid Paulownia australis and its 
diploid under water deficit condition at 25% and 75% of relative soil moisture 
content identified four small RNA molecule (sRNA) archives and the same 
number of degradome ones. A total of 33 preserved and 104 new microRNAs 
were identified, along with 125 aim units of genetic for 36 of the microRNAs by 
applying the degradome fragments of which 54 and 68 expressed divergently in 
diploid and higher ploidy trees under water deficit condition (25%). The func-
tion of almost microRNAs and aim transcripts were linked to growth and react 
to environmental stress [55]. A study of doubled tetraploid Paulownia fortunei 
(Seem) Hemsl and its diploid coping with drought pressure discovered 258 
transcripts and 11 microRNAs correlated to genes that responded to shortage of 
water and microRNAs in this tree. Additionally, degradome sequencing uncovered 
28 microRNA target genes linked to 9 preserved miRNA classes and 12 new 
miRNAs [56]. Profiling of microRNAs on tetrasomic tetraploid Paulownia to-
mentosa and its diploid counterpart under a lack of water showed pivotal diver-
gent expression of microRNAs: in the autotetraploid 53 microRNAs with six pre-
served and 47 novels and in another plant 67 microRNAs with 26 preserved and 
41 novels. Additionally, 356 candidate microRNAs were discovered by degra-
dome analysis that target transcripts connected to transcriptional adjustment, 
phytohormone metabolism and plant protection. In detail, only in the higher 
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ploidy plant under shortage of water were miR4 and miR156 induced [54]. In the 
octaploid tobacco plant (Nicotiana benthamiana) polysomic polyploid plants en-
hance cold stress by increasing antioxidant (SOD, CAT, APX...) compared to te-
traploid [104]. Additionally, the polysomic polyploid had enhanced biotic resis-
tant. The neotetraploid apple (Malus × domestica Borkh.) induced by colchicine 
from diploid apple containing Rvi6 resistance gene-locus significantly increased 
the ability to resist to Venturia inaequalis after artificial infection and checked by 
visual symptom analysis and real-time PCR [105]. 

5. Polysomic Polyploid Species Have Changed Gene  
Regulation to Silence or Adjust Expression Level  
(such as Sequence Elimination, Cytosine  
Methylation, Gene Repression, Neofunctionalization,  
Subfunctionalization, and Transposon Activation) 

Polysomic polyploid plants altered gene expression and gene regulation is sum-
marized in Table 4. Genome doubling in autotetraploid Chrysanthemum la-
vandulifolium (Fisch. ex Trautv.) Makino resulted in 1.1% lost fragments and 
1.6% new fragments compared with its diploid plants. The altered genome was 
analyzed by sequence-related amplified polymorphisms (SRAP) [106]. A 
wide-ranging investigation sequenced 20 flowering plants to elucidate the pres-
ence of duplication-resistance genes showed many genes returned to singletons 
after polyploidization. This may be explained by stochastic gene loss under the 
selection pressure of singletons [107]. A cDNA microarray with 9000 transcripts 
to analyze the transcriptome of a series of potato ploidy involving haploid, dip-
loid and tetrasomic tetraploid showed 10% genes that deviations expression be-
longs to ploidies in both foliage and root tips. In those cluster of genes in leaf, 
enhanced expression related to DNA binding and fundamental molecule action 
(the molecular function) and the cytoplasmic matrix and ribosome (the frame 
constituent ontologies) [108]. About 25,500 methylated transcripts gained from 
analyzing the methylation in a conjunction with gene expression and small RNA 
in a divergence of rice ploidy level. An inspection of the methyl group added to a 
unique gene showed 22,751 genes added to the methyl groups presented in all 
three lines, monoploid, diploid and triploid. A comparison of each pair of ploi-
dies, showed that 64 transcripts exhibited a pivotal dissimilar DNA methylation. 
Additionally, sequencing small RNA profiles detected 36 novel microRNAs with 
a divergent level of expression connected to ploidy level [109]. Previously, a 
study of methylation profiles of diploid and its polysomic polyploid rice unra-
veled methylated class II of transposable fundamentals that impact gene expres-
sion [110]. Cytosine methylation of genome-scale led to a large plant size and 
enhanced phytochemical in autotetraploid Cymbopogon compared to diploid 
[111]. If DNA methylated occurs in transcription factors, it might change in the 
expression of other genes. An examination of silencing and innovative transcrip-
tions in diploid, autotetraploid, and autohexaploid heredities of Helianthus de-
capetalus showed that autopolyploidy does not induce silencing or new gene  
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Table 4. Alternation of gene regulation and adjust expression level. 

Species Ploidy Alternation Methods and change in polysomic polyploid Ref. 

Chrysanthemum  
lavandulifolium 

Diploid and  
autotetraploid 

Genes loss and new f 
ragments appearance 

Sequence-related amplified polymorphisms (SRAP), made 
1.1% lost fragments and 1.6% new fragment appeared 

[106] 

20 flowering plants Autotetraploid Gene loss 
Random gene loss under the selection pressure of  
singletons 

[107] 

Solanum sp. Haploid, diploid and 
autotetraploid 

Change in gene  
expression 

cDNA microarray 9000 genes showed 10% genes that change 
expression belong to ploidies in both foliage and root tips 

[108] 

Rice 
Monoploid, diploid, 

triploid 
Methylation, gene  

expression, and small RNA 

About 25,500 genes investigated methylation of a single gene 
with 22,751 methylated genes presented in all monoploid, 
diploid and triploid rice. When comparing each pair of ploidy 
64 genes that were pivotal different DNA methylation,  
sequencing small RNA profiles detected 36 novel miRNAs  
divergent level of expression related to ploidy level 

[109] 

Rice 
Diploid and  

Autotetraploid 
Methylation 

Methylated class II of transposable elements that influence 
gene expression 

[110] 

Cymbopogon 
Diploid and  

Autotetraploid 
Cytosine methylation 

Cytosine methylation of genome-wide made large body size 
and enhance phytochemical in autotetraploid 

[111] 

Helianthus decapetalus Diploid, Autotetraploid, 
autohexaploid 

Gene expression 
Populations of a single species can diverse in gene  
expression patterns 

[112] 

Chrysanthemum  
nankingense 

Diploid and  
autotetraploid 

miRNAs 
The rapid growth and development of autotetraploid were 
promoted by a lot of target genes repressed by miRNAs 

[113] 

Brassica rapa Diploid and  
autotetraploid 

Methylation and DNA 
fragment change 

Nearly 0.58% of changed fragments when using cDNA-AFLP 
methods, DNA methylation changes about 1.7% of fragments 
by using MSAP 

[114] 

Malus × domestica Borkh Diploid and  
autotetraploid 

Methylation, the effect of 
ploidy in some gene  

expression 

Similar between the two ploidy levels (28.0% vs 27.3%) with the 
frequency of methylated restriction sites, no discernible effect 
on ploidy in the expression of MET1, DRM2, CTM 

[115] 

Phlox drummondii 
Hooker 

The difference between 
generations of  
autopolyploid  

(C0, C1, C2, and C3) 

Polymorphism 
Polymorphism autotetraploid C0, C1, C2 and C3 were 2.8%, 
1.6%, 2.1% and 3.2%, respectively by using RAPD 

[116] 

Arabidopsis thaliana Diploid, autotriploid, 
autotetraploid 

Loss and gain of DNA 
sequence 

Loss and gain of DNA sequences of the first generation of 
autopolyploid (short term “revolutionary alteration”) while the 
long term “revolutionary alteration” was a little change… 

[117] 

Arabidopsis Ploidy Cis-regulatory elements 
Cis-regulatory elements showed the extensive difference in 
regulatory elements and networks 

[118] 

Isatisindigotica Diploid and tetraploid IiCPK2 expression 
Root, stem, and leaf of the tetraploid plant were more  
expressions than diploid plant 

[48] 

Dendrocalamus  
latiflorus Munro 

Triploid, hexaploid, 
dodecaploid 

Differential expression 
gene, EXPB3, and TCP 

8396 differential expression genes that belong to cell growth 
and differentiation groups promoting growth and  
development, EXPB3 and TCP related to cell proliferation  
and differentiation 

[119] 

Arabidopsis thaliana Autotetraploid Multivalent Having translocation of 45S gene between chromosome 3 and 4 [120] 

Orchardgrass Autotetraploid 
Inducing tetraploid by 

colchicine 

Colchicine inhibited genes associated with microtubule,  
spindle, chromosomal kinetochore, vesicle, cellulose and 
pathways of cytoplasm movement, chromatid separation, 
membrane, and cell wall development 

[129] 
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expression. The results also showed that populations of a single species can differ 
in gene expression patterns. All the changes in gene expression in this report 
were found among populations [112]. 

The autotetraploid Chrysanthemum nankingense was vigor to half dose ge-
netic plant due to the influence of some miRNAs. An investigation of the func-
tions of the components of the miRNA of a diploid and its autotetraploid re-
vealed 162 and 161 miRNA categorizations in diploid and tetrasomic tetraploid, 
respectively. The autotetraploid was the domination of miRNA with the size of 
21 and 24 nucleotides, but 22 and 25 nucleotides were major miRNA in diploid. 
This study also displayed the rapid consequence of miRNAs. Several objective 
genes repressed by miRNAs promoted the rapid growth and development of 
higher ploidy. The great abundance of the miRNAs in both of ploidy was sig-
nificant changed and augmented to their diversity [113]. Applying an AFLP 
(amplified fragment length polymorphism) to detect hereditary changes of 
autotetraploid Brassica rapa and its diploid counterpart showed no difference 
of ploidy. The autotetraploid Brassica rapa showed nearly 0.58% of changed 
fragments when a cDNA-AFLP method is applied. The MSAP (methyla-
tion-sensitive amplification polymorphism) method revealed that DNA methy-
lation altered about 1.7% of sequences after doubling the whole genome and the 
same affected in hypermethylation and demethylation alternative [114]. Using a 
methylation-sensitive amplification polymorphism (MSAP) method to assess the 
level and pattern of DNA methylation of two ploidy apples showed a very simi-
lar result for the diploid apple cultivar and its autotetraploid (28.0% vs 27.3%) 
with the rate of methylated restriction sites. The global level of DNA methyla-
tion had a low effect, but in the tetraploid, the frequency of patterns of hemime-
thylated sites increased. Comparing the level of expression of three genes mod-
ulated DNA methyltransferase exposed the lowest expression was MET1 the 
plant, while in the leaf, flower and fruit expression of DRM2 was expressed 
more, and CTM3 was high expression in the fruit. The transcription level of 
the three transcripts was no discernible effect on ploidy [115]. It has changed 
in the genome of diploid and its autopolyploid Phlox drummondii Hooker 
when comparing the difference of generations of autopolyploid (C0, C1, C2, and 
C3). Polymorphism in the autotetraploid C0, C1, C2 and C3 were found to be 
2.8, 1.6, 2.1 and 3.2%, respectively using RAPD [116]. Using AFLP (amplified 
fragment length polymorphism) fingerprinting to analyse variation of genomic 
DNA polymorphism between diploid and its autopolyploid (autotriploid and 
autotetraploid) Arabidopsis thaliana revealed a rapid alteration in genome 
such as loss and gain of DNA fragments of the primary generation of autopo-
lyploid (short term “revolutionary alteration”) while the long term “revolutio-
nary alteration” was only slight variations. This alternation in DNA fragment 
carried out in both exon and intron regions. Gene expression affected by au-
topolyploids led to changes such as deregulation, upregulation, and silencing 
such that after polyploidization there was an increase in heritable variation 
[117]. Using a high-throughput method to research on a single-base firmness of 
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the cis-regulatory factors showed an extensive difference in controlling elements 
and systems between Arabidopsis ploidy in other organ types and developmental 
stages [118]. Comparing IiCPK2 expression among autotetraploid and diploid 
Isatis indigotica showed that the root, stem, and leaf of a tetraploid plant had 
more expressions than the diploid plant [48]. An investigation of the gene ex-
pression of polysomic polyploid of triploid (2n = 2x = 36), hexaploid (2n = 6x = 
72) and dodecaploid (2n = 12x = 144) Ma bamboo (Dendrocalamus latiflorus 
Munro) discovered 8396 differential expression genes that belong to cell growth 
and differentiation groups promoting the development of a plant, of which 
EXPB3 and TCP were two common genes for significant modulated function in 
cell production and differentiation. Those genes linked to a network of coex-
pression with 222 genes [119]. Using FISH to double-target 45S and 5S rDNA 
sequences as makers showed autotetraploid thale cress Arabidopsis thaliana 
having a multivalent formation in gametogenesis and having a change of loca-
tion of 45S gene among chromosome 3 and 4 [120]. 

One of the changes following whole genome replication is subfunctionaliza-
tion, in which couples of genes exercise a subset of their original inherited role. 
For example, ZAG1 and ZMM2 were from the ancestral AGAMOUS gene func-
tion in maize, functioning for male and female multiplicative organ growth as 
well as for flowery determinacy, the MADS-box family. Two paralogs had over-
lapping functions, but not identical activities [121]. Thus, a study of the evolu-
tionary and functional mitochondrial GrpE (Mge) protein in mouse-ear cress 
Arabidopsis thaliana revealed AtMge1 and AtMge2 derived from a whole ge-
nome duplication. However, ultraviolet B light-induced AtMge1; heat-induced 
AtMge2. After doubling and subfunctionalization, the individually allele of the 
Arabidopsis Mge transcript converted specifically in a different type. This was 
direct evidence that was associated with the relationship between gene doubl-
ing and acclimatization to environmental stress [122]. In addition, studying 
wild potato the line CMM1T of wild S. commersonii (PI243503) and “Blondy”, 
“Désirée” and “Double Fun”, the commercial potatoes, identified that replica-
tion of R2R3 MYB transcripts caused by consequent subfunctionalization, AN1 
focused on making anthocyanin while AN2 preserved the function to react to 
cold stress [123]. Another change after whole genome doubling was neofunc-
tionalization as Arabidopsis containing a channel protein, the double copies of 
OEP16 gene that consists of OEP16-L and OEP16-S derived from duplication. 
AtOEP16-S containing numerous G-box ABA-responsive elements (ABREs) lo-
cated in the promoter area. This copy is controlled by ABI3 and ABI5 and 
sharply expressed throughout the maturing stage in grains and pollen both de-
hydration adaptation in organs, while AtOEP-L without promoter ABREs, ex-
pressed mainly in leaves, induced strongly by cold stress and weakly in response 
to osmotic pressure, salicylic acid and exogenic abscisic acid [124]. Alteration of 
a MIKC-type, MADS protein domain, a crucial regulator of floret growth in 
higher plants and a change in expression form supported a new gene role in a 
rather short period. It was a remarkable the molecular levels of neofunctionali-
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zation after duplication. The thale cress Arabidopsis thaliana B-sister gene ABS 
(also known as TT16), was a function in the regulation of endothelium growth 
and synthesized anthocyanidin. GOA controlled fruit size via cell expansion 
[125]. 

In tetrasomic tetraploid involves four alleles in a locus, several circumstances 
can occur. Firstly, it might have further genotypes. For instance, with a diallelic 
locus, B and b, five kinds of genotypes are possible such as BBBB, BBBb, BBbb, 
Bbbb, and bbbb. In the case of additive effect, quantitative segregation might 
occur. Secondly, a greater diversity of numerous alleles can occur, with divergent 
function in the individual allele. Thirdly, these dissimilar alleles can interact. 
Several kinds of allelic interaction such as diallelic, triallelic and tetra-allelic lead 
to heterosis from an interaction between two alleles as well as various possibili-
ties. Additive doge effect or allelic interaction combining with unique gene reg-
ulations to silence or adjust the expression level may cause tetrasomic tetraploid 
plant containing phenotype variation and variance of gene expression level 
compared to its counterpart diploid. The changes in hereditary tetrasomic te-
traploid can have alteration gene expression in ploidy level [18]. Sequences of 
SNP markers in autotetraploid via hidden Markov models showed the quantity 
consequence for the distinction of quantitative characters, the interplay of the 
forms of gene and among loci [126]. When inserting TE, gene functions may al-
ter and deactivate duplicated genes [127] and autopolyploid the Buckler Mustard 
occurred evolutionary dynamics of retrotransposons [128]. Study polysomic po-
lyploid rice indicated that enhanced methylation to class II TEs could lead to 
suppressing the expression of adjacent genes that have gained duple alleles. The 
result was not a necessary alteration in transcriptome changes for furthermost 
genes derived after its diploid. This suggested that whole genome duplication 
causes methylation distinction in TEs that alter gene expression range and a 
“genome shock” response feature to associate neo-autopolyploids adaptation 
[110]. 

Polysomic polyploid are typically generated by colchicine. In recent articles, 
molecular levels of the chemical on multiplied genomes were identified by com-
paring a full range of messenger RNA expressed from doubled tetraploid orc-
hardgrass root (D. glomerata subsp. smithii Link) when treated. It had 3381 
DEGs (differently expression genes) under lack of water, and enhanced expres-
sion of 1258 DEGs in specimen DacR5tr under impacted by this chemical and in 
conjunction with an aquatic and anti-spindle substance. A gene ontology (GO) 
comparison showed DEGs pivotally controlled by colchicine enhanced some 
pathways such as cation binding, the catalytic process, and carrier action. A 
comparison to the KEGG (Kyoto Encyclopedia of Gene and Genome) showed 
processes of biosynthetic phenylpropanoid, metabolic phenylalanine, phyto-
hormone cues transduction, and metabolic starch and saccharose. Colchicine 
decreased the microtubules and repressed transcription of cytokinesis that re-
duced the cell action and postpones the cell into the respiration pathway without 
oxygen to make a program of cell death at the end stage and reduced waterlog-
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ging. Additionally, colchicine inhibited transcripts associated with tubular cell 
structure, mitotic spindle, kinetochore-dependent chromosomes, vesicle, a con-
stituent of cell wall and pathways of cytoplasm movement, chromatid separa-
tion, membrane, and cell wall growth [129]. 

Transcriptomes gained several plants (the 69 datasets of the total the messen-
ger RNA molecules expressed) showing the impacts of genome merging and ge-
nome sizes. Gene relating to sequence-specific DNA-binding factors as well as 
cues transduction components has higher retention than normal levels. Increas-
ing transcriptomes generated both inner and outer biological activities. For ex-
amples, external pathways emerged between cell wall metabolisms, transporters, 
and byproduct transformation. Internal processes consisted of the basic struc-
tural unit of proteins and their metabolisms. Whole genome duplications con-
tributed to the role of diversities or novelties in increasing the plant acclimation 
to changing environments, due to higher rates of retention of a unit of heredity 
duplication for adjustive functions involving both environmental stress tolerance 
and biotic resistance [130] [131]. Genomic uniformity in the polysomic polyp-
loid making its transcriptome was at a moderate level. Autotetraploidy derived 
from an intraspecific source of the genome doubling, so its changes of tran-
scriptomes were less apparent comparing to allopolyploid. The levels of expres-
sion of almost alleles and dosage alternations in autopolyploid were a positive 
correlation. Several additive dosage genes controlled the developmental cell divi-
sion, the process that uses light to synthesize sugar, and the pathways that 
change chemicals. While nonadditive dosage genes were associated with abiotic 
stress tolerance and biotic stress resistance [132]. 

6. Conclusion and Perspectives 

In this review, recent studies on natural typed and resynthesized polysomic po-
lyploid plants have shed light on the molecular mechanisms of gene expression 
as well as gene regulation in polyploidisation of the same species. Polysomic po-
lyploid occurred possibly alternative transcriptomes tend to up-regulated genes 
linked to processes using light to enhance bioproducts, energy transformation, 
transcription factors, and cues transduction. Autotetraploid transcriptomes un-
raveled how to cell division and expansion, through controlling polar cell, con-
servating cell membranes’ integrity, biosynthesizing components of the cell wall, 
regulating metabolites to carbohydrate and lipid, synthesizing of expansin, pec-
tin, lignin, and byproducts. The stable genetic materials are due to DNA repair 
pathways, DNA methyltransferase, reorganizing the chromatin structure. Autopo-
lyploid altered proteins are linked to coping with stress, transcription of aquaporin 
alleles, synthetic proline, genes having functions in phytohormones such as cyto-
kinin, gibberellins, ethylene and auxin, antioxidant enzymes, and miRNAs play-
ing a role in stress tolerance. The whole genome duplication leads to regulation 
through silencing genes or adjusting the expression levels through DNA elimina-
tion, methylation, gene suppression, subfunctionalization, neo-functionalization, 
and transposon functions (Figure 1). Polysomic polyploids have moderately  
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Figure 1. Diagram of genome duplication leading to change on structure and gene con-
sequences in polysomic polyploids. 

 
transcriptomes due to a genomic state of being uniform. This phenomenon ori-
ginated from the same species leads to less obviously gene expression in com-
parison with allopolyploid. 

Polysomic polyploid, the alternative chromosome contents, may adjust 
gene-regulating networks, genetic material reconstructions, and chromosome 
separation as well as higher energy using lead to reproductive effects and plant 
viability—they enhance a flexible genome occurring in the autotetraploid sup-
ported plant adaptation. Epigenetic can lead to hereditary alterations in autote-
traploid with genetic adjustments, such as chromosome reorganizations, multip-
lication of repetitious sequences, and loss of DNA sequences. Several challenges 
occurred after autotetraploid, such as cell size effects, and nuclear volume related 
to DNA content, reprogramming of transcriptomes and the separation of more 
than two chromosome copies during mitosis and especially during gametogene-
sis. The results of the autotetraploid process occurred not only on the genetic, 
genome, proteome, and epigenetic levels but also on chromosomal stability, es-
pecially during meiosis. Several autotetraploid plants increase abiotic stress re-
sistance and biotic resistance through the impacts of miRNAs on transcrip-
tomes, which implies autopolyploid has an essential role in crop improvement. 
DNA methylations correlated with alternations in the gene expression of plants 
at different polyploid levels. These changes include methylation of cytosine that 
leads to both hypo- and hypermethylation in CG and CHG sites. DNA methylated 
in transcription factors might change in the expression of other genes. The  
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Figure 2. Diagram on gene expression and regulation leading to evolutionary 
fixed traits in polysomic polyploidy. 

 
consequence of epigenetics may derive from the autopolyploid and the epige-
netic environment of those species. The additive dosages suppressed TEs, but the 
crucial non-additive dosages are enhanced TE. Epigenetic changes are capaci-
ty-reversible and provide a flexible mechanism for autopolyploid cells to re-
spond to adverse genomic alternations, particularly in the early stages of polyp-
loid formation, leading to divergent genetic fluctuations. Additionally, many in-
vestigations have shown that epigenetic modifications help the gametogenesis in 
autotetraploid, motivating stability over generations. The study of autotetraploid 
transcriptomes revealed flexible and rapid mechanisms that were a response to 
both external and internal stimuli as like phytohormones. The challenges of a 
general analysis of the role of genomics and systematical biology were the asso-
ciation of data of metabolome, proteomes, and genomes to elucidate biological 
pathways including autopolyploidization. Furthermore, these dissections will 
also elucidate how polysomic polyploid contributes to speciation and biodiversi-
fication in the plant Kingdom. 

The recent research papers on polysomic polyploid were discrete studies. These 
studies were independent and concerned specific fields such as how to make au-
topolyploid plants, how to evaluate phenotype, phytochemicals variation on dip-
loid and polyploid with intraspecific resources or stress tolerance on different 
ploidy levels, etc. The studies did not display a correlative molecular mechanism 
between genotypes and traits of plants with polysomic polyploid. Therefore, ge-
neralized studies in plants are needed to understand polysomic polyploid by dis-
section all of epigenetic, metabolomic, transcriptomic and proteomic profiling to 
identify processes and mechanisms potentially responsible for phenotype varia-
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tion and environmental adaption associated with autopolyploidisation. The re-
surgence of interest in polyploid for the last decades has changed a previous hy-
pothesis that polysomic polyploids are evolutionary dead-ends. In genetic studies, 
naturally occurring or resynthesized polysomic polyploids have been used to study 
dosage effects leading to interactions of gene expression and gene regulation that 
derived from allelic interaction, epigenetic, gene silencing, loss and gain genes, 
neofunctionalization and sub-functionalization in whole genome duplication 
crops. The molecular mechanism of polysomic polyploid rapidly changed in phe-
notype, biosynthetic pathway, enhanced the ability of tolerance to abiotic and 
biotic resistance, changed processes development, overcame self-incompatibility 
and more adaptation to ecology. More autopolyploid crops have developed and 
planted in the climate-change condition offer pathways in the future because 
they contained sources of agricultural traits that expect and desire (Figure 2). 
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