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Abstract 
With the enrichment of metabolomic information in a diverse number of plants, the obtained datasets 
reflect on important aspects of plant growth, function, physiology, productivity, and adaptation to 
changing biotic and abiotic environments. Many of these plant species are natural polyploids that are 
either model plants, crops, or are of commercial interest. Decades of efforts have resulted in artificially 
induced polyploids from in vitro micropropagation practices as well. Recent efforts using next 
generation, high throughput genome sequencing approaches have contributed to our growing 
understanding of their genome ploidy status and the inherent biosynthetic potentials of encoded 
metabolomes. However, the ever perplexing questions galore regarding the metabolic status of these 
polyploids across plant genomes remained. Thus we collated information on metabolomes of polyploids 
and asked whether they reflect the ploidy status of these plants. We conclude that polyploids, either 
natural or those induced artificially, demonstrate (i) enhanced primary metabolism, (ii) enhanced 
secondary metabolism, i.e., terpenoids, phenylpropanoids, flavonoids, and alkaloids content, and (iii) 
increased bioactive constituents to enable polyploids to counteract against environmental challenges in 
a more efficient manner in the plant species included in this review.  
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Polyploidy is rampant in all plants and 

important for metabolic diversity  

Ploidy represents the number of sets of 
chromosomes (or DNA amount) in the nucleus of 
a cell. Plant genome sizes vary more or less 
depending on the species (Michael, 2014). 
Polyploidy (defined as having more than two 
genomic copies) is an important mechanism of 
plant speciation and genome evolution (Arrigo 
and Barker, 2012) as well as for numerous other 
eukaryotes (Ainouche and Jenczewski, 2010). 
Almost all plant species have doubled their 
genomes at least once during their course of 
evolution, followed by diploidization and then 
repeated polyploidization (Adams and Wendel, 
2005). Moreover, polyploids form at a relatively 
high frequency (1 in 100,000) in flowering plants 
(Ramsey, and Schemske, 1998). Because of this 
high formation rate and the polyploidy tolerance, 
stable polyploidy is prevalent in plants. Thus, 
polyploidy is an important evolutionary factor for 

the genesis of new plant species as well as the 
creation of commercially cultivated plant species 
such as crops. For example, in wheat, which is 
the progenitor of contemporary hexaploid bread 
wheat, three genetically distinct types that are 
economically important include: tetraploid 
durum wheat, hexaploid hard bread wheat, and 
hexaploid soft bread wheat, where this 
classification is based on starch fractionation 
patterns during milling, a trait heritable via 
chromosome 5D (Gooding et al., 2009).  
Genes involved in specialized metabolism are 
preferentially retained following whole genome 
duplication (WGD) in Arabidopsis (Maere et al., 
2005). For example, over-retention of metabolic 
genes was observed in protozoan 
Paramecium following WGDs, which follows the 
tenets of metabolic control theory and selective 
pressure on the metabolic pathway rather than 
on 
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individual genes in the pathway (Gout et al., 
2009). However, recently it was postulated that 
the expansion of specialized metabolic pathway 
genes appear due to local gene duplication 
events in plants (Chae et al., 2014). On the other 
hand, artificially induced polyploids obtained 
during in vitro micropropagation (cell, tissue, and 
organ culture approaches) or during field 
experiments that induce genomic multiplication 
are known to enhance production and/or 
qualitative improvement in the biochemical 
profile of secondary metabolites (Dhawan and 
Lavania, 1996). In comparison to diploids, 
genome doubling possibly has multi-level effects 
on the morphology, viability, and physiology of 
polyploids (Cohen et al., 2013). The increased cell 
size in polyploids affects enzyme activity and 
changes morphology in differential manner 
(Lavania et al., 2012). Polyploidization is often 
accompanied by increased cell size and 
conspicuous changes in secondary metabolism 
(Lavania, 2005). In addition, allopolyploidisation 
(defined as joining of two different parental 
genomes in a polyploid organism with diploid 
meiosis) possibly introduces natural 
complementation of biosynthetic pathways to 
harness the useful metabolites to yield 
pharmaceuticals, aroma chemicals, and 
commercially important and industrially relevant 
plant metabolites. Regulation of microRNAs 
confers natural variation in allopolyploids of 
Arabidopsis thaliana (Ng et al., 2011). Recently, 
the role of polyploidy and tandem-derived gene 
duplication events in chemical defense and 
pathogen recognition was probed using 
bioinformatics approaches where the collinear 
blocks (ohnologs) across nine high-quality 
genomes, including six major crops, revealed 14 
pathways with above-average retention-score 
across all genomes and 37 pathway categories 
differentially enriched in species-specific sets of 
retained genes (Schranz, 2015).  
In addition to such allo- and auto-polyploidiation 
events, another important phenomenon is 
endopolyploidization, i.e., repeated cycles of 
DNA replication occurring without M-phase and 
cell ploidy getting doubled with each 
endoreduplication cycle (e.g. 4C, 8C, 16C, etc.) in 

plant cells (Wildermuth, 2010). Cell- and tissue-
specific patterns of plant endoploidy is species-
specific and usually occurs in terminally 
differentiated, larger, single cells (e.g. trichomes) 
and organs with enhanced metabolic capacity 
(i.e., maize endosperm and fruits). In fact, 
endoduplications has been implicated as a 
common mechanism required to support the 
enhanced metabolic demands associated with 
plant-biotroph interactions (Wildermuth, 2010). 
Yeasts, which are susceptible to ethanol stress, 
displayed increases in protective metabolites 
such as polyols, amino acids, phospholipids, and 
unsaturated fatty acids in haploid strains but not 
in diploid strains (Ding et al., 2010), highlighting 
the clear-cut advantage of increased ploidy to 
cellular adaptation and survival. Thus 
polyploidization has provided plants enormous 
opportunity to accomplish metabolic flexibility 
and enrichment in addition to obtaining genomic 
diversity through heterosis or hybrid vigor and 
fixation of heterozygosity (Ng et al., 2012).  

 
Polyploidy induced enhancement in specialized 

metabolism  

Polyploidization can result in greater specialized 
(also known as secondary) metabolite 
production and yield (Predieri, 2001 and Urwin 
et al., 2007) and can induce changes in the 
quality and quantity of secondary metabolites (te 
Beest et al., 2011) such as phenolics, flavonoids, 
terpenoids, anthocyanins, and polyketides, 
among others. For instance, it was observed that 
autopolyploids (defined as doubling of a single 
genome) in many drug plants including species 
such 
as Atropa, Camellia, Hyocyamus and Solanum, 
have sharply increased quantities of useful 
secondary metabolites per unit dry weight, 
whereas the species such as Datura and 
Mentha have a decreased production of these 
compound (Dhawan and Lavania, 1996). In 
Hylocereus species (Cactaceae), species changes 
associated with autopolyploidization in two 
systems of induced somatic polyploids, diploid-
autotetraploid and triploid-autohexaploid, were 
studied which indicated a higher abundance of 
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sugars in duplicated lines compared to their 
donor lines (Cohen et a., 2013). Increased 
contents of amino acids, tricarboxylic acid (TCA) 
cycle intermediates, organic acids and 
flavonoids, while decreased betacyanins content 
in fruits upon genome doubling was confirmed 
following combined metabolomics approaches 
using gas chromatography-mass spectrometry 
(GC-MS) and ultra-performance liquid 
chromatography (UPLC) Q-TOF (time of flight). 
Moreover, breeding strategies have taken 
advantage of correlating the ploidy levels with 
secondary metabolite profiles, and 
morphological traits analyses to define a 
breeding strategy for trifoliate yam (Dioscorea 
dumetorum (Kunth) Pax) (Adaramola et al., 
2014). Traditionally, colchicine and oryzalin have 
been used to induce polyploidy in diverse plant 
species. In the following sub-sections, several 
important studies that have relied upon such 
approaches in recent years, with or without 
involving micropropagation practices, are listed.  

 
Terpenoids  

A clear-cut, metabolite-dependent link to 
polyploidy-mediated change in body size was 
evident in a study consisting of unique diploid-
autotetraploid paired sets of eight diverse clones 
of six species of the lemon grass, Cymbopogon, 
that accumulate qualitatively different 
monoterpene essential oils (terpenoids are an 
abundant group of specialized metabolites made 
up of isoprene C5- units) in their vegetative 
biomass (Lavania et al., 2012). Metabolites 
originating from plastids, such as flavonoids, 
terpenoids, and indole glucosinolates, show 
significant quantitative changes with increased 
ploidy, with the specific class of affected 
metabolite being dependent on the species 
under consideration (Wildermuth, 2010). 
Colchicine- induced stable tetraploid clones 
of Artemisia annua L. produced six times more 
artemisinin, a sesquiterpenoid phytochemical, as 
compared to the diploid clones of hairy roots 
(Jesus-Gonzalez and Weathers, 2003). Induced 
autotetraploids generated by colchicine 
treatment in essential oil bearing plant basil 

(Ocimum basilicum L.) revealed that major 
constituents of the essential oil, i.e., linalool and 
1,8-cineole were increased by 13 % and 77 %, 
respectively in the tetraploids compared to the 
diploid plants (Omidbaigi et al., 2010). In fruits of 
triploid watermelons (Citrullus lanatus), the 
levels of lycopene were higher than their diploid 
progenitors, whereas the triploids tended to 
contain more lycopene than tetraploids (King et 
al., 2009). Adventitious roots of Panax 
ginseng C.A. Meyer (a natural tetraploid) treated 
with colchicine for octoploid roots revealed that 
the total ginsenoside and Rb-group ginsenoside 
contents were less in the octoploid roots than in 
the tetraploids (Kim et al., 2004). In contrast, a 
study in ginger (Zingiber officinale Roscoe) did 
not find significant differences in gingerol 
concentrations between the tetraploid clones 
and their parent diploid cultivar (Wohlmuth et 
al., 2005). Above discussed examples suggest 
that with higher ploidy content the terpenoid 
content increased generally, although depending 
on the species and plant part under study, the 
level of metabolites may show different trends.  
 
Phenylpropanoids  

Induction of tetraploidy (2n=4x=48) in Solanum 
commersonii, a wild potato species, by oryzalin 
treatment revealed from the HPLC-UV and LC-MS 
analyses that the metabolite profiles between 
the diploid S. commersonii and its tetraploids 
showed comparable qualitative profiles, except 
that phenylpropanoid content was significantly 
higher in the tetraploids than in the diploids 
(Caruso et al., 2011). In colchicine induced 
Echinacea purpurea (L.), Moench tetraploid 
plants obtained from diploid explants revealed 
higher caffeic acid derivatives and alkamides and 
cichoric acid content, alongside elevated 
phenylpropanoid biosynthesis (Xu et al., 2014). 
Triploid progeny population obtained from 
diploid and tetraploid of Camellia tea 
species indicated that the catechin and caffeine 
levels of the triploid progenies were higher than 
their diploid parent and showed heterosis for 
caffeine and EGCG, thus allowing quantitative 
enhancement of some of the quality-related 
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parameters in tea (Das et al., 2013). The ploidy 
level in licorice plantlets obtained from 
treatment with 0.08% (to induce mixoploidy 
[defined as presence of both diploids and 
polyploids in a population]) and 0.1% ( to induce 
tetraploidy) of colchicine demonstrated that the 
anthocyanin level was significantly increased in 
callus obtained from mixoploid plantlets whereas 
the amount of glycyrrhizic acid increased upon 
induction of polyploidization, proving an 
increased production of metabolites in polyploid 
licorice tissues (Bernard et al., 2012). In copper-
exposed diploid and tetraploid chamomile 
(Matricaria chamomilla) roots, it was 
demonstrated that flavonoids and phenolic acids 
did not differ with respect to ploidy (           
al., 2010). In general it is evident that with 
increases in ploidy levels, the phenylpropanoid 
contents increased in all these above discussed 
instances.  
 
Flavonoids 

Several instances are available in literature 
where flavonoid levels were correlated with 
ploidy status, possibly due to ease of qualitative 
and quantitative evaluation of flavonoids from 
plant tissues. While the amount of the coumarin 
herniarin or methoxylated flavonoids was 
s gn f can  h gh r  n    rapl  d c . ‘Lu  a’  f 
Matricaria chamomilla (R pcˇa´     al., 1999), 
the flavonoid apigenin was found to be more 
abundan   n d pl  d c . ‘N  b na’ (Sˇ  hlı´   a´ 
and R pcˇa´ , 2000). Colchicine induced 
tetraploids from diploid yellow-flowered 
cyclamen in vitro yielded two tetraploid plants 
which demonstrated greater ability to 
accumulate chalcone than their diploid relatives 
(Takamura and Miyajima, 1996). Similarly, upon 
colchicine treatment for induction of polyploidy, 
the flavonol biosynthetic pathway 
of Petunia ‘M  ch ll’ d m ns ra  d d ff r n  al 
effect with increased relative concentration of 
the major metabolite quercetin-3-sophoroside 
and decreased relative concentration of the 
minor metabolite quercetin-3 7-diglucoside 
without affecting the total concentration or 
specific concentration of the other four minor 

flavonols (Griesbach and Kamo, 1996). Although 
it is difficult to infer if the induction is just a 
stress-response upon treatment with colchicine, 
the question remains as to why the flavonoid 
biosynthetic pathways would be induced upon 
increased ploidy level? However, it can be safely 
concluded that higher ploidy levels are clearly 
reflected in higher accumulation of flavonoids in 
plants.  
 
Alkaloids  

The alkaloid profiles of hairy roots of Datura 
stramonium obtained from diploid and tetraploid 
plants were found to be comparable in terms of 
the major alkaloids, but they differed 
significantly in case of minor species, whereas 
maximal yield of hyoscyamine was recorded for 
hairy roots from tetraploid plants that were 
cultivated on a specific tissue culture medium 
(Pavlov et al., 2009). In Egyptian henbane 
(Hyoscyamus muticus L.), it was revealed that in 
spite of their lower biomass production, 
tetraploid clones could produce more 
scopolamine than their diploid counterparts 
under similar growth conditions (Dehghan et al., 
2012). In colchicine treated polyploids of 
Cannabis sativa L., the reducing sugars, soluble 
sugars, total protein, and total flavonoids 
increased significantly in mixoploid plants 
compared with tetraploid and diploid plants, 
although polyploidization increased the contents 
of tetrahydrocannabinol in mixoploid plants only, 
while tetraploid plants had lower amounts of this 
substance in comparison with diploids (Bagheri 
and Mansouri, 2014). Thus, the alkaloid contents 
showed ploidy-dependent increases in plants 
that are alkaloid biosynthesizing species.  

Other bioactive constituents  

Evaluation of diploid and mixoploid Trigonella 
foenum-graecum L. aqueous extracts, 
against Fusarium oxysporum f. sp. radicis-
lycopersici and Fusarium oxysporum f. sp. 
lycopersici revealed that aqueous extracts of 
diploid plants were less toxic than mixoploid 
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ones, indicating the presence of effective 
bioactive phytochemicals in the mixoploids 
(Omezzine et al., 2014). Similar studies 
conducted in tetraploid Mitracarpus hirtus L. 
correlated antibacterial properties with ploidy 
status (Pansuksan et al., 2014). Among other 
advantages conferred by ploidy is the possible 
amplification in detoxification machinery. 
Tetraploid soybean (Glycine max) plants were 
relatively tolerant while diploid plants were 
highly susceptible to a toxin metribuzin [4-
amino-6-tert-butyl-3-(methylthio)-as-triazin-
5(4H)-one] applied both in field grown plants as 
well as in suspension cell cultures (Abusteit et al., 
1985). Thus, it can be generally concluded that 
plants with higher ploidy levels biosynthesized 
more bioactive constituents, demonstrated more 
efficient detoxification machinery, or were more 
resistant to toxins-- all indicating towards 
increased adaptive mechanisms for surviving 
challenges from the environment.  
 
Polyploids exhibit enhanced primary 
metabolism Large-scale transcriptional changes 
related to primary metabolism upon induction of 
ploidy is well known in yeast (Li et al., 2010) and 
numerous plants (Albuzio et al., 1978; Mishra et 
al., 2010), even at the level of smallRNAs (Guan 
et al., 2014). However, the changes in metabolic 
responses in response to ploidy status are 
interesting. Polar lipids in wheat can help 
distinguish between ploidy levels (Armanino et 
al. 2002). In experiments involving the genus 
Cenchrus under water-stress conditions, the 
relative reduction in photosynthetic 
characteristics was more pronounced in annual 
diploid than perennial diploid and tetraploid, 
while water-stress tolerance in terms of plant 
height, rolling, and wilting of leaves implied 
better adaptation of tetra- and hexaploid species 
over diploids (Chandra and Dubey, 2009). The 
inheritance patterns of sugar and organic acid 
contents of ripe berries in a tetraploid × diploid 
table grape cross population were investigated 
and revealed that the sugar contents in 
tetraploid progeny was significantly higher than 
that in the diploid progeny and that the sugar 

contents appeared to increase with ploidy level 
(Liang et al., 2011).  
Genes involved in glycolysis, respiration (TCA 
cycle and mitochondrial electron transport 
chain), and fermentation exhibit preferentially 
increased ploidy-associated expression and are 
over-retained following a WGD (Wildermuth, 
2010). For instance, the transcriptomic 
expression levels also indicated an up-regulation 
in primary metabolism of haploid marine alga 
Emiliania huxleyi cells in terms of carbon 
metabolism, tricarboxylic acid cycle and general 
energy metabolism (Rokitta et al., 2011), 
although diploid cells showed 20% richer (that is, 
the total number of mRNA species) 
transcriptome (von Dassow et al., 2009). On the 
basis of the resource acquisition theory, it was 
conceived that any environmental stress that can 
lower plant resource availability would favor 
survival in a slow-growing polyploid as compared 
with that of a fast-growing diploid, as shown in 
tobacco (Deng et al., 2012). 
Tetraploid Spathiphyllum plants are more 
resistant to drought stress compared to their 
diploid counter parts (Van Laere et al., 2010). In 
tetraploid cucumbers (Cucumis sativus L.), the 
quantitative changes in 14 metabolites, as 
compared to regenerated diploids, indicated 
increases in serine, glucose-6P, fructose-6P, oleic 
acid, and shikimic acid levels as revealed from 
GC-MS analysis of a total 48 metabolites, 
although the variation in metabolic profiles did 
not correlate directly with the genomic changes 
in tetraploids (Filipecki et al., 2006). Overall, 
primary metabolism seems upregulated in 
polyploids.  
 
Current understanding of the links between 

ploidy and plant metabolism  

The gene-balance hypothesis proposes that 
genes coding for products that are highly 
connected- within protein complexes or 
biochemical pathways- ar  “d sag -s ns     ”, 
i.e., they must be present in the same number of 
genomic copies as the genes with whose 
products they interact (Buggs et al., 2012). This 
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‘dosage balance hypothesis’ predicts that, for 
instance, transcription factors or signal 
transductors will be retained after polyploidy 
such that gene networks maintain proper levels 
of upstream regulators to control the multiplied 
downstream pathways (Arrigo and Barker, 2012). 
However, an opposite pattern predicted by the 
“dosage balance” hypothesis indicated that 
signaling genes and transcription factors were 
significantly lost across whole genome 
duplications in multiple species, as compared to 
metabolic and structural genes that were 
strongly retained in duplicate copies (Barker et 
al., 2008). The metabolic pathways that are 
sensitive to net gene dosage were, among 
others, fermentative capacity, transporters, and 
plastidial production of specialized metabolites 
(Wildermuth, 2010). For instance, soybean that 
has undergone two separate polyploidy events 
revealed that transcription factors and ribosomal 
genes were differentially expressed in many 
tissues (i.e., apical meristem, flower, green pods, 
leaves, nodules, root, and root tip), suggesting 
that the main consequence of polyploidy in 
soybean may be at the regulatory level (Roulin et 
al., 2013). Transcriptome analyses support the 
idea that induced endoreduplication is a 
mechanism to increase metabolic capacity and 

identify specific processes and genes of 
established or predicted importance 
(Wildermuth, 2010). In addition, the dynamic 
nature of polyploid genomes- with alterations in 
gene content, number, arrangement, expression 
and transposon activity-may generate sufficient 
novelty that every individual in a polyploid 
population or species may be unique (Soltis et 
al., 2014), thus enabling higher survival rates 
andfitness as well as subsequent adaptive 
capabilities. In Figure 1, we summarize the 
findings highlighting the effects of ploidy status 
on plant metabolism in general.  

Conclusions and future prospects 

Both primary and specialized metabolism are 
directly responsive to increments in ploidy levels 
of plants, as evidenced from above. Nonetheless, 
there are exceptions and species-specific 
anomalies in this over-simplified generalization. 
Furthermore, artificially induced polyploidization 
and polyploidization induced over natural course 
of plant evolution might act differently on the 
genome-induced metabolomic changes in plants. 
As more plant genomes get sequenced in this 
post-genomic era, and more plant metabolomes 
are characterized, there would be an incremental 
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Figure 1. Thematic diagram summarizing the effects of ploidy status (either natural or artificial) on 
increasing the primary and specialized metabolism in plants.  
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focus on correlating the genome ploidy with 
metabolomic enrichment.  
In fact, recently ploidy level was proposed as a 
general normalization factor, providing an 
advanced method for quantifying transcripts, 
proteins, and also metabolites in A. thaliana cells 
(Shimada et al., 2010), and thus indicating the 
importance of correlating ploidy with 
metabolome. Although it is a major challenge for 
the complete depiction of a comprehensive map 
of plant central metabolism (Sulpice and 
McKeown, 2015), efforts are under way to 
understand the metabolic models operating in 
these sequenced polyploidy plant genomes, such 
as PlantSEED (Seaver et al., 2014). The objective 
of PlantSEED (http://plantseed.theseed.org) is 
that by producing consistent annotations for 
about 10 reference genomes, a functioning 
metabolic model for each genome, gap filling to 
identify missing annotations, and proposing gene 
candidates for missing annotations would be 
achieved. These advancements and resources 
would provide the information content on ploidy 
levels of numerous plants, and the metabolomics 
data from these species could be correlated to 
their ploidy status.  
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