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Abstract: Allopolyploids are known to have superior advantages such as high growth speed.
Triploids have even greater heterozygosity, explaining more phenotypic variance than 2n hybrid F1
and have therefore become new resources in breeding. To date, the metabolomic basis underlying
polyploidization vigor remains unclear. Here, we identified and compared 235 metabolites in the
shoot apical buds between multiple allo-triploid populations and parental 2n hybrid F1 in Populus via
metabolome profiling using liquid chromatography—mass spectrometry (LC-MS) assays. Associations
with growth vigor in three types of allo-triploid populations, namely first division restitution (FDR),
second division restitution (SDR) and postmeiotic restitution (PMR) generated from doubled 2n
female gametes and male gametes of 2n hybrid, were also investigated. Each allo-triploid population
has different sub-genome duplicated. Major metabolomes were amino acids, secondary metabolism
associated, and carbohydrates. We mapped 181 metabolites into known metabolism pathways in the
Kyoto Encyclopedia of Genes and Genomes (KEGG). Ten compounds, i.e., fructose 1,6-diphosphate
and xylulose, were more abundant in all allo-triploids than the 2n hybrid. Principal component
analysis revealed the abundance of metabolites fell into distinct clusters corresponding to ploidy
composition. Heterozygosity in triploids mainly effected the contents of carbohydrates and secondary
metabolites rather than lipids. Comparisons between subgroups with different growth rates revealed
some carbohydrates and secondary metabolites of flavonoids were positively associated with gene
expression and the high growth vigor. The results provided an informative metabolomic basis for
factors conferring growth vigor in polyploid Populus.

Keywords: metabolome; growth vigor; chromatography-mass spectrometry; gene ontology;
transcriptome

1. Introduction

Polyploid organisms have more than two sets of chromosomes; 30-80% of plant kingdom are
polyploid. Many plant lineages show evidence of palaeopolyploidization in their genomes. Polyploid
plants usually have larger cell size and faster growth, which are both agronomically preferred traits [1].
Polyploid breeding in plants, including synthesized polyploidization, has increased the rate of breeding
in many crops and also in trees, such as Populus [2-5]. Polyploidization leads to a series of genomic,
metabolomic, cellular and physiological changes. Typically, a reduction in genome size occurs
after polyploidization, followed by neo-functionalization, sub-functionalization and gene product
dosage balance, gene rearrangement, and epigenetic modification, which all drive the evolution and
speciation [6]. Cell size is usually increased in polyploid plants likely due to a delayed cell division [5].
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Wild and artificial Arabidopsis thaliana auto-tetraploids show different metabolic profiles [7], indicating
that polyploidization affects metabolite accumulation. Polyploidy has become a major force in the
evolution of both wild and cultivated plants for its ability to confer high environmental adaption
and superiority resulting from genome polyploidization [5]. Hybrid vigor has been widely used in
breeding to create new cultivars with superior performance and has revolutionized the improvement
in plant breeding [8,9]. Both hybridization and polyploidization are fundamental to evolution and are
very useful in breeding applications [4].

To date, Populus has been the model system for woody trees due to its small genome size, available
genetic background, tree-specific traits, and fast growth speed [10]. The diploid Populus trichocarpa
has 19 chromosomes, a genome size of 500 Mb, and a genomic sequence that is publicly available [11].
Both hybridization and polyploidization are widely used for tree breeding [5,9]. Three types of
synthetic Populus allo-triploid populations were derived from a hybridization between male gametes
and doubled 2n female gametes from the first division restitution (FDR) or second division restitution
(SDR) or postmeiotic restitution (PMR) gametes of 2n hybrid F1 [2,3]. All of these allo-triploids
have relatively high heterozygosity. Triploid FDR is known to have ~75% of 2n-gamete inherited
heterozygosity while triploids SDR and PMR even have 36-39% of inherited heterozygosity [2]. These
triploids have been found to exhibit superiority in growth vigor, stress resistance, photosynthesis and
timber quality compared with 2n hybrids [2,12]. Further RNA-Seq based transcriptome analyses in
these triploids and 2n hybrids show that levels of differentially expressed genes are mostly additive
with only a small proportion being biased or non-additive and transgressive [13].

Most studies on polyploidization effects are conducted on non-woody plants [4,5]. Analyses
of different Arabidopsis ploid lines show that the ploidy level negatively correlated with lignin and
cellulose content, and positively correlated with matrix polysaccharide content in the stem tissue [14].
Gene expression in other polyploid crops like wheat and cotton also displays biased patterns i.e.,
parental, non-additive, and transgressive besides additive pattern compared with diploid [15,16]. For
trees, both autoploid triploid and tetraploid Salix, willow trees, have less lignin and are taller than
diploids [17]. Colchicine-induced autotetraploid apple trees (Malus x domestica) with dwarf phenotype
have lower hormone levels of indoleacetic acid and brassinosteroid than diploids [18]. However, the
effects of triploidization generated directly from hybrid F1 on metabolome abundance in trees remain
unknown due to the complexity of polyploidization. Since the triploids have superior growth vigor
and great potential in woody tree breeding, the molecular basis by which different composition of
triploids affects metabolomic accumulation and growth vigor is of great interest.

In this study, we profiled the metabolomes of apical buds of the 2n hybrid Populus, three
populations of allo-triploid Populus, and their progenitor parents with the aim of elucidating the
metabolome basis in different allo-triploids and their role in growth rate difference when compared
with 2n hybrids. Untargeted metabolites in populations of allo-triploid FDR, SDR and PMR as well as
2n hybrids were examined. We conducted comparative analyses of 235 metabolomic compounds to
identify differentially accumulated metabolites with focuses on enriched carbohydrates, secondary
metabolites and lipids. We conclude that the metabolite accumulation is genomic polyploidization
dependent and partially associated with growth rate in triploid Populus. The knowledge obtained here
provides a further understanding of the molecular mechanisms in metabolome changes responsible for
superior phenotype in polyploids of the model tree and will help to guide plant breeding.

2. Materials and Methods

2.1. Plant Materials

One-year-old trees were propagated from 16 cm-long cuttings from six trees of each genotype
in plastic pots of 35 cm in diameter and 35 cm in depth in Pingdingshan University under natural
light and controlled temperature conditions (Henan, China). The 2n hybrid F1 was from a previous
cross between Populus pseudo-simonii X P. nigra ‘Zheyin3# and P. pyramidalis X P. cathayana cv.
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‘Beijingensis’. Allo-triploids namely FDR, SDR and PMR were previously generated from the 2n hybrid
F1 [2,3,13]. Briefly, the FDR population is generated from male gametes and non-reduced egg gametes
in which chromosomes do not move to the opposite poles during meiosis I. The SDR population is
generated from male gametes and non-reduced egg gametes in which no cell plate is formed during
sister chromatid separation in meiosis II. The PMR population is generated from male gametes and
non-reduced egg gametes in which chromosomes are duplicated after meiosis [2,3,13]. The apical
buds were collected from 15 individuals of 2n hybrid F1 Populus, and 15 individuals from each of
three allo-triploid populations namely FDR, SDR and PMR, and 15 individuals from their parental
progenitors. Tissues from a tree individual were pooled as one sample. Tree height was measured as
described previously [13] and grouped into high (G, 10% of the tallest), low (D, 10% of the lowest) and
mixed group (H) according the average plant height and base diameter. Collected samples were flash
frozen in liquid nitrogen and transferred into a —80 °C freezer until subsequent use. Three independent
experiments were conducted and in total 45 individuals from each population were used.

2.2. Metabolites Extraction, Liquid Chromatography—Mass Spectrometry (LC-MS) Metabolomic Profiling, and
Data Analysis

Metabolites in each sample were extracted and prepared for analysis using Novelbio’s standard
solvent extraction method. The extracted samples were split into equal parts for analysis on the liquid
chromatography—mass spectrometry (LC-MS) platform as described previously [19,20]. The LC-MS
platform (Shanghai, China) was based on a Waters ACQUITY ultra-performance liquid chromatography
(UPLC, Ann Arbor, MI, USA) and a Thermo-Finnigan LTQ mass spectrometer (Thermo Fisher Scientific
Inc., PA, USA). Three technical replicates were created from the same homogeneous sample. For the
data analysis, the present dataset comprises a total of 323 compounds of known identity (named
biochemicals) from Plant Metabolic Network (http://www.plantcyc.org/, accessed on 13 November
2018) was used. After log transformation and imputation with minimum observed values for each
compound, Welch’s two-sample ¢-test p < 0.05 was used to identify significant difference between
designed groups.

Identified metabolites were mapped into metabolism pathways at the Kyoto Encyclopedia of
Genes and Genomes (KEGG) using the KEGG mapper online (https://www.genome.jp/kegg/, accessed
on 18 September 2019) and then the pathways were retrieved.

Principal component analysis was conducted with the R package of Principal Component Analysis
(PCA) (version 3.5.2, www.r-project.org, accessed on 15 August 2019) to cluster the distribution of
relative abundance of metabolites in all samples. The mean value of three experimental replicates for
each sample was used.

2.3. Transcriptome Data and Gene Ontology (GO) Analysis

Transcriptome data was obtained from apical buds of the same population of 2n hybrids and
triploid populations and retrieved from previous report [13]. Differentially expressed genes (DEGs)
number and associated gene ontology (GO) enrichment followed previously reported procedures [13].
Briefly, the cleaned transcriptome reads from RNA-Seq were mapped to Populus trichocarpa reference
genome [11] with TopHat [21] and the abundance of transcripts was calculated in fragments per
kilobase of exon per million mapped reads (FPKM) with HTSeq [22], and then the DEGs were identified
with limma package in R language [23,24]. GO term analysis of DEGs was done by mapping against
the GO database (http://www.geneontology.org/, accessed on 20 January 2019) and GO terms with a
Bonferroni-Holm corrected FDR <0.05 were considered significantly enriched. Package ggplot2 in R
language [24,25] was used to create the graph for GO enrichment in the biological process category.
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3. Results

3.1. Identification and Clusters of Metabolites in Diploid and Triploid Populus

To understand the effects of polyploidization in polyploids on metabolite accumulation, we
examined the profiles of accumulated metabolomes in the apical buds of 2n hybrid F1, allo-triploids,
and their progenitor poplars using LC-MS assays. Three populations from three triploid lines FDR,
SDR and PMR reported previously were used (Figure 1a) [2,3]. To further characterize the effects on
growth vigor, we also measured the plant height and classified individuals in each hybrid population
into low (D, 10% of the lowest plants), high (G, 10% of the tallest plants) and mixed (H, all plants)
subgroups, and 15 individuals in each subgroup were assayed with LC-MS. Overall, we identified
and relatively quantified 235 metabolites commonly presented in each individual. Nine compounds,
namely betaine, stachydrine, fructose 1,6-diphosphate, glucose 1,6-diphosphate, myo-inositol 1,4 or
1,3-diphosphate, fructose-6-phosphate, glycerate and xylulose were more abundant (p < 0.05) in all
allo-triploids than in 2n hybrids. The abundance of 20 and 19 metabolites was higher and lower
(p < 0.05) in at least one and two types of allo-triploids, respectively, than that in 2n hybrids. However,
the alterations were not commonly shared by three types of allo-triploids.

b -
Amino acid, 54 Carbohydrates,49
SDR hybrid
‘f D
\ /

duplication
X ey — FDR hybrid
X3F Secondary
metabolites, 51 /
PMR hybrid
(X3P) “-
Others =

Lipids,47

—Cofactors, Prosthetic

triploids

Nucleotide,14 \ groups, Electron
’ carriers, 18
c Clusters of metabolites
m D 40-
= g 10 N
8 10- o
C S
> g
© ©
5-

2 s g
2 ®
o - FU,
x x
G Y 0
= e 0-
0 EN
~ -
hai —

5- =
o~ < J
e S 5

10 FU, MU

! ' ) ' ' ' ' '
-10 0 10 -10 5 0 5 10
PC1(21.1% explained variance) PC3 (14.0% explained variance)

-& Parent -== X2N -=— X3F -== X3P -= X3S

Figure 1. Metabolites, clustering of metabolite abundance in population of 2n hybrids, allo-triploids
and progenitors of Populus. (a) The origins of 2n hybrids, allo-triploid hybrids; (b) The distribution of
abundance of metabolites detected in all hybrids, the number showing the number of metabolites in
each category; (c) The clusters of colocalized metabolites via principal components analysis. The mean
abundance of each compound in each sample was used for the principal component analysis. X2N,
X3F, X3P and X3S represent the hybrid population of diploid 2n hybrid F1, populations of allo-triploid
first division restitution (FDR), postmeiotic restitution (PMR) and second division restitution (SDR),
respectively. Data are from 15 individuals of each population and three experimental replicates were
conducted. FU and MU represent the female and male progenitors of 2n hybrids.

Metabolism pathway mapping analysis revealed all metabolites were involved in eight
super-pathways, 43 sub-pathways especially in amino acid pathways, secondary metabolism associated
pathways, carbohydrate pathway and lipid pathway (Figure 1b). PCA analysis revealed that four
major primary components, which explained 21.1%, 17.5%, 14.0%, and 11.7% of the variance in
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abundance of metabolic compounds among 2n hybrids, allo-triploids and two progenitors, respectively
(Figure 1c). The relative abundance of metabolites in allo-triploids and 2n hybrids colocalizes into
distinct clusters corresponding to ploidy, whereas three types of allo-triploids are in closely relative
clusters with overlapping, meaning a higher similarity in the abundance of metabolites but some are
allo-triploid specific.

Among all detected metabolites, 181 compounds were mapped to pathways at the KEGG
database (https://www.genome.jp/kegg/, accessed on 18 September 2019). The top pathways with the
higher number of detected metabolites were general metabolic pathways, biosynthesis of secondary
metabolites, ABC transporters, and biosynthesis of amino acids, etc. (Table 1).

Table 1. The top 12 Populus pathways involved by detected metabolites.

Pathway ID ! Pathway Metabolites
pop01100 Metabolic pathways (general) 134
pop01110 Biosynthesis of secondary metabolites 73
pop02010 ABC transporters 36
pop01230 Biosynthesis of amino acids 33
pop01210 2-Oxocarboxylic acid metabolism 21
pop01200 Carbon metabolism 20
pop00970 Aminoacyl-tRNA biosynthesis 17
pop00630 Glyoxylate and dicarboxylate metabolism 14
pop00052 Galactose metabolism 13
pop00260 Glycine, serine and threonine metabolism 11
pop00250 Alanine, aspartate and glutamate metabolism 11
pop00941 Flavonoid biosynthesis 11

! the pathway ID is linked to associated online KEGG pathway database (https://www.genome.jp/kegg/, accessed on
18 September 2019).

3.2. Alteration of Primary Metabolite Carbohydrate in Allo-Triploids

To investigate the effects of polyploidization on carbohydrates, we compared the abundance of 49
commonly identified metabolites in the carbohydrate super-pathway between allo-triploids and 2n
hybrids, and between the subgroups with different plant heights in triploids relative to 2n hybrids
(Table 2, Table S1). Comparison within the mixed subgroup H revealed that five (1,3-dihydroxyacetone,
Isobar, erythronate, xylose, and mannose-6-phosphate) and three compounds (glycerate, pyruvate, and
N-acetylglucosamine) were found to have increased and reduced abundance (p < 0.05) in allo-triploids
than those in 2n hybrids, respectively, meaning an overall association between these metabolites and
polyploidization. For subgroup D with a low-growth phenotype, seven altered metabolites exhibited
a significantly higher abundance (p < 0.05) in triploids than in 2n hybrids. Of those, the malate was
commonly increased among three types of triploids FDR, SDR and PMR, indicating the malate is
a key metabolite responsible for the low-growth phenotype in spite of composition differences of
triploids. For subgroup G with a high-growth phenotype, comparison showed that two and five
metabolites exhibited higher and lower abundance (p < 0.05) in one or two triploids than those in 2n
hybrids, respectively. The significantly altered metabolites were not shared between the low-growth
subgroup and the high-growth subgroup except raffinose, which shouldn’t be associated with growth
rate, indicating that the growth rate is controlled by at least two different sets of metabolites.
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Table 2. The comparison of carbohydrates in hybrids of Populus.

60f13

Comparison within Low Growth Rate

Comparison within High Growth Rate

Comparison within Mixed Growth Rate

Pathway Biochemical Name
F.D2N_D S D2ND PD2ND FG/2N.G S G2NG PG2N.G FH2NH SH2NH PH2NH
1,3-dihydroxyacetone 0.93 1.08 0.89 1.29 1.48 1.32 111 1.04
1,6-anhydroglucose 0.7 0.93 0.64 0.86 08 0.89 0.69 0.74 0.95
fructose-6-phosphate 1.44 1.69 | 167 | 1.23 1.45 1.37 1.29 1.29 1.29
Glycolysis glucose 0.97 0.9 0.91 0.88 0.96 0.94 0.96 1 0.96
glucose-6-phosphate 2.17 1.37 1.46 2.23 1.16 1.35 1.26
glycerate 2.94 2.32 0.77 1.02 0.99 0.77 0.92 0.82 . o078 |
Isobar ! 0.96 0.82 1.34 1.59 1.55 1.19 1.53 1.84
pyruvate 0.77 0.92 0.77 0.6 0.73 0.63 0.82
alpha-ketoglutarate 0.99 | 123 | 0.84 0.93 0.9 0.88 0.78 0.79 0.75
cis-aconitate 1.11 1.03 1.36 1.05 1.21 0.88 1.16 1.05 1.12
Citric Acid Cydle citrate 1.13 1.23 141 0.94 1.06 1.01 111 1.12 1.04
TCA fumarate 0.77 0.78 0.85 0.79 0.86 0.99 1.3 1.1 1.13
isocitrate 1.17 1.42 1.06 1.08 0.91 0.85 0.99 0.94 1.09
malate [ 172 156 144 | 1.02 1.09 111 1.09 1.01 1.02
succinate 0.68 0.74 1.25 0.98 0.81 1.33 0.72 0.84 0.81
pi;lt“’)‘sré Cpif::p;‘::e sedoheptulose-7-phosphate 2.44 2.56 3.18 095 1.62 111 0.71 0.83 0.78
arabinose 13 1.29 117 1.02 1.13 112 0.93 1.04 1.04
arabitol 1.18 0.9 1.32 0.83 1.26 0.89 0.86 1.1
arabonate 0.65 0.79 0.62 0.97 0.92 1.04 121 0.83 0.95
erythritol 143 141 12 1.06 1.25 0.99 1.05 0.96 0.99
erythronate 1.79 2.13 0.81 1.23 1.24 1.04 1.06
lyxose 1.18 1.08 118 0.86 0.81 0.8 1.01 1.07 0.97
Amino sugar and N-acetylglucosamine 0.79 0.65 1.31 0.79 0.85 0.71 0.94 059 | 0.91
nucleotide sugar ribitol 1.26 1.93 0.66 1.18 0.86 0.9 0.87 1.1
ribose 0.97 0.51 0.71 1.16 0.98 0.93 1.24 112 1.05
ribulose 1.13 1.01 0.74 1.46 1.29 1.05 | 14| 1.05 0.84
UDP-glucose 0.89 111 [ 172 ] 1.09 1.38 1.35 1.39 1.07 1.54
xylonate 1.08 0.92 0.99 0.94 0.93 0.89 1 1 1
xylose 1.55 1.34 1.24 1.13 1.18 1.11 1.05 1.12 [ 12 ]
xylulose 0.95 0.94 1.19 1.15 1.31 1.17 143 1.42 1.35
UDP-galactose 0.58 0.59 1.31 0.72 1.08 0.99 0.88 0.84 1.31
Inositol metabolism inositol 1-phosphate (I1P) 0.9 0.79 1.23 0.89 0.94 0.8 0.86 0.85 0.83
myo-inositol 1.78 1.05 15 0.98 0.93 0.87 091 0.97 1.06
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7 of 13

Comparison within Low Growth Rate

Comparison within High Growth Rate

Comparison within Mixed Growth Rate

Pathway Biochemical Name
FD2N.D SDAND PD2ND FG2NG SG2NG PGA2N.G FH2NH S H2PNH PH2NH
3-deoxyoctulosonate 112 0.92 141 1.1 1.06 1.06 1.04 1.07 1

fructose 0.81 0.84 0.82 0.91 0.85 0.84 0.82 0.84 0.84

galactinol 5.62 3.92 2.9 2.18 1.91 1.54 1.9

galactitol (dulcitol) 1.5 1.86 1.38 0.92 0.86 0.69 0.92 0.96

galacturonate 1.17 0.84 0.97 1.36 1.1 1.06 0.82 0.83 1.02

glucarate 1,4-lactone 0.89 0.8 0.81 0.7 1.39 0.58 0.82 0.88 1.25

Sucrose, glucose mannitol 1.38 0.96 0.96 0.93 0.93 0.94 0.96 1.01
fructose metabolism mannose-6-phosphate 1.28 1.31 0.85 1.02 1.46 1 0.95 [ 115 ]

raffinose 1.91 1.31 1.19 1.8 1.7 14 1.43

rhamnose 1.09 1.16 1.08 0.92 0.95 - 0.83 0.88 0.88

sorbitol 1.11 1 1.09 0.86 0.84 0.99 0.92 0.91 0.99

stachyose 2.85 1.78 0.77 2.64 291 222 2.39 1.68 2.02

sucrose 2.38 2.04 2.16 1.12 1.03 1.16 1.19 1.13

trehalose 1.06 091 1.25 1.01 1.28 1.02 1.07 1.03 1.03

methyl-beta-glucopyranoside 0.45 0.48 0.66 0.76 0.82 1.03 0.83 1 0.75

C5 branched dibasic citramalate 1.06 0.99 0.94 0.84 0.77 0.95 0.88 0.94 0.97

acid metabolism

The red and green shaded cells represent the significantly up-regulated and down-regulated, respectively (t-test, p < 0.05). The value here is the ratio of metabolites content of a sample
relative to that of a control. F_D/2N_D, S_D/2N_D, P_D/2N_D, F_G/2N_G, S_G/2N_G, P_G/2N_G, F_H/2N_H, S_H/2N_H and P_H/2N_H represent the comparisons between triploids and
diploids at given group. 2N, F, P, S represent the hybrids of 2n diploid hybrid, allo-triploids FDR, PMR and SDR, respectively; _D, _G, and _H represent the phenotypic groups of low, high
and mixed plant height, respectively. 1 Isobar for fructose 1,6-diphosphate, glucose 1,6-diphosphate, myo-inositol 1,4 or 1,3-diphosphate.
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3.3. Alteration in Secondary Metabolites between Diploid and Triploid Populus

Fifty one compounds, 22% of all detected metabolites belonging to secondary metabolites, were
identified. 75% of those are flavonoids (22 out of 51) and phenylpropanoids (16 out of 51). Overall,
polyploidization caused an increased accumulation of flavonoids in triploids compared with that
in diploid 2n hybrids (Table S2). For each of the subgroups G, D and H, we also compared the
secondary metabolites with those in 2n hybrids. In the subgroup G with high growth rate, the
abundance of dihydrokaempferol, dihydroquercetin, hesperetin and quercetin was increased (p < 0.05)
in triploids, suggesting a positive association. In the subgroup D, the abundance of eriodictyol,
quercitrin, kaempferol-3-thamnoside and pinostrobin was increased while the levels of cyanidin
galactoside, quercetin-3-o-glucoside, rutin and ponciretin were decreased in triploids compared with in
2n hybrids. Since the high growth rate phenotype is of importance in breeding, we further checked the
expressional regulation of genes on these flavonoids and gene ontology of the differentially expressed
genes (DEGs) identified in previous RNA-Seq data [13]. Results showed the GO terms and DEGs were
enriched in the biosynthesis and positive regulatory pathways of flavonoids, consistent with changes
in metabolites (Figure 2). In the mixed subgroup H, no significant change in flavonoids was found,
indicating a high variance within population.

regulation of phenylpropanoid metabolic process - . @
Gene_count
® 25
phenylpropanoid metabolic process - . . [ @50
@75
@ oo
0 henylpropanoid biosynthetic process - ° ]
£ phenylprop Y p . 125
T
2
O
(O] positive regulation of flavonoid biosynthetic process . . [ ] - IOSWO(FDR)
6
negative regulation of flavonoid biosynthetic process - . 4
2
flavonoid biosynthetic process - ] . ®
FDR PMR SDR

Triploids with high growth rate

Figure 2. Enriched pathways of differentially expressed genes involved in metabolisms of flavonoids
and phenylpropanoids in hybrids of Populus. Differentially expressed genes (DEGs) were identified
in apical buds of triploids of FDR, PMR and SDR compared with those in 2n hybrids of Populus via
RNA-Seq analysis. Gene ontology (GO) was enriched for these DEGs involved in metabolisms of
flavonoids and phenylpropanoids. Gene count is the number of DEGs and FDR represents false
discovery rate. Only the significantly enriched DEGs were plotted.

Thirteen out of 19 detected phenylpropanoids showed altered accumulation. In the subgroup D,
the levels of 3,4-dimethoxycinnamic acid and isoferulate were significantly increased (p < 0.05) in both
triploids FDR and PMR while an observed increase trend was not significant in triploids SDR compared
with those in 2n hybrids. In the subgroup G, the level of vanillin was decreased significantly (p < 0.05)
while the level of caffeate was significantly increased in all allo-triploids relative to 2n hybrids (p < 0.05).
Similarly, the GO terms of DEGs were enriched in biosynthesis, metabolic and regulatory pathways of
phenylpropanoids in the RNA-Seq transcriptome analysis, meaning expressional regulation on the
phenylpropanoids in triploids (Figure 2).
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For the hormone associated metabolites, only the abscisate in the abscisic acid (ABA) pathway
was identified in this study. Comparisons showed that a higher level of abscisate was present in all

subgroups of triploids FDR than in 2n hybrids (Figure 3).
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Figure 3. Boxplot showing the abscisate levels in diploids and triploids. 2N, F, P, S represent the
hybrid populations of 2n diploid hybrid, allo-triploid FDR, PMR and SDR, which were derived from
a cross between duplicated 2n female gametes (F, P, S) and male gametes of 2n hybrid. FU and MU
represent progenitors of 2n hybrid. Data are from 15 individuals of each population and three triplicate
experiments were conducted. Low-growth, mixed and high-growth represent the subgroups with low,
mixed and high growth rate in populations, respectively.

3.4. Difference in Lipids between Dipoid and Triploid Populus

In total, 47 metabolites in the lipid category belonging to eight sub-pathways were identified
(Table S3). Most of those are phospholipids (19), followed by free fatty acids (10) and then by
glycerolipids (8). Compared with those in 2n hybrids, polyploidization caused an increased
accumulation of 2-hydroxypalmitate in the free fatty acid category and phytosphingosine in the
sphingolipid category in allo-triploidy subgroup H of FDR and SDR, respectively. However,
1-linolenoylglycerol in glycerolipids was reduced in both subgroups H of SDR and PMR. In addition,
the abundance of 1-oleoylglycerophosphocholine (18:1) and 1-palmitoylglycerophosphoethanolamine
(16:0) in the phospholipids was reduced in allo-triploid SDR subgroup H when compared with those
in 2n hybrids. No common lipid metabolite was found to be increased or decreased across three types
of allo-triploids, suggesting that the lipid content is highly dependent on the type of genotype.

4. Discussion

Hybridization merges genomic variance, which increases the genetic heterozygosity.
Polyploidization duplicates the whole genome both naturally in major evolutional transitions and
artificially, enabling polyploids to outperform their diploid relatives [4,5]. However, the mechanisms
for effect of genomic polyploidization in polyploid hybrids on metabolites remain largely unclear and,
to our best knowledge, have not been reported in allo-triploids of trees. Here, we used triploid and
diploid hybrids as the research system, which harbored rich and different genomic compositions from
both polyploidization and hybridization, in order to gain clues about these mechanisms. Previous
studies mainly have focused on physiological, expressional, cellular and metabolomic differences in
polyploids compared with 2n hybrids [2-5,15,16]. However, no report has yet investigated the changes
of metabolites in allo-polyploids with different sub-genome duplications at population level. Here, we
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used three types of populations of triploids, which have different sub-genome duplications. Results of
the metabolite changes in apical buds between triploid populations and 2n hybrids of Populus provide
informative molecular basis of polyploidization’s effects on metabolite accumulation and growth vigor.
We found the metabolite contents were associated with the composition of hybrid genomes and fell
into with hybrid-specific clusters of colocalization in PCA. The key difference between triploids with
different sub-genome duplications and 2n hybrids is the differential accumulation of important primary
carbohydrates; the association of significant changes in metabolites with plant height suggests that
polyploidization effects growth vigor in hybrids. The combined results may explain the superiority
in triploid hybrids than diploid hybrids. Thus, the metabolite differences in hybrids provide very
informative molecular basis conferring effects of genomic polyploidization on metabolites and growth
rate with polyploidization and hybridization, which is very important in modern breeding [4].

A fast-growth rate is one of common features of hybrid vigor. Compared with the 2n hybrids, the
growth vigor varies in allo-triploids with different plant heights, which could be caused by genome
instability, genome dosage, heterozygosity differences, genomic rearrangements, genomic epigenetic
modifications and gene sub-functionalization [1]. This is supported by the very high heterozygosity in
triploid SDR and a relatively low heterozygosity in FDR and PMR triploids [2,3]. Here, the observed
primary carbohydrates and secondary metabolites were casually associated with plant height in all
allo-triploids, which may suggest a common dosage effect on metabolites resulting from genome
polyploidization. Most DEG expression is positively correlated with metabolite contents in triploids,
which could be due to the fact that the DEGs are enzyme encoding genes [13]. Therefore, these
metabolites could be further developed into molecular markers for growth vigor selection in breeding.
In addition, to track these metabolite changes in the progeny of the interested triploids is worthy
of further investigation. Plant hormones, i.e., auxin, are well known to play very important roles
in growth [26]. However, the plant hormones were not well identified in our metabolome dataset.
Additional efforts may be taken for the further plant hormones detection considering the novel
advances in hormone analysis [27].

Interestingly, the changes of many differentially accumulated flavonoids and phenylpropanoids
were presented in allo-triploids when compared with those in the 2n hybrids. This deserves
consideration because the flavonoids are mainly involved in plant immunity, defense and flavor
molecules [28,29]. Changes in flavonoids and phenylpropanoids might increase immunity and
defense to ensure growth vigor in triploids, which could be of priority in future investigation for the
association mapping using a method called metabolite quantitative trait loci analysis [30]. Our previous
transcriptome comparisons show that the DEGs between hybrids are involved in stress responses [13].
Thus, taking metabolome analyses into account here, we propose that the polyploidization in polyploids
increases the defense against stress via flavonoids and phenylpropanoids. This is worthy of further
investigation in the future. The results of small change in lipid contents indicate that lipids are pretty
stable in apical buds even after polyploidization no matter which sub-genome is duplicated in the
triploids. Therefore, the lipids may be not the important metabolites resulting from polyploidy in
one-year old trees. Of course, some metabolites are triploid-specific which may be related to the
variance that comes with the formation of triploids.

5. Conclusions

In summary, we identified the differences in 235 metabolites in apical buds between allo-triploids
and 2n hybrids using metabolome profiling. The abundance of metabolites in triploids and 2n
hybrids forms different clusters, meaning there is a different metabolic basis for the hybrid vigor
resulting from the polyploidization in triploids. Major changes of metabolites occur in primary
carbohydrates and secondary metabolites, i.e., flavonoids, which show a strong association with
growth vigor. The differential gene expression resulting from polyploidization in triploids may
positively regulate the metabolite accumulation. We summarized the scheme of gene expression and
associated major regulation on metabolites in triploids in Figure 4. Finally, we have concluded that the
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polyploidization confers changes in gene expression and metabolites, especially carbohydrates and
secondary metabolites in triploid hybrids, which leads to the hybrid vigor. The results elucidate an
informative metabolomics basis for superior growth vigor in polyploidy Populus.
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Figure 4. The schematic molecular basis for hybrid growth vigor in polyploid Populus. FDR, PMR and
SDR represent different types of allo-triploids.
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