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Abstract

Triploidy is a widespread phenomenon in cultivated
and natural breeding plants and it can confer some
growth advantages. Here, we analyzed genome-wide
gene expression in triploid Populus euramericana (black
poplar) using the Affymetrix poplar microarray to detect
any possible correlation between triploid vigor and a
unique gene expression profile. Among the 38,400 tran-
scripts that were detected in triploid poplar, 1,564 and
2,015 genes were up- or downregulated, respectively,
compared with the diploid. The majority of the upregu-
lated genes in the triploid were associated with carbon
and nitrogen metabolism, especially lignin and sec-
ondary metabolism. Other genes upregulated in the
triploid included genes involved in sugar transport, and
brassinosteroid (BR) and auxin metabolism. Downregu-
lated genes were mostly related to the assembly and
biosynthesis of ribosomes and the nucleosome macro-
molecular complex. The results suggested that BR and
auxin levels were crucial in controlling sugar transport,
photosynthesis and cell wall biosynthesis. Downregulat-
ed genes were associated with chromatin regulation in
the triploid. The information from this analysis could
provide an insight into the vigor of triploid poplar.

Key words: Gene expression; Populus; microarray; triploid.

Abbreviations: BR, brassinosteroid; cRNA, complementary
RNA; ESTs, expressed-sequence tags; GO, gene ontology; IAA,

indole-3-acetic acid; qRT-PCR quantitative real-time poly-
merase chain reaction; SEA, singular enrichment analysis.

Introduction

Polyploidy is a widespread phenomenon in plants, and
it is also a major mechanism driving speciation. Approx-
imately 60–70% of flowering plants have undergone
polyploidization during their ancestry (BLANC and
WOLFE, 2004; CUI et al., 2006; MASTERSON, 1994), and it
is estimated that 15% of angiosperm speciation has
been achieved by polyploidization (RIESEBERG and
WILLIS, 2007). However, new polyploids often face repro-
ductive isolation from their progenitors due to the
triploid reproductive barrier, which is caused by the pro-
duction of unreduced gametes (KOHLER et al., 2010).
Therefore, the plants that evolved by polyploidization
remain in a triploid state. This speciation process has
been defined as the triploid bridge, and is thought to
play an important role in plant evolution (YAMAUCHI et
al., 2004). 

Triploidy is also found in natural plant groups, and
these plants can have growth advantages. There exist
triploid varieties in various species of poplar, including
Populus tremula, Populus alba (PAULEY, 1949), Populus
balsamifera and Populus tremuloides (VAN BUIJTENEN et
al., 1958). Compared with their diploid counterparts, the
triploid trees are faster growing, have larger leaves and
show greater vigor (LI et al., 2008). Several studies have
examined triploid white poplar, which has good growth
performance and other desirable properties (ZHANG et
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al., 2005; ZHANG et al., 2008; ZHENG et al., 2009).
Triploids can be generated from crossings between the
tetraploid and diploid or from unreduced gametes dur-
ing normal crossing between diploids. For example,
crosses between Populus trichocarpa and Populus del-
toides from different geographic locations often produce
triploid individuals in the first filial generation (BRAD-
SHAW and STETTLER, 1993). The appearance of triploid in
progenies is often related to evolutionary and ecological
changes in plants (WU, 2000), and plants may benefit
with increases in performance in response to environ-
mental changes. 

With the use of high-throughput microarray technolo-
gies, many studies have detected genome-wide expres-
sion changes in polyploid plants. Additive and non-addi-
tive expression changes have been observed in genes of
allopolyploids in Arabidopsis, cotton and Senecio (JACK-
SON and CHEN, 2011), and between 30% and 95% of
expressed genes were identified as additive in allopoly-
ploids (FLAGEL et al., 2008; HEGARTY et al.. 2006;
PUMPHREY et al.. 2009; WANG et al., 2006). These gene
expression changes in polyploids could result from the
reunification of divergent genomes, which enables the
possible combination of different transcription factors in
a single regulatory network system (RIDDLE and
 BIRCHLER, 2003). The researchers argued that superior
hybrid vigor may result from altered regulatory effects
and the positive effects of an enlarged repertoire of regu-
latory responses, and this hypothesis was verified in
Arabidopsis hybrids (ANDORF et al.).

However, relatively little is known with respect to
global gene expression in triploid trees. In the present
study, triploid black poplar (generated from crossing the
maternal parent P. deltoides with the pollen parent
 Populus nigra) was used to investigate the gene expres-
sion profile in this triploid tree.

Materials and Methods

Plant material and RNA extraction

The offspring trees were generated 30-years ago from
crosses between the maternal parent P. deltoides and
the pollen parent P. nigra. Cuttings from offspring were
grown in water culture for chromosomal preparation.
Root tips that were approximately 1 cm long were col-
lected and treated with a saturated aqueous solution of
�-bromonapthalene and paracide for 3 hours at room
temperature and then fixed in Carnoy’s fixative
(ethanol: acetic acid = 3 :1, v/v) for 1 h. The fixed roots
were spread on the slide in a water film by fine pointed
forceps and air-dried. One triploid was identified from
these cuttings. Cuttings from the triploid and a single
diploid were transferred to the same field to grow for
one year. 

The first to third fully-expanded leaves (numbered
from the apical bud) of the three triploids (2n=3x=57)
and three diploids (2n=2x=38) of the black poplar (Pop-
ulus euramericana cl. ‘Zhonglin 46’) were collected at
the same time after growth under natural conditions.
The leaves were stored immediately in liquid nitrogen.

Table 1. – The oligonucleotides used in Quantitative RT-PCR.

*: The 18S primer was from Meng’s works. M. MENG, M. GEISLER, H. JOHANSSON, E.J. MELLEROWICZ, S. KAR -
PINSKI, L.A. KLECZKOWSKI, Differential tissue/organ-dependent expression of two sucrose- and cold-responsive
genes for UDP-glucose pyrophosphorylase in Populus, Gene, 389 (2007) 186–195.
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Figure 1. – Chromsome analysis of Populus euramericana. a–c, diploid black poplar (2n=2x=38); 
d–f, triploid black poplar (2n=3x=57). Scale bar, 5 µm.

Table 2. – The selected genes analyzed by qRT-PCR.

Total RNA was extracted according to Kiefer’s method
(KIEFER et al., 2000) from three individuals. RNA sam-
ples were treated with DNase I (TaKaRa, Japan) and
checked for purity on a 1.5% (w/v) agarose/formal -
dehyde gel.

Microarray analysis
The two total RNA sample pools were equivalently

mixed by three individual diploids and triploids for
Affymetrix Poplar Genechip arrays. A One-Cycle cDNA
Synthesis kit (Affymetrix, USA) was used to generate

Hu et. al.·Silvae Genetica (2012) 61-4/5, 148-157

DOI:10.1515/sg-2012-0019 
edited by Thünen Institute of Forest Genetics



 151

double-stranded cDNAs using SuperScript II (Invitro-
gen, USA) with T7-Oligo (dT) primers. The Sample
Cleanup Module (Affymetrix, USA) was employed to
purify the cDNAs, and then an IVT Labeling kit
(Affymetrix, USA) was used to biotin-label the targets to
generate complementary RNAs (cRNAs). The cRNAs
were purified again and fragmented. The length of
cRNAs ranged from 35 to 200 nucleotides. The cRNAs
were hybridized in a Hybridization Oven 640, and then
the arrays were washed and stained on an Affymetrix
GeneChip Fluidics Station 450. Finally, a GeneChip®

Scanner 3000 (CapitalBio Corp., China) was used to col-
lect the signal from the arrays. The one-sided Wilcoxon’s
rank test was performed to determine the call of each
transcript: P (present), M (marginal) or A (absent). The
fold-changes in the expression of each transcript were
calculated from the ratio of the signal values from the
triploid and diploid samples. If the signal value was
greater in the triploid, the fold-change was calculated
from the triploid: diploid ratio; otherwise the fold-
change was calculated from the diploid: triploid ratio.
Genes with fold changes >2.0 were identified as differ-
entially expressed. Singular enrichment analysis of the
detected genes were performed using AgriGO software
(DU et al., 2010), and statistical strategies were the
employed using the Hypergeometric method with Yeku-

tieli’s method for multiple test corrections to compare
the common genes for each GO term.

Quantitative real-time PCR (qRT-PCR)

Extraction of total RNA was carried out as above and
digested by DNase I (TaKaRa, Japan) to avoid interfer-
ence by DNA. The first-strand cDNAs were synthesized
by using equal quantities of total RNA with oligo (dT)15
and M-MLV reverse transcriptase (Promega, USA). The
quantities of synthesized cDNAs were determined using
a NanoDrop ND-1000 (Nanodrop Technologies, Ger-
many), and then concentrations were adjusted to
200 ng ·µL–1. qRT-PCR was performed with FastStart
SYBR Green Master (Roche, Germany) using a Bio-Rad
MyiQ Thermal Cycler (Bio-Rad, USA). The 25 µL reac-
tion volumes contained 1�FastStart SYBR Green Mas-
ter, 0.2 µM of each primer and 500 ng of cDNA. The pro-
gram employed a three step method: 94°C for 2 min, fol-
lowed by 45 cycles of 95°C for 15 s, 60°C for 30 s, and
72°C for 30 s. Four housekeeping genes (ACT, G3pdh,
Ubi, 18S) were selected as the combined references
(Table 1) to normalize expression levels using the Bio-
Rad Optical System software (version 2.0). The gene
expression profiles of three diploid and triploid individu-
als were analyzed three times.

Figure 2. – The percentages of genes in each enrichment of significant GO terms were occupied in all upregulated genes queried in
triploid P. euramericana. Genes in the triploid were assigned in ascending order according to the p-value.
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Figure 3. – The percentages of genes in each enrichment of significant GO terms were occupied in all downregu-
lated genes queried in triploid P. euramericana. Genes in the triploid were assigned in ascending order accord-
ing to the p-value.

Results

Chromosome analysis of diploid and triploid 
P. euramericana

The polyploid levels of black poplar clones were identi-
fied by counting chromosome numbers in root cells. The
results indicated that our materials were stable diploids
and triploids among several analyses (Figure 1). Chro-
mosome aberrations were not observed in triploid black
poplar. 

Global gene expression in triploid P. euramericana

The GeneChip® Poplar Genome Array with 61,251
poplar probe sets was employed to detect overall gene
expression in the triploid poplar. In total, 56,055 tran-
scripts were interrogated on the array when considering
UniGene clusters, expressed-sequence tags (ESTs) and
mRNAs, predicted gene transcripts, poplar controls, and
rRNAs. RNA expression levels were calculated using the
GeneChip® operating software (Affymetrix, version 1.4).
A total of 38,400 transcripts were detected in the diploid
and triploid P. euramericana. Thus, 9.32% of the 38,400
transcripts were differentially expressed and these were
selected for further analysis. In all, 1,564 and 2,015
genes were up- and downregulated in the triploid
P. euramericana respectively, compared with the diploid.

Singular enrichment analysis (SEA) of the detected
expression gene 

Gene annotations were obtained from Affymetrix, and
genes were sorted according to Gene Ontology (GO;
Complete GO, version 2010-03-11) (Figures 2–4). In the
triploid, 151 and 94 significant GO terms were found in
the up- and downregulated genes, respectively (signifi-
cance level p<0.05). 

Metabolic genes 

As expected, triploid leaves were enriched for tran-
scripts associated with metabolism (Figure 2), such as
glutamate decarboxylase, ATP-citrate synthase, long-
chain acyl-CoA synthetase, and trans-cinnamate 4-
hydroxylase, when compared with the diploids. Overall,
young leaves had a higher expression of genes involved
in nitrogen compound metabolism, carbohydrate metab-
olism and lipid metabolism, and particularly amino acid
metabolism and amino acid derivative metabolism.
Moreover, triploid-preferred expression was detected for
several genes involved in glutamine and aspartate
metabolism, which were strongly involved in the regula-
tion of a compound metabolic network that links nitro-
gen assimilation with carbon metabolism in young
plants, which potentially reflects the presence of unique
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Table 3. – Upregulated genes related with cellulose biosynthesis and organization.

carbon and nitrogen cycling processes in triploid black
poplar.

Cell wall biosynthesis 

Triploid leaves differed significantly from diploid
leaves with regards to genes that encode enzymes
involved in cell wall biosynthesis, such as secondary
cell wall-related glycosyltransferase, cellulose synthase

and alpha-1,2-fucosyltransferase. Genes related to
sugar transporters were also preferentially expressed in
triploid leaves. Leaves showed a higher abundance
of RNAs for phenylpropanoid metabolism and lignin
biosynthesis-related genes. The same was observed
in the other downstream pathway of phenyl-
propanoid metabolism (coumarin and flavonoid biosyn-
thesis).

Table 4. – Upregulated genes related with hormone biosynthesis and transport.
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Regulation network 

Triploid leaves presented a higher mRNA abundance
for genes involved in stimulus response, such as salt,
metal ions and cold. Several proteins encoding these
response genes also simultaneously participated in the
regulation of hormone biosynthesis and transport. For
example, a gene encoding the transcription repressor,
MYB6, was involved in the abscisic acid, salicylic acid,
jasmonic acid, ethylene and gibberellin pathways. More-
over, a relatively small set of genes (13) related to chem-
ical homeostasis was detected as triploid-preferred in
triploid leaves. mRNA abundance profiles of genes
involved in the response to stimulus and chemical home-
ostasis possibly resulted from the combination of diver-
gent regulatory factors from different genomes.

Downregulated genes 

Lowly expressed triploid-preferred genes were mainly
involved in ribosome and nucleosome macromolecular
complex assembly and biosynthesis (Figure 3). In addi-
tion, triploid leaves presented a lower mRNA abundance
for genes associated with gene expression and the nucle-
obase metabolic process. A few oxidation-reduction
genes involved in electron transport in the chloroplast
and mitochondrion were also expressed at low levels in
the triploid. Overall, young leaves had a lower expres-
sion level of genes related to cellular components
involved with genetic material.

qRT-PCR of selected genes

qRT-PCR was employed to verify the microarray
expression data in three diploid and triploid clones for
11 differentially expressed transcripts (Table 2). The 11
transcripts were randomly selected from those with a
high to low fold change. Melt curve analysis after each
reaction showed only one peak. The relative expression
ratios were calculated using the 2–��Ct method. The
expression levels of 8 transcripts were similar to or
higher than the results from microarray, while the
expression trends of the other three transcripts were in
accordance with the microarray data (Figure 4). The
expression trends of these genes did not differ from the
expression in the microarray analysis, although the rel-
ative expression ratios of several genes differed in terms
of numerical abundance. Thus, the qRT-PCR data con-
firmed the expression profiles determined in the
microarrays. 

Discussion

Rapid and dynamic changes in gene expression in
plant polyploids using high-throughput technologies
have been described for numerous plants, including cot-
ton, wheat, maize and Arabidopsis (JACKSON and CHEN,
2010). In this study, the poplar genome microarray was
used to detect gene expression levels in young leaves of
triploid black poplar. A homologous diploid poplar was
used to normalize the gene expression levels in the
triploid and this enabled the identification of 3,579 dif-
ferentially expressed genes within a total of 38,400. The
up- and downregulated genes were classified into differ-
ent gene categories and grouped according to GO. 

The upregulated genes were concerned with various
types of primary and secondary metabolism. In poly-
ploid Arabidopsis, 25% of differentially expressed genes
are involved in metabolism (WANG et al., 2006). This
enhancement of metabolism is generally thought to
explain the improved morphological vigor of polyploidy
plants. In the present study, carbon and nitrogen cycling
processes (including amino acid and carbohydrate
metabolism, and organic and carboxylic acid catabolism)
were significantly reinforced in the triploid poplar,
which could manifest as more rapid growth and greater
accumulation of biomass.

The transcript abundance of genes related to phenyl-
propanoid biosynthesis were significantly increased in
the triploid poplar (Figure 2). Lignin is the major prod-
uct of phenylpropanoid metabolism and it is a key struc-
tural component of cell walls. Genes involved in lignin
metabolism and biosynthesis were upregulated in the
triploid poplar. In an earlier study, suppression of lignin
biosynthesis was shown to increase cellulose biosynthe-
sis and plant growth (WEI et al., 2005). But the reduc-
tion in lignification simultaneously increased the cellu-
lose content in wood and the xylem’s vulnerability to
embolism (WEI et al., 2005). This present study suggests
that lignin biosynthesis in poplar contributes greatly to
plant growth (HANCOCK et al., 2007). Indeed, the down-
regulation of a gene in the phenylpropanoid pathway (4-
coumarate: coenzyme A ligase) has been shown to reduce
significantly poplar growth efficiency (VOELKER et al.,
2011a; 2011b). Moreover, transgenic poplar containing
the ferulate-5 hydroxylase gene (which is also involved
in phenylpropanoid metabolism) contains more solid
wood than the wild type (HUNTLEY et al., 2003). In our
microarray analysis, the genes related to cellulose
metabolism and cellulose microfibril organization were
upregulated (Table 3). The enhancement of the lignin
and cellulose metabolism together may play an impor-
tant role in improving the growth and morphological
vigor of the triploid poplar. Other researchers have sug-
gested that natural lignin contents have evolved to the
most suitable condition (VOELKER et al., 2011b). The
results of the present study demonstrate that activation
or suppression of a single metabolic pathway in cell wall
biosynthesis may limit improvements in plant growth,
and the most efficient method to promote growth is to
coordinately manipulate gene expression in both lignin
and cellulose metabolism.

The polymer trap model proposes that sucrose (the
major transported sugar in poplar) is carried out of the
leaves to reduce sucrose concentrations and converted
into raffinose-family oligosaccharides; otherwise the
accumulation of sucrose in leaves would inhibit photo-
synthesis (MCCASKILL and TURGEON, 2007; TURGEON and
Gowan, 1990; TURGEON and BEEBE, 1991). Genes
involved in carbohydrate metabolic processes and trans-
port (Figure 2) were significantly upregulated in triploid
black poplar. The activation of sugar transport has been
detected in other polyploids in previous studies (CHEN,
2010; LLOYD et al., 2005; SMITH et al., 2005), and more
starch has been shown to accumulate in polyploid
plants. Sucrose transport drives the partition of photo-
synthesis products between the biomass source and sink
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(AINSWORTH and BUSH, 2011; AYRE, 2011; LIESCHE et al.,
2011). Timely sucrose transport out of the leaves in the
triploid black poplar probably maintained a high
 efficiency of photosynthesis, and therefore promotes
increases in biomass. 

Small changes in the expression of key genes are
important in regulatory systems (HUANG DA et al., 2009).
Some genes involved in regulating hormone levels,
transport and biosynthesis were upregulated in triploid
black poplar (Table 4), including a tryptophan synthase-
like gene. The product of this gene catalyzes the last two
steps of the synthesis of tryptophan, which is vital for
indole-3-acetic acid (IAA) synthesis (DUNN et al., 2008).
Furthermore, genes encoding proteins like the auxin
efflux carrier family protein and aminopeptidase, which
are involved in regulating auxin transport (MURPHY et
al., 2002), were also upregulated in triploid black poplar.
These results suggest that IAA synthesis, transport and
concentration regulation were enhanced in the triploid
tree. 

The cytochrome P450-like genes involved in brassinos-
teroids (BRs) biosynthesis, such as CYP90D,
CYP90A6v1, were detected in the upregulated genes of
triploid poplar. The important oxidative reactions in the
synthesis of BRs are processed by the cytochrome P450
CYP90 and CYP85 families of enzymes (BANCOS et al.,
2002). BRs can improve photosynthetic parameters and
plant growth (XIA et al., 2009). In transgenic plants
expressing the cytochrome P450 family protein, C-22
hydroxylase (which controls BRs levels), increases in
BRs were shown to promote the flow of photosynthetic
products from source to sink (WU et al., 2008). There-
fore, the increase in BRs probably originated from the
upregulation of cytochrome P450 family genes that are
responsible for active sucrose transport in the triploid
poplar. In addition, interactions and coordination
between BRs and auxin have been reported in previous
studies (BAO et al., 2004; DE GRAUWE et al., 2005; HALLI-
DAY, 2004; LI et al., 2005), and auxin related genes are
also involved in cell wall biosynthesis (ANDERSSON-
 GUNNERAS et al., 2006). Moreover, sterols greatly con-
tribute to the organization of plant cell biosynthesis
(SCHRICK et al., 2004). Therefore, the interplay between
these compounds may be important for cell wall biosyn-
thesis and developmental regulation in the triploid
black poplar. 

The downregulated genes in the triploid poplar were
mostly concerned with cellular components associated
with genetic material, including the nucleosome, chro-
matin and ribosomes. The results indicated reduced
chromatic agglutination in the triploid, which suggests
that gene expression changes were related to chromatin
regulation. Such changes may result in variations in
hormone biosynthesis.

In summary, this study used microarray technology to
analyze gene expression of triploid P. euramericana, and
it was found that genes involved in carbon and nitrogen
cycling metabolism were upregulated, which probably
results in increases in biomass and photosynthetic effi-
ciency. High photosynthetic efficiency probably results
from an accelerated rate of sugar transport. Meanwhile,

higher levels of BRs and auxin in the triploid poplar
stemmed from the upregulation of genes involved in
their biosynthesis and regulation. These hormones can
promote sugar transport, photosynthesis and cell wall
biosynthesis. Downregulated genes in the triploid poplar
were involved in macromolecular complex assembly and
biosynthesis and chromatin regulation. This present
study is the first to report global gene expression data
for triploid poplar, and provides an insight into the mol-
ecular mechanisms of triploid vigor and plasticity. Nev-
ertheless, further studies are needed to investigate the
key genes that regulate cellular metabolism in triploid
poplar. 
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