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Abstract
Main conclusion Cell-size enlargement plays a pivotal role in increasing the leaf size of triploid poplar, and poly-
ploidization could change leaf shape. ABP1 was highly expressed in triploid plants and positively related to cell size.

In the plant kingdom, the leaf is the most important energy production organ, and polyploidy often exhibits a “Gigas” effect
on leaf size, which benefits agriculture and forestry. However, little is known regarding the cellular and molecular mecha-
nisms underlying the leaf size superiority of polyploid woody plants. In the present study, the leaf area and abaxial epidermal
cells of diploid and triploid full-sib groups and their parents were measured at three different positions. We measured the
expression of several genes related to cell division and cell expansion. The results showed that the leaf area of triploids was
significantly larger than that of diploids, and the triploid group showed transgressive variation compared to their full-sib
diploid group. Cell size but not cell number was the main reason for leaf size variation. Cell expansion was in accordance
with leaf enlargement. In addition, the leaf shape changes in triploids primarily resulted from a significant decrease in the
leaf ratio of length to —width. Auxin-binding protein 1 (ABPI) was highly expressed in triploids and positively related to leaf
size. These results enhanced the current understanding that giant leaf is affected by polyploidy vigor. However, significant
heterosis is not exhibited in diploid offspring. Overall, polyploid breeding is an effective strategy to enhance leaf size, and
Populus, as an ideal material, plays an important role in studying the leaf morphological variations of polyploid woody plants.
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2005). Leaf size is controlled by environmental and genetic
factors (Cookson et al. 2006; Kondorosi et al. 2000). Such
mechanisms as shade avoidance or drought resistance could
help plants in adapting to stressful environments, but these
strategies are often accompanied by reductions in leaf size
(Robson et al. 1993; Lecoeur et al. 1995).

On the cytological and molecular levels, the final leaf area
is majorly controlled by the cell size and cell number (Krizek
2009; Gonzalez et al. 2012). Generally, the conversion of the
leaf primordium into a mature leaf can be divided into two
phases: cell proliferation and cell expansion (Huang et al.
1998; Donnelly et al. 1999; Hu et al. 2003). The relationship
between the two phases is complex and common existence
during transition phase rather than independent (Tsukaya
2002; Beemster et al. 2003), and recent research is more
inclined to this view that small leaf primordium to a mature
leaf is controlled by at least five or six distinct processes
(Gonzalez et al. 2012; Kalve et al. 2014; Gonzalez and Inzé
2015). Gonzalez et al. (2012) described that the small leaf
primordium to a mature leaf is controlled by five phases:
(1) an initiation phase, (2) a general cell division phase,
(3) a transition between division and expansion phase, (4)
a cell expansion phase, (5) and a cell differentiation phase
(Gonzalez et al. 2012). Kalve et al. (2014) made a point that
endoreduplication is one of the distinct phases in leaf growth
too. At least five elements influence the final leaf size: (i)
the number of cells recruited from the meristem to the pri-
mordium; (ii) the rate of cell division; (iii) the extent of cell
proliferation; (iv) cell expansion; and (v) the duration of
meristemoid division (Gonzalez et al. 2012). Such as plant
hormone, sugar, peptide, protein, and microRNA are impor-
tant factors to influence leaf area (Kalve et al. 2014), and
numerous key genes on leaf growth development also are
identified. Because cell division and expansion play more
important roles in leaf size controlling, molecular research
is more focused on them.

Commonly, cell proliferation occurs during the early
stages prior to cell expansion. Cell division determines the
final leaf size (Korner et al. 1989; Krizek 2009; Gonzalez
et al. 2012), and the rate and duration of cell division are
determining factors for the final leaf size. Previous studies
have identified some genes that play important roles in cell
proliferation. Cyclin D3;1 (CYCD3;1) positively promotes
cell division, resulting in increased cell number, as well
as the conversion from cell production into cell expansion
(Dewitte et al. 2007). Small changes in BIG BROTHER (BB)
gene expression can alter organ size (Disch et al. 2006), and
the function of DA/ is similar to that of BB, which nega-
tively regulates the duration of cell proliferation in leaves
(Disch et al. 2006; Li et al. 2008). Cell expansion could
affect the final leaf area (Sugimoto-Shirasu and Roberts
2003; Gonzélez et al. 2012). Similarly, DELLA, ARGOS-
like protein (ARL) and Auxin-binding protein 1 (ABPI)
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play vital roles in cell enlargement (Jones et al. 1998), and
the above-mentioned genes related to cell division and cell
size are regulated through the associated hormones, such as
brassinosteroid (Nakaya et al. 2002), auxin (Hu et al. 2003),
gibberellin (Huang et al. 1998; Coles et al. 1999; Gonzalez
et al. 2010), and cytokinin (Holst et al. 2011), which influ-
ence final leaf size. However, the molecular basis for this
correlation remains elusive.

From cultivation techniques to genetic breeding, there is
considerable interest in improving the organ size of agricul-
ture and forestry products. Polyploidization is generally rec-
ognized as an effective strategy to improve organ size (Sat-
tler et al. 2016). In plants, compared with cell division, more
profit is acquired from cell expansion (Sugiyama 2005).
Chromosome doubling is often associated with an increase
in cell size (Sugimoto-Shirasu and Roberts 2003). In plants,
such as Arabidopsis (Melaragno et al. 1993), Triticum (Del
Blanco et al. 2000), and Malus domestica (Xue et al. 2015),
there is a strong correlation between final leaf area and final
cell size in polyploidy. However, the ploidy level, such as
octaploidy Arabidopsis (Tsukaya 2008) and tetraploid apple
(Hias et al. 2017), are not always directly related to leaf or
cell size (Roeder et al. 2012).

The reason why increases in ploidy level increase cell
volume remains unknown (Tsukaya 2008). However, over
the past several decades, there has been progress in this area.
There is some evidence that somatic polyploidy, via endore-
duplication, is also implicated in cell-size control. Endore-
duplication occurs when a cell undergoes DNA duplication
without cell division, representing a modified version of the
cell cycle that lacks the M phase (Tsukaya 2008). Endore-
duplication can be detected in a majority of polyploid plant
tissues (Galbraith et al. 1991), resulting in a doubling of
the quantity of DNA (Melaragno et al. 1993; Sugimoto-
Shiras and Roberts 2003). The DNA content is positively
correlated with leaf size (Beaulieu et al. 2008), and poly-
ploidy can change leaf shape (Thao et al. 2003; Tang et al.
2010). Remarkable variations related to leaf size heterosis
are shown in Arabidopsis, and heterosis does not always
occur in hybrids (Miller et al. 2012; Groszmann et al. 2014).
Although the molecular mechanism of ploidy and hybridity
remains elusive, with the rapid development of molecular
biology, a number of genetic and epigenetic changes have
been identified in hybrid diploid and polyploidy plants. The
gene expression of polyploid plants was significantly dif-
ferent from that of diploid plants as a result of molecular
effects, including DNA methylation, histone acetylation,
RNA interference, and dosage compensation (Chen 2013).

Populus is one of the most important commercial and
ecological trees, and these plants are internationally popu-
lar, especially in developing countries, as these trees pro-
vide fuel wood, wood, fiber, and other forestry products and
play pivotal roles in sustainable development (Isebrands
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and Richardson 2014). In addition, the complete genome of
Populus has been sequenced (Tuskan et al. 2006), showing
a deeper molecular basis compared with other tree species.
Polyploidy breeding of poplars has also significantly pro-
gressed (Zhu et al. 1995; Xi et al. 2012; Guo et al. 2017).
Thus, poplar is an ideal material to study leaf area and cell
size and the mechanisms underlying these traits. Although,
Liao et al. (2016) confirmed that the leaf size of triploid
Populus was significantly higher than that of diploid plants,
the cell size and gene expression in the offspring of differ-
ent ploidy levels and their parents have not been reported in
woody plants.

In this study, leaf area, leaf cell size and other leaf phe-
notypic indices of different ploidy levels of a Populus prog-
eny population and their parents were measured at different
positions. In addition, the expression of genes related to leaf
area was quantified. Finally, the contribution of heterozy-
gosity and ploidy was evaluated. The present study aims to
shed light on Populus leaf-area variations between different
ploidy levels.

Materials and methods
Ploidy level determination

Vigorously growing leaves of all genotypes were collected
and the ploidy level was analyzed by Cyflow Ploidy Ana-
lyser (Partec, Gorlitz, SN, Germany). Ploidy level determi-
nation was according to the methods described in Zhang
et al. (2017).

Plant materials and growth conditions

One-year-old full-sib diploid and triploid families were
obtained by hybridization [(P. simonii X P. nigra var. Ital-
ica) X (P.X ‘popularis’)], and an artificial triploid family
was acquired from female catkins treated with high tem-
perature after pollination for 66 h, as previously described
(Guo et al. 2017). Full-sib diploid and triploid groups, each
containing 10-12 genotypes, respectively, and their female
parent, P. simonii X P. nigra var. italica and male parent,
P.X ‘popularis’ were used in the present study. To acquire
enough clones for each genotype, all materials were derived
from tissue culture propagation, and in vitro plantlets were
rooted in half-strength MS medium supplemented with
0.2 mg/L indole butyric acid (IBA), 0.04 mg/L naphthale-
neacetic acid (NAA), 5.5 g/L agar, and 30 g/L sucrose, The
pH was adjusted to 5.8 prior to autoclaving. After accli-
matization, in vitro-rooted plantlets were transplanted into
plastic pots (bottom diameter 25 cm, top diameter 30 cm,
height 30 cm) on the same day, containing a 1:2:1:1 steri-
lized mixture (autoclaving, 121 °C, 30 min) of garden soil,

peat, perlite, and vermiculite. Additionally, the plantlets that
were maintained in a greenhouse at 25 + 5 °C with a natural
photoperiod, in vitro propagating system and acclimatiza-
tion method were generated as previously described (Zhang
et al. 2018). Overall, 68 1-year-old clones of each geno-
type were propagated in the present study, and the materials
were obtained on July 15, 2017 for RNA extraction, leaf and
epidermal cell measurement; the materials performed fast
growing in July—August. In a previous study, we found that
the leaves, from top to bottom of a tree, at the sixth position
reached maturity; thus, in the present study, to examine leaf
development, we selected leaves at the second, fourth, and
sixth positions.

Leaf area and petiole length measurement

Leaf area and the petiole length at the second, fourth, and
sixth positions of each genotype were measured and three
biological replicates were obtained in the present study. The
images of the leaves were recorded by digital camera, and
1x1 cm grid paper was used as the background of each
picture. Leaf area was measured by ImageJ (http://rsb.info.
nih.gov/ij/) and petiole length was measured with a ruler.

Abaxial epidermal cell size and number
measurement

Abaxial epidermis leaves at the second, fourth, and sixth
positions of each genotype were measured. Fresh leaves
were placed into FAA fixation solution (38% formalde-
hyde: glacial acetic acid: 70% ethanol, 1:1:18, by vol.)
3 h, and stored in 70% ethanol at 4 °C. Fixed leaves were
washed three times with water and dried on filter paper. The
base, middle and tip of each leaf were randomly selected,
observed and photographed by a microscope with a 100 X oil
immersion lens (Olympus, Tokyo, Japan), and the epider-
mal cells were measured by ImagelJ. A total of 20-30 cells
were randomly measured for each leaf, and this procedure
was repeated in three similar type leaves. The epidermal cell
number: the mean leaf area/the mean epidermal cell size.

RNA extraction

Three biological replicates were used for total RNA
extraction (for diploid and triploid groups, 10-12 leaf
tissues with same weight from each genotype were pooled
into one group), and all materials were immediately fro-
zen in liquid nitrogen until RNA extraction. Total RNA
was extracted using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) for gene expression analysis, followed by
DNase I (Ambion, Austin, TX, USA) treatment to remove
genomic DNA. The yield of RNA was determined using
a NanoDrop 2000 spectrophotometer (Thermo Scientific,
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Wilmington, DE, USA), and the integrity was evaluated
using agarose gel electrophoresis stained with ethidium
bromide.

gRT-PCR analysis

The expression of six genes was validated using qRT-
PCR. The cDNA was synthesized using 0.5 pg RNA,
2 pL of 4 x gDNA Wiper Mix, add Nuclease-free H,O to
8 pL. Following the addition of 2 pL of 5 X HiScript II
Q RT SuperMix Ila, the reactions were performed on a
GeneAmp® PCR System 9700 (Applied Biosystems, Fos-
ter City, CA, USA). Real-time PCR was performed using
LightCycler® 480 II Real-time PCR Instrument (Roche,
Basel, BS, Swiss) with a 10 pL PCR reaction mixture
that included 1 pL of ¢cDNA, 5 uL of 2 x QuantiFast®
SYBR® Green PCR Master Mix (Qiagen, Hilden, Ger-
many), 0.2 pL of forward primer, 0.2 pL of reverse primer
and 3.6 pL of nuclease-free water.

Homologous sequences of CYCD3;1, BB, DAI, ABPI,
ARGOS-like protein (ARL) and DELLA in Populus were
identified by (https://www.ncbi.nlm.nih.gov/) and (https
://phytozome.jgi.doe.gov/). Sequence ID numbers and the
primer sequences are listed in Supplemental Table S1.
The 18s rRNA was used as the endogenous reference
gene, and the relative expression levels were calculated
using the 274A% method (Livak and Schmittgen 2001).

Statistical analyses

The significance differences among treatments were eval-
uated at P=0.05 by Duncan’s multiple range test, per-
formed by using SPSS version 18.0 (SPSS Inc., Chicago,
IL, USA) after passing the homogeneity test. Histograms
and line graphs were performed using Microsoft Excel
2010 software (Microsoft Corp., Redmond, WA, USA).

Results

Leaf area, cell size and number variation in different
ploidy levels family

The ploidy levels of each genotype have been determined
by flow cytometry before doing cytological and molec-
ular examination (Fig. 1). Leaf area increased with the
increasing leaf location (Fig. 2). The leaf area of the trip-
loid group (TG) was significantly higher than that of other
groups at all leaf locations, reaching 2915.8 mm? at the
sixth leaf position. And the leaf area of the diploid group
(DG) at the sixth leaf position was higher than that of
the male parent (MP) but lower than that of the female
parent (FP). On the cellular level, like leaf area, cell size
increased with the increasing leaf location too (Fig. 3).
The cell size of the TG was significantly higher than that
of other groups at all leaf locations, reaching 1003.6 pm?
at the sixth leaf position (Fig. 4a—c). Except for the FP,
the leaf area was positively related to increasing cell size
(Fig. 4a—c), and the cell size of FP was smaller than that
of MP, whereas the leaf area was higher than those of MP
and DG, as the cell number of FP was much more than
that of MP (Fig. 4d). In addition, the cell number of MP
was significantly lower than that of other plants. The cell
numbers of DG and TG were between those of MP and
FP. The cell numbers of each group remained stable from
the second to the sixth positions (Fig. 4d). For petioles, at
the second position, the length in the triploid group was
significantly higher than those in other groups (Fig. 5a).
Although, petioles length in the TG was slightly higher
than that in other groups, in the fourth and the sixth posi-
tions, no dramatic difference was observed in all groups
(Fig. 5b, ¢), and the relevance between petioles length and
leaf area was low. Thus, the leaf area of triploid was sig-
nificantly higher than that of diploid. The leaf area of dip-
loid offspring was between those of maternal parent and
paternal parent and did not show obvious heterosis. Cell
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Fig. 1 Histograms of flow cytometric analysis. a Diploid, b triploid, ¢ diploid and triploid
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Fig.2 Morphology of leaf at different leaf positions of female par-
ent (P. simonii X P. nigra ‘Italica’), male parent (P.X ‘popularis’) and
their diploid and triploid progenies, respectively. a—¢ Female parent
(FP) at second, fourth and sixth leaf position, respectively. d—f Male

expansion was in accordance with leaf enlargement. Cell
size but not cell number was the main reason for leaf size
increasing after cellular analysis. These results indicated

parent (MP) at second, fourth and sixth leaf position, respectively. g—i
Diploid group (DG) at second, fourth and sixth leaf position, respec-
tively. j-1 Triploid group (TG) at second, fourth and sixth leaf posi-
tion, respectively. Each square area: 1x1=1 cm?

that polyploidization plays a vital role in increasing the
leaf and cell area in Populus from the second to the sixth
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Fig.3 Morphology of abaxial epidermal cell at different leaf posi-
tion of female parent (P. simoniiXP. nigra ‘Italica’), male parent
(P.X ‘popularis’) and their diploid and triploid progenies, respec-
tively. a—c Female parent (FP) at second, fourth and sixth leaf posi-

position, and the cell numbers may be determined by the
two parents together.

Leaf shape changed after suffering polyploidization

In the present study, based on the shape (Fig. 2) and mor-
phological measured data (Fig. 5d-f), we observed that
leaf length and width increased with increasing leaf posi-
tion. Compared with the narrow rhomboid oval shape of
the parents, the leaf shape of TG changed to a triangle
shape (Fig. 2). Except for the leaf length of diploids, the
length of the second leaf was higher than that for TG, and
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tion, respectively. d—f Male parent (MP) at second, fourth and sixth
leaf position, respectively. g-i Diploid group (DG) at second, fourth
and sixth leaf position, respectively. j-1 Triploid group (TG) at sec-
ond, fourth and sixth leaf position, respectively. Each bar=10 um

TG showed higher leaf length and wider leaf width than
those in the other groups. In the sixth position, the aver-
age leaf length of the triploid group was 6.80 cm, and the
width was 5.78 cm. The leaf blade length—width ratio of
the triploid group, near 1:1, was significantly lower than
that of the other groups (Fig. 5d—f). In general, except for
the TG, FP, MP and DG, there were no significant differ-
ences in each group. The trend of the blade length—width
ratio in the four groups remained stable in the leaves, and
this result was basically stereotyped at the second position
(Figs. 2, 5d-f). Thus, the results of the present indicated
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Fig.4 Leaf area, cell area and cell number per leaf of female parent
(P. simonii X P. nigra ‘Italica’), male parent (P.X ‘popularis’) and
their diploid and triploid progenies, respectively. a-c¢ Leaf and cell
area of female parent (FP), male parent (MP), diploid group (DG) and
triploid group (TG) at second, fourth and sixth leaf position, respec-
tively. d Cell number per leaf of female parent (FP), male parent

that polyploidization, rather than hybridization, might be
the major reason for changes in leaf shape.

Gene expression at different ploidy levels

The relationship variations in the expression of genes related
to leaf size among different ploidy levels were measured
in the present study. Three genes related to cell division
and two genes related to cell expansion were validated by
qRT-PCR. CYCD3; 1 expression at the second position was
higher than that at the fourth and sixth positions for the four
groups, and FM and TG showed higher CYCD3;1 expres-
sion than the other groups, and this effect was positively
correlated with cell number (Fig. 6a). Similar to the cell
numbers, the expression CYCD3; 1 in the TG was lower than
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(MP), diploid group (DG) and triploid group (TG) at second, fourth
and sixth leaf position, respectively. Each value is the mean of three
biological replicates + SD. Different lowercase letters indicate signif-
icant differences among leaf, cell area and cell number per leaf as,
respectively, determined by Duncan’s test (P <0.05)

that in the FP, but higher than that in the DG, and the expres-
sion CYCD3;1 in the TG and DG was between that in the
FP and MP. These results showed that CYCD3, I expression
may be determined by the two parents together. DA and BB
showed similar expression trends of gradually increasing
with increasing leaf location and were not directly related
to cell number and leaf area (Fig. 6b, c). The expression in
the FP and triploid group at the second position was not
lower than that in other groups, whereas those genes were
commonly considered to play roles in cell proliferation and
were related to cell number and leaf area.

For DELLA (Fig. 6e), no significant difference was
observed at the three positions. ABP expression (Fig. 6d) in
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Fig.5 Petiole length, leaf length, leaf width and leaf ratio of length
to width of female parent (P. simoniiX P. nigra ‘Italica’), male par-
ent (P.X ‘popularis’) and their diploid and triploid progenies, respec-
tively. a—c Petiole length of female parent (FP), male parent (MP),
diploid group (DG) and triploid group (TG) at second, fourth and
sixth leaf position, respectively. d—f Leaf length, leaf width and leaf

the TG was higher than that in the other groups at the fourth
and sixth positions, and except for the FP, ABPI expression
peaked at the fourth position, and this gene expression was
positively correlated with cell size.
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leaf positions, respectively. Each value is the mean of three biological
replicates + SD. Different lowercase letters indicate significant differ-
ences among leaf length, leaf width and leaf ratio of length to width
as, respectively, determined by Duncan’s test (P <0.05)

Discussion

Cell size and cell number determine organ size in model
plants, from the meristem to mature leaves. Patterns related
to cell proliferation and expansion in polyploids are differ-
ent from those in diploids, and this phenomenon in woody
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Fig.6 Expression of CYCD3;1 (a), DAl (b), BB (c¢), ABP1 (d),
DELLA (e) and ARL (f) are measured by real-time qRT-PCR in
female parent (P. simonii X P. nigra ‘Italica’), male parent (P. X ‘popu-

plants is elusive. In this study, we examined the relationship
between cellular and leaf morphological variations of trip-
loid poplar and characterized the molecular base underly-
ing these variations. In the present study, we selected three
leaf positions to reflect leaf development, and measured cell
size, collected data on leaf morphology and calculated the
cell number. Cell expansion plays a more important role in
increasing triploid leaf area and triploid groups may enhance
cell expansion ability to create bigger leaves. Polyploidiza-
tion can alter the leaf shape, and the expression patterns of
the genes related to cell division and expansion were both
similar and different from those of other species. However,
compared with triploids, hybrid diploids did not show signif-
icant heterosis. Overall, the method of inducing triploid pop-
lar is an effective strategy to enhance leaf size, and Populus
can be used as an ideal material to study leaf morphological
variations of polyploidy in woody plants.

Superiority of triploid leaf size positively related
to cell-size increasing

Leaf area is controlled by a variety of mechanisms (Kondo-
rosi et al. 2000; Cookson et al. 2006). In the present study,
we studied the influence of cell size and cell number on
leaf area. The triploid plants exhibited an advantage of cell
size, resulting in increasing leaf area. In mature leaves (the
sixth position), hybrid diploid plants showed no significant
differences from their parents; thus, the ploidy effect, rather
than hybridization, may be the major reason that cell size
markedly increases. Similar results have been reported in
A. thaliana hybrids (Miller et al. 2012), and in Lolium,

laris’) and their diploid and triploid progenies, respectively. Each
group contains 10—12 pooled genotypes. Each value is the mean of
three biological replicates +SD (ACT is used as a control)

tetraploid cultivars showed longer leaves than diploids,
mainly due to their longer mature cells (Sugiyama 2005).
Why chromosome doubling is consistently followed by cell-
size increasing currently remains unknown, and additional
studies focused on genome size and evolution adaption are
needed. Several reports have shown that the cell size is
robustly associated with the DNA content, as the genome
size of polyploids is larger than that of diploids (Kondo-
rosi et al. 2000; Jovtchev et al. 2006; Beaulieu et al. 2008).
Moreover, changes in the genome size could alter the cell
and stomata density, which eventually influence the effi-
ciency of water and nutrient use. Thus, increasing genome
size may strengthen plant resistance and vigor, and subse-
quently improve the chances of survival during evolution
(Hetherington and Woodward 2003; Beaulieu et al. 2008).
In the present study, hybrid triploids, rather than their
full-sib diploids, inherited the cell number vigor of the
female parent. Therefore, in the present study, the cell num-
ber was not significantly decreased, consistent with the find-
ings of Sugiyama (2005), showing that the cell number of
tetraploids was not significantly different from that of dip-
loids. Similarly, there are no studies showing evidence of
increasing cell number in polyploids. Thus, in the present
study, increasing cell size likely resulted in the enhanced
leaf size in triploids. The opposite conclusion is reported
in animals, suggesting that increased cell size is followed
by limited proliferation and a decrease in cell number after
chromosome doubling (Conlon and Raff 1999; Day and
Lawrence 2000; Ganem and Pellman 2007), and the size
of the organism does not increase. Additionally, in higher
ploidy plants, such as octaploid Arabidopsis, larger cell size
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was accompanied by a lower cell number (Levan 1939). In
addition, does higher ploidy level improve the leaf area in
plants? The answer is no. For example, the leaf area of some
octaploids was much smaller than that of diploids (Levan
1939; Tsukaya 2008), and although the cell size in octa-
ploids was larger than that in diploids (Tsukaya 2008), this
result also indicated that cell size is not a unique key factor
directly proportional to leaf area.

Polyploidization alters leaf shape in Populus

Remarkable variations in leaf shape among different ploidy
levels have been reported in many species, such as hybrid
cassava (Nassar 2006), olive (Rugini et al. 1996) and Alo-
casia micholitziana (Thao et al. 2003). In the present study,
the leaf shape of triploids was significantly different from
that of diploids; particularly, the ratio of leaf length to —leaf
width was significantly lower than that of diploids. Leaf
width is considered a key factor determining leaf area, and
a significant difference was observed between species and
ploidy (Sugiyama 2005), consistent with the results obtained
for Alocasia micholitziana (Thao et al. 2003). In the present
study, the increase in the leaf width rate of triploids was
higher than that of the leaf length growth rate, which may
be the reason for the significant change in the leaf shape of
triploid plants.

The ratio of leaf length to the width of diploid offspring
was not significant compared with that of their parents.
Thus, the ploidy effect, rather than hybridization, may be
the key factor altering leaf shape. Interestingly, the ratio of
leaf length to leaf width was not significantly different at the
second, fourth, and sixth leaf positions of each group; thus
in the cell expansion phase, the proportionality of leaf length
and width was well contained. Kessler and Sinha (2004)
reported the characteristics of leaf formation in early leaf
development. Similar to leaf size formation, the leaf shape
also results from the coordination of multiple hormones
involved in cell division and cell expansion, and several
genes, including CLAVATAI, CLAVATA3, and WUSCHEL,
have been implicated in the regulation of leaf shape forma-
tion. Whether polyploids show modifications of those genes
and related proteins remains unclear.

Relationship between genes expression and leaf
size

In the present study, we selected three genes, ABPI and
DELLA, associated with auxin, gibberellin and brassinolide,
respectively. Although DELLA, DAI and BBI have been
confirmed to influence leaf size in Arabidopsis (Peng et al.
1997; Disch et al. 2006; Li et al. 2008), in the present study,
a close correlation was not observed in this Populus species.
The overexpression of ABPI increased cell size, while the
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repression of ABPI in Arabidopsis suppressed leaf expan-
sion (Braun et al. 2008). In the present study, the expression
of ABP] in the triploid group was significantly higher than
that in the diploid group at the fourth or sixth leaf position.
This study is the first to report that polyploid cell size was
positively associated with ABPI. Polyploidization alters
genetic and epigenetic status; thus, we proposed that gene
dosage effects, methylation, SRNA interference and silenc-
ing and histone modifications might work on ABP1 gene or
ABP1 protein.

CYCD3 plays an important role in determining cell num-
ber in developing lateral plant organs by controlling the
G1/S transition, and contributes to the alternative event of
cell production to cell expansion in these organisms (Plan-
chais et al. 2004; Dewitte et al. 2007; De Jager et al. 2009).
In the present study, at the second position, the gene expres-
sion of CYCD3 was positively correlated with cell number,
and the expression of CYCD3;1 was markedly decreased at
the fourth and sixth leaf positions, as the high expression of
CYCD3;1 is primarily observed in early development stages
(Dewitte et al. 2007). Thus, we propose that studying the
meristem at initial stages may provide additional informa-
tion on cell proliferation. Recently, quantitative, dynamic,
and multifactorial trait regulated by numerous genetic fac-
tors, and both of them participated in regulated leaf size
(Gonzélez and Inzé 2015). At present, more studies were
focused on molecular cell division and cell expansion.

Unlike autopolyploidy, allopolyploidy not only exhibits
a ploidy effect but also merges with hybridization effects
(Miller et al. 2012). In a previous study, high-temperature-
treated female catkins for chromosome doubling at 66 h
after fertilization (Guo et al. 2017) showed that this triploid
induction mechanism may involve post-meiotic restitution
(PMR) produced through the embryo sac by high-tempera-
ture treatment. Two of the three genomes of triploids were
derived from the female parent. Thus, the parent of origin
effects or dosage effects may affect triploid leaf area and
these two phenomena are influenced by differential parental
contributions (Birchler et al. 2001; Miller et al. 2012; Yao
et al. 2013). In the future, different materials can be used
to study parent of origin and dosage effects in polyploid
poplars, such as triploids in which two of the three genomes
are derived from male parent, or allotetraploids of Populus.

Conclusion

To the best of our knowledge, this study is the first com-
prehensive report describing the relationship between leaf
area and cell size and number at three leaf positions of dif-
ferent ploidy levels of a fullsib Populus family. Based on
these findings, we suggested that dramatic cell size increases
and leaf shape changes result from polyploidization. In the



Planta

present study, CYCD3; I positively regulated cell number in
the cell-division phase, and significant increases in cell size
in the triploid group were mediated through ABP/ during the
cell expansion phase. Overall, polyploid breeding is an effec-
tive method to increase cell size and thereby increase leaf
area. Studies at the cellular and molecular level can further
reveal the secrets of gigantic leaf in polyploid plants. Fur-
thermore, Populus can be used as an ideal material to study
leaf morphological variations of polyploids in woody plants.
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