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Abstract
Populus is an important economical woody species due to its fast growth. In vitro induction of hexaploidy and investiga-
tion of morphological and anatomical characteristics in ((Populus alba × P. glandulosa) × P. tomentosa) were conducted in 
this study. Chromosome doubling was induced in vitro in a triploid clone ((Populus alba × P. glandulosa) × P. tomentosa) 
with oryzalin as a tubulin inhibitor. Nodal sections of 5 and 10 mm were exposed to 2.5 and 5.0 mg l−1 oryzalin for 24, 48 
and 72 h. No significant differences in survival rates were observed between the different oryzalin dose, exposure time or 
nodal length; however, all rates were significantly lower than those in the no-oryzalin controls. The highest frequency of 
hexaploidy was 100% for the treatment of 5-mm nodes with 5 mg l−1 oryzalin for 72 h and the treatment of 10-mm nodes 
with 5 mg l−1 oryzalin for 24 h. The hexaploid plants were distinguishable from the triploid plants by morphological and 
anatomical characteristics. Chromosome doubling was accompanied by increases in the thickness and chlorophyll content 
of leaves. The stomata of hexaploids were larger and had a lower density than those of the original triploids. In particular, in 
triploid-to-hexaploid conversion, roots were less abundant, were shorter and had larger diameters. Root characteristics were 
determined to be suitable parameters for identifying putative hexaploids because they can be easily and quickly assessed.

Key message 
In vitro induction of hexaploidy and investigation of morphological and anatomical characteristics of ((Populus alba × P. 
glandulosa) × P. tomentosa) at different ploidy levels were conducted in this study.

Keywords Chromosome doubling · Oryzalin · Nodal sections · Anatomical and morphological characteristics

Introduction

Polyploids are prevalent among plants, with estimates for 
angiosperms ranging from 30 to 70% (Masterson 1994), 
and have long been considered a prominent feature in 
the evolution of plants (Stebbins 1971). Many polyploid 
plants are widely used in agriculture (e.g., wheat, cotton, 
coffee, oat and canola), implying that polyploidy is often 
beneficial. The triploid Populus has been shown to have 
the characteristics of faster growth rates, better timber 
quality and stronger resistance to stress than their diploid 
counterparts (Zhu et al. 1995; Pu et al. 2002; Liao et al. 
2018).The triploid Populus was selected from natural habi-
tats (Nilsson-Ehle 1936; Peto 1938; Zhu et al. 1998) or 
obtained by crossing diploids with tetraploids or triploids 
(Johnsson 1945; Einspahr 1984). However, these methods 
show its inefficiency due to a lack of natural triploids and 
tetraploids. Another approach to produce triploids involves 
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utilization of spontaneous or artificial unreduced 2n pollen 
or induced 2n female gametes. Crossing 2n pollen with a 
normal female gamete has been widely used to obtain the 
triploid Populus (Zhu et al. 1995; Kang et al. 2000). How-
ever, the approach to obtain triploid Populus was replaced 
by utilization of 2n female gametes (Li et al. 2008; Lu 
et al. 2013) because 2n pollen exhibits less competitive-
ness in fertilizing female gametes in contrast to normal 
pollen, resulting in a low incidence of triploids (Kang 
and Zhu 1997). Moreover, triploid Populus arising from 
the union of a 2n female gamete with a normal reduced 
male gamete can be of greater value in breeding programs 
because which combine triploid advantages and mater-
nal genetic dominance. However, the resulting triploids 
obtained by any method have low fertility due to irregular 
meiosis, thus limiting their application in Populus breed-
ing programs. Chromosome doubling has been considered 
as a method for restoration of fertility (Lim et al. 2001; 
Dunn and Lindstrom 2007) and obtaining improved plant 
characteristics. The fiber strength of hexaploid cotton 
was stronger than that of the tetraploid parent (Muramoto 
1969), hexaploid bread wheat exhibited greater salt tol-
erance than its tetraploid wheat progenitor (Yang et al. 
2014), and hexaploid dandelion seedlings showed greater 
resistance than corresponding triploid seedlings (Zhong 
2010). Chromosome doubling of the triploid Populus has 
not previously been achieved except for the hexaploid 
of Populus alba × P. berolinensis ‘Yinzhong’ (Liu et al. 
2018). The triploid ‘Yinzhong’ was obtained by artificial 
hybridization, but the exact mechanism of formation was 
unknown, creating difficulties for further delicate research. 
However, although we were familiar with the formation 
mechanism of the triploid ((Populus alba × P. glandu-
losa) × P. tomentosa) arising from the fusion of unreduced 
female gametes (2n) and reduced pollen (n), the hexaploid 
((Populus alba × P. glandulosa) × P. tomentosa) has not 
previously been achieved, which may be expected to pro-
duce fertile hexaploids and increase Populus germplasm 
with higher ploidy. Meanwhile, chromosome doubling of 
triploids in Populus was reported by Liu et al. (2018) by 
applying colchicine to leaves but with only low conversion 
frequencies. To achieve improved conversion frequencies, 
the type of spindle inhibitor used and the type of explants 
must be considered.

Colchicine has been widely used to increase plant ploidy 
levels since it was first reported to possess this ability in 
the 1930s (Blakeslee and Avery 1937). However, colchi-
cine was gradually replaced by mitosis-inhibiting herbicides 
(oryzalin, trifluralin and amiprophos-methyl) in polyploidy 
breeding because of its low affinity for plant tubulin dimers 
compared to herbicides and because it caused side effects 
such as sterility, abnormal growth, and chromosome aber-
ration. Previous studies have also shown that oryzalin was 

substantially more effective than colchicine for inducing 
chromosome doubling, such as Rhododendron (Väinölä 
2000) and Solanum (Greplová et al. 2009).

Different explant types have been used in chromosome 
doubling of Populus, including leaves (Cai and Kang 2001; 
Xu et al. 2016; Liu et al. 2018), seeds (Mattila 1961; Qi et al. 
2010) and zygotic embryos (Wang et al. 2013; Guo et al. 
2017). However, reports on nodal segments used as explants 
in chromosome doubling in Populus are rare (Ewald et al. 
2009). In other species, nodal segments have been proven 
to be efficient in polyploid induction (Rose et al. 2000; 
Kermani et al. 2003; Allum et al. 2007; Dunn and Lindstrom 
2007; Viehmannová et al. 2012). To explore a more efficient 
methodology for obtaining artificially induced polyploids in 
Populus, the present experiment was conducted by applying 
oryzalin to nodal segments.

The present investigation aimed to induce hexaploids in 
((Populus alba × P. glandulosa) × P. tomentosa) for fertil-
ity restoration, enabling continued introgression of desired 
genes into the cultivated gene pool and accelerating the 
development of novel, improved selections of Populus to 
meet human needs.

In this study, an appropriate protocol for in vitro hexa-
ploid induction was established by investigating the effects 
of different drug concentrations, exposure times and explant 
lengths. Furthermore, the morphological and anatomi-
cal characteristics of ((Populus alba × P. glandulosa) × P. 
tomentosa) at different ploidy levels were assessed. The cul-
tivar ‘((Populus alba × P. glandulosa) × P. tomentosa)’ was 
selected for chromosome doubling because hybridization 
with unreduced female gametes can theoretically combine 
heterosis, triploid advantages and superior maternal traits, 
and Li and Kang (2007) found which surpassed the diploid 
counterpart in height and diameter by 33% and 38%, respec-
tively, in 2 years.

Materials and methods

Plant material

The National Engineering Laboratory for Tree Breeding, 
Beijing Forestry University, China supplied tissue culture 
plantlets of the triploid ((Populus alba × P. glandulosa) × P. 
tomentosa) hybrid.

Tissue culture methods

Nodal explants were introduced into solid shoot multiplica-
tion medium containing MS (Murashige and Skoog 1962) 
medium, benzyladenine (BA, 0.1 mg l−1) and naphthale-
neacetic acid (NAA, 0.1 mg l−1). The regenerated shoots 
excised from the nodal explants were transferred to the 
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rooting medium for 4 weeks, with contained half-strength 
MS medium and indole-3-butyric acid (IBA, 0.5 mg l−1) to 
induce shoot elongation. The rooting shoots were used as the 
source of explants for the induction of polyploids. The pH 
of the media were adjusted to 5.8 with 0.1 N NaOH before 
autoclaving for 20 min at 121 °C. Oryzalin from a stock 
solution in dimethyl sulfoxide (DMSO) was filter-sterilized 
before its addition to the autoclaved liquid multiplication 
medium. Plant agar (6 g l−1) was added when solidified 
media were required. Nodal sections in liquid medium con-
taining oryzalin were kept in darkness, but all other cultures 
were illuminated by fluorescent tubes with a 16-h photo-
period of 40 μmol m−2  s−1 in a growth chamber at 25 ± 1 °C.

Polyploid induction

Nodal sections excised from the rooting plantlets were 
used for polyploid induction. The experiment was carried 
out by using two different concentrations of oryzalin (2.5 
and 5.0 mg l−1) and three different exposure times (24, 48, 
72 h) plus two types of nodal sections (5 mm and 10 mm), 
with 60 nodal sections per treatment. For each treatment, 
the nodal segments were immersed in liquid multiplication 
medium containing oryzalin. One set of controls (0 h expo-
sure) consisting of 60 nodes was prepared for 5-mm nodes 
and another set of 60 nodes was prepared for 10-mm nodes. 
After exposure to oryzalin or oryzalin-free medium (con-
trols) in liquid shoot multiplication medium, the explants 
were washed three times with sterilized water and trans-
ferred to fresh solid shoot multiplication medium without 
oryzalin and subcultured every 4 weeks. Survival rates were 
recorded and the ploidy level of the regenerated shoots was 
analyzed.

Flow cytometric analysis

The ploidy level of the regenerated shoots arising from ory-
zalin-treated explants was estimated preliminarily by flow 
cytometry due to its rapid operation. The machine demon-
strated the ploidy of the examined samples by detecting the 
amount of fluorescence emitted by stained DNA, which 
was illuminated by a light source. Approximately 20 mg of 
young leaves from the regenerated shoots was chopped on a 
petri dish with a blade razor in 1 ml of modified Galbraith’s 
buffer (45  mM  MgCl2, 30  mM sodium citrate, 20  mM 
MOPS, 0.1% (v/v) Triton X-100, pH 7.0 (Galbraith et al. 
1983)), and then the suspension of the released nuclei was 
filtered by a nylon filter with a pore size of 37.4 μm into a 
2-ml centrifuge tube. Then, 200 μl of DAPI (1 mg l−1) as a 
staining solution was added to the filtered suspension and 
the ploidy level was analyzed with a flow cytometer (Partec-
PAS, Germany). Leaves from untreated triploids ((Populus 

alba × P. glandulosa) × P. tomentosa) were selected as the 
calibration standard.

Chromosome counting

The ploidy level was further confirmed by chromosome 
counting to precisely determine the number of chromo-
somes. Shoot tips were collected and immersed in saturated 
1,4-dichlorobenzene solution for 4 h as pretreatment. Then, 
they were fixed in Carnoy’s solution (ethanol:glacial acetic 
acid = 3:1) at 4 °C for 24 h to kill the cells and maintain their 
structure. Next, these samples were digested by 3% Cellulase 
RS, 0.5% Macerozyme R-10 and 0.1% Pectinase Y-23 for 
2 h to break the linkages among the cell walls and remove 
them. After three rinses with water, the digested samples 
were squashed in carbol fuchsin solution and observed 
under an Olympus BX51 microscope. The plants with a 
chromosome number of 57 were classified as triploid plants 
(2n = 3x = 57), and the plants with a chromosome number 
of 114 were classified as hexaploids (2n = 6x = 114). Sub-
sequently, hexaploid shoots and their triploid counterparts 
were cultured in rooting medium for 4 weeks and the rooting 
shoots were used to assess various characteristics.

Chlorophyll content determination

The fully expanded leaves of three selected individuals for 
each ploid were cut to 1 × 1 cm2 and immersed in 5 ml of 
aqueous acetone (80%) for 48 h in darkness to extract chlo-
rophyll. Chlorophyll concentrations were estimated spectro-
photometrically using the equations by Arnon (1949).

Morphological characteristics and stomatal analysis

The height of plantlets and the number and length of roots of 
three selected individuals for each ploid were recorded. Sto-
mata were obtained by removing a few pieces of epidermal 
layers from the abaxial side of the expanded leaves of trip-
loid and hexaploid plants using transparent tape techniques. 
Stomatal characteristics were observed under an Olympus 
BX51 microscope and images were taken with an Olympus 
DP73 camera system.

Anatomical characteristics

For anatomical studies, we collected fragments of fully 
expanded leaves and roots of three selected individuals 
for each ploid. Samples were fixed in 2.5% glutaraldehyde 
for 1 h and then washed with 0.1 M potassium phosphate 
buffer. Subsequently, the fixed samples were postfixed in 1% 
osmium tetroxide for 1.5 h at 4 °C, dehydrated through an 
ethanol series, and embedded in Spurr’s resin (Spurr 1969). 
Transverse sections of the leaves and roots were cut on an 
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ultramicrotome (Leica UC6), mounted on glass slides and 
stained with 0.5% toluidine blue. Finally, the micrographs 
of the sections were photographed and the images were used 
for measurements.

Statistical analysis

The experimental results were subjected to analysis of vari-
ance (ANOVA) with IBM SPSS 20.0 (IBM Inc., New York, 
NY, USA). Percentages were subjected to arcsine transfor-
mation before statistical analysis (Snedecor and Cochran 
1967). Image J (http://rsb.info.nih.gov/ij/) was used to ana-
lyze the images of stomata properties and anatomical char-
acteristics of leaves and roots.

Results and discussion

Polyploid induction

The effects of different concentrations of oryzalin, explant 
length, and the duration of treatment on polyploid induc-
tion were investigated in this study. According to survival 
rate and hexaploid induction frequency data of 12 treatments 
(Table 1), GLM-univariate analysis (Table 2) indicated that 
significant differences in survival rates were not observed 
between the different oryzalin dose, exposure time or nodal 
length. Whereas, survival rates decreases with increased 
drug concentration, longer exposure time, and decreased 
nodal length. The controls showed survival rates of 90% 
and 91.67% (data not shown), the rates under different ory-
zalin treatments ranged from 0 to 16.67% and from 1.67 to 
11.67% for the 5-mm and 10-mm nodal segments, respec-
tively (Table 1). The survival rate of explants treated with 
oryzalin was significantly lower than that in the no-oryzalin 

control group, which is consistent with polyploidization in 
other species (Kermani et al. 2003; Dunn and Lindstrom 
2007). This lower rate may be associated with the toxic 
effect of this antimitotic agent, which binds to plant tubu-
lin and inhibits polymerization of microtubules (Morejohn 
et al. 1987), which are basic components of the cytoskeleton 
and are involved in many fundamental cellular processes 
(Nogales 2000), thus causing dramatic consequences for the 
viability of plant cells.

The ploidy level of the surviving plants was determined 
by flow cytometry and further confirmed by chromosome 
counting. The peak of triploid control plants (3x) was set 
at channel 50 (Fig. 1a), and the peak of hexaploid plants 
arising from oryzalin-treated shoots was set at channel 
100 (Fig. 1b). The chromosomes of shoot tips of selected 
plants by flow cytometry further confirmed that triploids 
had 57 chromosomes and hexaploids had 114 chromosomes 
(Fig. 2).

Table 1  The effect of oryzalin 
treatments on plant survival and 
polyplodization in ((Populus 
alba × P.glandulosa) × P. 
tomentosa)

Length of 
stem (mm)

Oryzalin concen-
tration (mg l−1)

Exposure 
time (h)

No. of treated 
explants (%)

No. of survival 
treated explants 
(%)

No. of polyploids (%)

5 2.5 24 60 10 (16.67) 0 (0)
5 2.5 48 60 0 (0) 0 (0)
5 2.5 72 60 0 (0) 0 (0)
5 5.0 24 60 0 (0) 0 (0)
5 5.0 48 60 1 (1.67) 0 (0)
5 5.0 72 60 1 (1.67) 1 (100)
10 2.5 24 60 4 (6.67) 0 (0)
10 2.5 48 60 7 (11.67) 1 (14.29)
10 2.5 72 60 2 (3.33) 1 (50.00)
10 5.0 24 60 1 (1.67) 1 (100.00)
10 5.0 48 60 3 (5.00) 1 (33.33)
10 5.0 72 60 2 (3.33) 1 (50.00)

Table 2  Effects of the three main factors: oryzalin concentration, 
exposure time and nodal length on polyploidization in ((Populus.
alba × P.glandulosa) × P. tomentosa)

Main factors Survival rate (%) Polyploidization 
efficiency (%)

Oryzalin concentration
 2.5 6.39 10.71
 5.0 2.22 47.22

Exposure time
 24 6.25 25.00
 48 4.58 11.90
 72 2.08 50.00

Nodal length
 5 3.33 16.67
 10 5.28 41.27

http://rsb.info.nih.gov/ij/
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In our experiment, significant differences in polyploid 
induction efficiency were not observed between the differ-
ent durations of exposure, oryzalin concentrations, or nodal 
lengths (Table 2). We detected 6 hexaploids from 31 sur-
viving plants arising from oryzalin-treated nodal segments. 
The hexaploid percentage was 19.35% in our study, which is 
higher than 5.80% obtained by Liu et al. (2018). Meanwhile, 
the highest frequency of hexaploidy was 100% for the treat-
ment of 5-mm nodes with 5 mg l−1 oryzalin for 72 h and the 
treatment of 10-mm nodes with 5 mg l−1 oryzalin for 24 h. 
These results indicated that applying oryzalin to nodal seg-
ments was an efficient method for chromosome doubling in 
Populus.

Chlorophyll

An overall increase in the chlorophyll content of 6 × leaves 
was observed when calculated per unit leaf area (Table 3). 

The results are consistent with the findings of other studies 
showing that plants with a higher ploidy level had leaves 
with significantly greater chlorophyll content and a darker 
green color than plants with a lower ploidy level (Ntuli and 
Zobolo 2008; Murti et al. 2012).

Leaf anatomical characteristics

The anatomical structures of the leaves of ((Populus 
alba × P. glandulosa) × P. tomentosa) plants at different 
ploidy levels are shown in Fig. 3. The anatomical structures 
of the leaves of triploids and hexaploids indicated that both 
leaves were bifacial and differentiated to adaxial epidermal 
cells, mesophyll cells and abaxial epidermal cells. No dif-
ferentiation of palisade and spongy tissue cells was appar-
ent in mesophyll layers in our study for the triploids and 
hexaploids, which is consistent with the results obtained 
by Xin et al. (2017). However, other studies have reported 

Fig. 1  Histograms of flow cytometric analysis of ((Populus.alba × P.glandulosa) × P.tomeantosa.) a triploid control plant (3x = 57), b induced 
hexaploid plant (6x = 114)

Fig. 2  chromosomes of shoot 
tip cell of ((Populus.alba × P.
glandulosa) × P.tomeantosa). a 
triploid control plant (3x = 57), 
b induced hexaploid plant 
(6x = 114) (Bars = 10 μm)
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that mesophyll cells were distinctly arranged into palisade 
and spongy tissue cells (Romero-Aranda et al. 1997; Vyas 
et al. 2007; Zhang et al. 2012). This discrepancy may be 
due to variations in mature leaves and the use of differ-
ent species. Table 3 shows a significant difference in leaf 
thickness between the hexaploids (124.18 μm) and triploids 
(84.73 μm). Increasing leaf thickness caused by an increas-
ing ploidy level has been observed in Phlox drummondii 

(Vyas et al. 2007), Pennisetum americanum (Warner and 
Edwards 1988) and citrus (Romero-Aranda et al. 1997). In 
this study, the increased thickness was mainly caused by the 
thicker mesophyll layers, which accounted for more than half 
of the total leaf thickness, resulting in 68% greater thickness 
than that of the triploid leaves.

Stomatal characteristics

Generally, stomatal characteristics have been used for rapid 
and efficient early identification of polyploids, especially 
when a number of putative polyploids need to be identified 
(Cohen and Yao 1996; Gu et al. 2005; Tang et al. 2010). In 
the induced polyploid plants, significant increases in stoma-
tal length and stomatal width were reported by Tavan et al. 
(2015) in Thymus persicus, in Paulownia tomentosa by Tang 
et al. (2010). However, Table 3 shows a significant increase 
in stomatal length but not stomatal width in the induced 
hexaploids, which is consistent with the results obtained by 
Kaensaksiri et al. (2011). The hexaploid plants displayed 
significantly decreased stomatal density compared with the 
triploids (Fig. 4), as reported in Lagerstroemia indica L. 
(Zhang et al. 2010) and Vitis vinifera L. (Yang et al. 2006), 
which may be due to larger epidermal cell size and less 
stomatal differentiation at the higher ploidy level (Mishra 
1997).

In brief, our finding demonstrated that compared to trip-
loids, hexaploids had a larger stomatal size and a lower 
stomatal density, Which were also observed by Liu et al. 
(2018) based on the in vitro application of colchicine to 
another triploid Populus, ‘Yinzhong’. Analysis of the results 
obtained by Liu et al. (2018) and our study showed that 
stomatal characteristics had the same varying tendency in 
triploid to hexaploid conversions, regardless of oryzalin or 

Table 3  Effect of ploidy level on characteristics of [(Populus.alba × P.
glandulosa) × P. tomentosa]

Means with each row with different letters are significantly different 
at P = 0.05
A values for all parameters correspond to mean ± SE

Characteristics Triploid Hexaploid

Total chlorophyll (mg dm−2) 3.56 ± 0.12b 4.84 ± 0.03a
Stomata length (μm) 19.53 ± 0.40b 31.16 ± 1.77a
Stomatal width (μm) 9.52 ± 0.20 12.11 ± 1.76
Stomatal density (No. μm−2) 155.42 ± 3.35a 69.13 ± 1.16b
Height (cm) 6.10 ± 0.21a 3.93 ± 0.07b
Root length (cm) 6.37 ± 0.41a 2.06 ± 0.14b
No. of the root 4.56 ± 0.11a 2.33 ± 0.33b
Root diameter (μm) 768.01 ± 17.42b 1063.79. ± 27.79a
Vascular cylinder diameter 

(μm)
187.76 ± 4.49b 272.15 ± 2.81a

Root cortex diameter (μm) 580.26 ± 12.93b 791.64 ± 25.07a
Arenchyma/cortex (%) 33.16 ± 1.13a 12.67 ± 0.15b
Leaf thickness (μm) 84.73 ± 1.13b 124.18 ± 1.28a
The leaf adaxial epidermis 

(μm)
21.66 ± 0.28b 24.75 ± 0.75a

The leaf abaxial epidermis 
(μm)

12.35 ± 0.73 13.97 ± 0.29

Mesophyll thickness (μm) 50.72 ± 0.93b 85.46 ± 1.04a

Fig. 3  Cross sections of leaves 
of ((Populus.alba × P.glandu-
losa) × P.tomeantosa) a triploid 
control plant, b induced hexa-
ploid plant (Bars = 100 μm)
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colchicine used as antimitotic agents. These findings indi-
cated that morphological changes may be independent of 
the type of antimitotic substances in polyploidization, which 
further suggested that the ploidy level may be considered to 
be a major factor affecting the variation in morphological 
characteristics.

Stomata have the most prolific distribution in higher 
plants and locate in the epidermal layers of most aerial parts 
(Willmer and Fricker 1996). Plant physiologists consider 
that stomata play a crucial role in regulating the transpiration 
of vegetation by adapting their mobility and structure. Many 
studies have shown that stomatal structure is especially plas-
tic to water deficiency, exhibiting increases in stomatal den-
sity (Yang and Wang 2001; Zhang et al. 2006) and decreases 
in stomatal size (Spence et al. 1986). Meanwhile, Carpenter 
and Smith (1975) found that trees inhabiting dry sites tended 
to have higher stomatal density and smaller stomatal size 
than mesic species. These findings indicate that stomata with 
a small size and high density may enhance the adaptation 
of plants to drought; therefore, triploids may have greater 
tolerance under drought conditions than hexaploids.

Root characteristics

Root systems have two major functions. The first is essen-
tially physiological, including the absorption of water and 
nutrients, and the second is mainly mechanical, maintaining 
the stability of plants in soil. Quantifying the root system is 
important because root growth reflects plant productivity 
and adaptability to the environment.

In this study, the lengths of the roots of chromosome-
doubled plants were shorter than those of the original plants 
(Table 3), as reported in induced tetraploids of Thymus per-
sicus (Tavan et al. 2015) and Punica granatum (Shao et al. 
2003). Hexaploid plants presented fewer root numbers per 
plant compared to triploid plants (Table 3), while Shao et al. 
(2003) found that the number of roots per plant was similar 
between original plants and chromosome-doubled plants. 
These differences are probably due to the different spe-
cies used in the studies. Shorter and fewer roots may be the 

reason that the hexaploids exhibited slow growth and dwarf-
ism (Fig. 5) because root length is assumed to be propor-
tional to resource acquisition (Eissenstat and Yanai 1997), 
and an underdeveloped underground portion (root) may not 
support a high aerial part in terms of structural physics.

Anatomical differences in roots are usually closely con-
nected with many physiological functions of the root system. 
Thus, ploidy level effects on root anatomy can be examined 
to determine polyploids’ adaption to various environments. 
However, studies on ploidy level effects on root anatomy are 
rare (Wang 2013). Hexaploids of Populus are novel germ-
plasms whose root anatomical characteristics have not been 
studied. The anatomical structures of the roots of ((Popu-
lus alba × P. glandulosa) × P. tomentosa) plants at different 
ploidy levels are shown in Fig. 6.

We biometrically described the root cortex, vascular 
cylinder and root diameters of ((Populus alba × P. glan-
dulosa) × P. tomentosa) plants at different ploidy levels. 
Significant differences in the cortex and vascular cylinder 
diameters were observed between triploids (580.26 μm and 
187.76 μm, respectively) and hexaploids (791.64 μm and 
272.15 μm, respectively) (Table 3), leading to a significant 
increase in the overall root diameter in the hexaploids com-
pared with the triploids. Table 3 shows that the hexaploids 
displayed a lower proportion of aerenchyma in the cortex 
compared to the triploids.

In a previous study, hydraulic conductivity was inversely 
related to root diameter, suggesting that thinner roots usu-
ally had greater hydraulic conductivity (Rieger and Litvin 
1999). A thinner root cortical diameter was observed in 
drought-tolerant cultivars versus drought-intolerant culti-
vars (Maciel et al. 2015). Therefore, drought-tolerant plants 
can be assumed to have a reduced cortical diameter and a 
thinner root diameter than drought-intolerant plants, which 
are conducive to absorbing surrounding water within soil.

Increasing evidence indicates that the root cortical aeren-
chyma is associated with adaptation to stress (Jackson and 
Armstrong 1999; Rieger and Litvin 1999; Fan et al. 2003). 
The root cortical aerenchyma increases drought tolerance by 
reducing root metabolic costs by converting living cortical 

Fig. 4  Stomata characteristics 
of ((Populus.alba × P.glandu-
losa) × P.tomeantosa) a triploid 
control plant, b induced hexa-
ploid plant (Bars = 50 μm)
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tissue to air space, thus allowing roots have more carbon 
and energy available for root growth and extension to deeper 
soils under water stress (Zhu et al. 2010). Taken together, 
we surmise that triploids may have greater tolerance under 
conditions of drought than hexaploids because triploids have 
a thinner root diameter, a thinner root cortex diameter, and 
a higher proportion of aerenchyma in the cortex compared 
to hexaploids.

Several studies have discriminated plants of different 
ploidy levels based on stomatal parameters (Kadota and 
Niimi 2002; Portela de Carvalho et al. 2005). Others have 
reported that ploidy levels were evaluated by counting the 
number of chloroplasts in the guard cells of stomata from 
leaves of regenerated plants (Compton et al. 1996; Zhang 
et al. 2010). Morphological characteristics such as thicker 
stems (Viehmannová et al. 2012), increased floral organs 
(Tang et al. 2010), or an increased leaf width by length ratio 
(Shao et al. 2003) have been reported to be reliable indica-
tors for determining putative polyploids by macrography, 

decreasing the work load involved in cytological analysis. 
In vitro comparison of roots between triploids and hexa-
ploids showed that the roots of hexaploids were shorter and 
thicker than those of triploids. Shorter and thicker roots were 
also noted in induced polyploids of Echinacea purpurea L. 
(Dahanayake and Yue-Sheng 2013) and Punica granatum 
(Shao et al. 2003). Therefore, root morphological param-
eters can be used as primary selection criteria for polyploids 
because determination of root morphology is simple, rapid 
and does not require expensive instruments. In addition to 
morphological markers, flow cytometry and chromosome 
counting can also be used to precisely confirm ploidy levels.

Conclusions

In conclusion, we found that in vitro application of oryzalin 
to nodal tissue can efficiently induce chromosome doubling 
in Populus.

Fig. 5  Morphological charac-
teristics of ((Populus.alba × P.
glandulosa) × P.tomeantosa) a 
triploid control plant, b induced 
hexaploid plant (Bars = 1 cm)

Fig. 6  Cross sections of roots 
of (Populus.alba × P.glandu-
losa) × P.tomeantosa. a triploid 
control plant (Bars = 100 μm), 
b induced hexaploid plant 
(Bars = 200 μm)
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Some vegetative characteristic changes were associ-
ated with chromosome doubling, including reduced height, 
thicker and darker green leaves, and an increased root diam-
eter with a correspondingly decreased root number and root 
length in ((Populus alba × P. glandulosa) × P. tomentosa), 
suggesting that chromosome doubling can be used to modify 
plant phenotypes.

According to the variations in plant phenotypic charac-
teristics, we surmise that the hexaploids produced in this 
work may have lower drought susceptibility. However, this 
disadvantage may be offset by the fertility of the hexaploids, 
which facilitates introgression of genes among Populus. 
Additionally, the hexaploid level of ((Populus alba × P. 
glandulosa) × P. tomentosa), in which three genomes are 
combined, may provide interesting opportunities for Popu-
lus breeding.
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