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Abstract

Hias N., Leus L., Davey M.W., Vanderzande S., Van Huylenbroeck J., Keulemans J. (2017): Effect of polyploidization 
on morphology in two apple (Malus × domestica) genotypes. Hort. Sci. (Prague), 44: 55–63.

Because polyploidy often results in enhancement of desirable properties, artificial genome doubling is commonly used 
in agri- and horticultural crop breeding programs. In this study genome doubling was induced in two apple genotypes. 
The effect on vegetative morphological and physiological traits of the plants was then comprehensively determined by 
comparing the obtained tetraploid apple plants with their diploid counterparts. Out of 17 different physio- and morpho-
logical characteristics, 15 were significantly affected in one or both genotypes. The response of these 15 characteristics 
also appeared to have been caused by two effects; 10 of the 15 characteristics exhibited a common response to ploidy 
change over both genotypes while five traits showed a genotype-specific response to polyploidization. Tetraploid leaves 
also exhibited a darker leaf colour, which could be correlated to a higher pigment concentration. Furthermore, the 
results also show a decreased elongation rate and leaf size in tetraploids, which is suggested to be due to the observed 
lower cell density in the polyploid apple plants.
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Polyploidy is frequently found in agricultural and 
horticultural crops because it allows increased ge-
netic variation and often possesses properties supe-
rior to their diploid counterparts (Van Laere et al. 
2011). Through gene-dosage and epigenetic effects, 
together with nuclear enlargement, polyploidy caus-
es genetic changes that result in pronounced pheno-
typic alterations (Comai 2005; Sun et al. 2009; Van 
Laere et al. 2011; Allario et al. 2013; Hao et al. 
2013). Morphological effects commonly associated 
with polyploidy are bigger flowers, an altered leaf 
length-to-width ratio and changes in size and densi-
ty of stomata (Sun et al. 2009; Van Laere et al. 2011; 

Trojak-Goluch, Skomra 2013; Tan et al. 2015). 
Other frequently occurring characteristics include 
darker-coloured green leaves and a more compact 
growth habit (Kermani et al. 2003; Liu et al. 2007; 
Allario et al. 2011).

Most apple cultivars are diploids (2n = 2x = 34). 
Nevertheless, triploid cultivars (2n = 3x = 51) do 
exist; their use dates back at least to the 17th century 
when natural triploids were selected for their high 
yield and large fruit size (e.g. cv. ‘Gravenstein’). The 
beneficial characteristics of triploid fruit are also 
supported by their relatively high occurrence. For 
example, a study by Pereira-Lorenzo et al. (2006) 
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found that 29% of the local cultivars in northern 
Spain are triploid. A study (Defra 2010) at East 
Malling Research (East Malling, UK) also showed 
that out of 2,165 apple accessions in the Defra Na-
tional Fruit Collection, 304 (14%) were triploid, 
although the frequency of polyploid formation 
in flowering plants is only about 0.001% (Comai 
2005). Tetraploids are more rare in apple, howev-
er; they are mainly artificially created and used by 
breeders as a means to develop triploid genotypes 
(Vaarama 1946; Sedysheva, Gorbacheva 2013; 
Sedov et al. 2014). 

Notwithstanding existing literature (Xue et al. 
2015), still little is known about the successful cre-
ation and morphological alterations of artificially 
induced polyploid apple plants. This study aims at 
inducing genome doubling in several genotypes to 
investigate the potential role of polyploidy in the 
response of Malus × domestica to biotic and abi-
otic stress. In a later phase, the tetraploids will be 
used as breeding material to create triploid varie-
ties. The work presented here focuses on the poly-
ploidization event of two different diploid Malus × 
domestica genotypes and compares morphological 
and physiological characteristics of the newly cre-
ated tetraploids to their diploid predecessors.

MATERIAL AND METHODS

Plant material and polyploidization. Two ap-
ple genotypes were polyploidized: the commercial 
cv. ‘Gala’ and the genotype coded G40 from the 
breeding germplasm of Better3fruit (Belgium). 
Tetraploid plants were obtained after chromo-
some doubling in tissue culture by stirring axillary 
buds (3–4 mm) during 2 days in a MS multiplica-
tion medium based on Dobránszki et al. (2000) 
supplemented with colchicine (10 mM). Obtained 
tetraploid and diploid control plants were rooted 
in vitro and finally acclimatized in the greenhouse. 
Ploidy analyses were performed after induction of 
polyploidy in tissue culture and, as a second con-
trol, on the rooted greenhouse plants on a flow cy-
tometer Cyflow Space (Partec, Münster, Germany) 
as described by Dhooghe et al. (2009). 

Plant material for morphological characteri-
zation. After ex vitro acclimatization own-rooted 
di- and tetraploid ‘Gala’ (‘Gala’-2x and ‘Gala’-4x, 
respectively) and G40 (G40-2x and G40-4x, re-
spectively) plantlets were transferred to a 2 l con-

tainer with ready-made soil (DCM Pepi 3, Grob-
bendonk, Belgium) and grown for 10 months under 
controlled greenhouse conditions: day/night tem-
perature 18/14°C and day/night relative humidity 
70/60%; additional lighting (120 μmol/m²·s when 
daylight intensity < 457 μmol/m²s). Shortly after 
winter dormancy (2 months outside the green-
house), the plants were cut back to three buds 
above ground and transferred again to the men-
tioned greenhouse conditions. After budburst, one 
shoot per plant was left to grow for 47 days until 
the start of the experiment. 

Shoot growth parameters. Six plants per geno-
type and per ploidy level were used to determine 
length and diameter at the base and top of the main 
shoot at 47, 53, 60, 72 and 87 days post budburst 
(dpb). Using the Smalian’s sectional volume (SV, 
cm³) formula, the stem volume of the shoot was 
calculated (Achten et al. 2010):

SV = A1 + A2
2

× L

where: A1 – area of the shoot base based on the base 
diameter (cm²); A2 – area of the shoot top based on top 
diameter (cm²); L – shoot length (cm) 

Shoot length at the different time points followed 
a linear increase, therefore elongation rates were de-
termined by the slope of the linear regression line.

Leaf parameters. Mean leaf area was determined 
from digital photographs using an in-house devel-
oped image analysis software for all mature leaves 
of three plants per genotype and per ploidy level. 

Mature leaves were fixed for microscopic analysis 
and stored in a 10/5/50 vol. % solution of Forma-
lin-Acetic-Alcohol (FAA) until analysis. Hand-cut 
transverse sections were stained in a 0.5% Safranin 
O solution for 10 seconds. Images were taken with 
a light microscope (Olympus BX 40 with Color-
view Soft Imaging System camera, Aartselaar, Bel-
gium) and analysed using the UTHSCSA Image-
Tool (http://compdent.uthscsa.edu/dig). Thickness 
of all leaf cell tissues was determined in one fully 
matured leaf per plant using four plants per geno-
type and per ploidy level. 

Leaf colour was measured with a portable spec-
trophotometer (CM-700d, Konica-Minolta, Za-
ventem, Belgium). Colour is represented through 
L* (luminosity), a* and b* (colour-opponent dimen-
sions, red to green and yellow to blue, respectively) 
values (three measurements per leaf on two mature 
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leaves per plant on five own-rooted trees per geno-
type and ploidy level). 

Stomatal characteristics were determined using 
Jones’ (2013) nail-varnish method (micro relief 
method); three epidermal imprints were taken of 
one fully matured leaf for three plants per genotype 
and ploidy level. Stomatal density was determined 
by counting the number of stomata under a light 
microscope (Olympus BX 40 with Colorview Soft 
Imaging System camera). Guard cell length was de-
termined for 10 stomata per epidermal strip on one 
microscopic field. Stomatal area was calculated us-
ing the area formula of an ellipse (A, µm²):

A = π / 4 × L × W

where: L – guard cell length (µm); W – guard cell width 
(µm)

Chlorophyll a, b and the total carotenoid content 
were spectrophotometrically determined accord-
ing to Wellburn (1994). Pigments were measured 
on the same leaves used for the spectrophotomet-
ric analysis.

The difference in cell number between di- and 
tetraploid plants of own-rooted ‘Gala’ and G40 
plants was determined as a ratio of nuclei count-
ed in the diploid and tetraploid plants. Cells were 
counted on a flow cytometer. Samples were pre-
pared as described by Dhooghe et al. (2009). From 
3 plants, leaf discs of 4 mm diameter were taken 
in 10 biological replicates and the weight per disc 
was determined. For the diploid plants, two discs 
of the same young leaf were used: one in a separate 
sample to evaluate the number of dividing cells and 
one in a pooled sample combining leaf discs from 

both ploidy levels. By subtracting the percentage 
of dividing diploid nuclei from the total number 
of nuclei in the tetraploid peak measured in the 
pooled sample, a ratio of diploid nuclei/g FW (fresh 
weight) over tetraploid nuclei/g FW can be deter-
mined per leaf.

Statistical analysis. Statistical analyses were 
performed in JMP Pro®, Version 11. Data were 
subjected to a one-way analysis of variance (ANO-
VA). Main and interaction effects were determined 
using a two-way ANOVA effects test.

RESULTS

Growth characteristics: leaf area, shoot 
elongation, volume and internode length

Several morphological traits were determined on 
di- and tetraploid plants of both genotypes at dif-
ferent time points. Although trends seem visible 
(Table 1), a two-way ANOVA did not show signifi-
cant interactions between genotype and ploidy lev-
el for elongation rate and shoot volume. In G40 the 
shoot elongation rate decreased significantly after 
polyploidization (one-way ANOVA; P < 0.01), but 
no significant decrease was observed in ‘Gala’ (Ta-
ble 1). Also in shoot volume, a significant decrease 
of over 50% was observed for G40-4x compared to 
G40-2x (one-way ANOVA; P < 0.05). Again, ‘Gala’ 
showed no significant differences between 2x and 
4x plants. The internode length was found to be 
similar between both genotypes and ploidy levels, 
with no significant effect of neither genotype nor 
ploidy level. 

Table 1. Growth characteristics at different time points (days post budburst (dpb)) of G40 and ‘Gala’ in di- and tetra-
ploid form with mean values and interaction effects of genotype and ploidy

Genotype Length  
87 dpb (cm)

Internode length 
47 dpb (cm)

Elongation rate 
(cm/day)

Smalian volume 
increase (cm³/day)

Mature leaf 
area (cm²)

G40-2xw 77.7 ± 4.41** 2.7 ± 0.180 0.85 ± 0.065**   0.19 ± 0.025* 32.664 ± 1.42*
G40-4x 46.7 ± 3.70 2.5 ± 0.311 0.50 ± 0.059 0.092 ± 0.022 23.477 ± 2.11
‘Gala’-2x 89.7 ± 4.16 2.9 ± 0.144 0.96 ± 0.094   0.22 ± 0.00090 25.278 ± 0.928
‘Gala’-4x 77.3 ± 4.50 2.9 ± 0.181 0.75 ± 0.123   0.20 ± 0.036 23.748 ± 1.30
Genotypez 0.0002** 0.291 0.0516 0.0198* 0.0453*
Ploidy 0.0001** 0.807 0.0039** 0.0341* 0.0073**
Genotype*ploidy 0.0579 0.605 0.4023 0.1469 0.0342*

wwithin one genotype one-way ANOVA test (*P ≤ 0.05; **P ≤ 0.01; n = 5–6; ± SE); ztwo-way ANOVA effect test  
(*P ≤ 0.05; **P ≤ 0.01)
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Leaf parameters. Mature leaf area was signifi-
cantly affected by the interaction between geno-
type and ploidy (two-way ANOVA; P < 0.05), show-
ing a significant genotype-specific response to the 
genome doubling (Table 1). Polyploidization led 
to a 28% decrease in leaf area for G40, whereas no 
significant decrease was observed in ‘Gala’. On av-
erage, leaves were 0.040 mm thicker in tetraploid 
genotypes compared to their diploid progenitor. 
For G40 and ‘Gala’ this represented an increase 
in thickness of 17 and 20%, respectively (Table 2). 
Both genotype and ploidy had significant effects on 
thickness of the different cell layers, with excep-
tion of the abaxial epidermis (two-way ANOVA; 
P  <  0.05). No significant interaction was deter-
mined, thus the effect of genotype and ploidy level 
seemed independent from each other (Table 2). For 
both genotypes, thickness of the different cell lay-

ers increased significantly after polyploidization 
(one-way ANOVA; P < 0.05; Table 2). The adaxial 
epidermis in G40-4x showed a 10% increase com-
pared to its diploid counterpart, while ‘Gala’-4x 
increased 41%. The abaxial epidermis showed 
a comparable increase of 13% and 7% for both  
G40-4x and ‘Gala’-4x, respectively. For G40, a rela-
tively large increase was observed in both palisade 
and spongy mesophyll compared to the other lay-
ers. For ‘Gala’ the increase in palisade mesophyll 
was relatively low, while spongy mesophyll showed 
a high increase. Both genotypes in their tetraploid 
form showed a 24% increase in total mesophyll. 
For both genotypes the density of nuclei in diploid 
plants was more than double the density observed 
in tetraploid plants (Table 2).

After in vitro acclimatization, tetraploid plants 
exhibited a clearly visible darker leaf coloration 

Table 2. Mean thickness of the different leaf cell layers and mean nuclei density ratio (2x/4x) of G40 and ‘Gala’ in di- 
and tetraploid form with main and interaction effects of genotype and ploidy on cell layer thickness

Genotype-Ploidy
Adaxial  

epidermis 
Palisade  

parenchyma 
Spongy  

parenchyma 
Abaxial  

epidermis 
Total leaf  
thickness Nuclei  

density ratio
(µm)

G40-2xw 28.31 ± 1.20 68.30 ± 5.12 101.57 ± 5.42* 18.84 ± 0.39 214.10 ± 10.71*
2.43 ± 0.34

G40-4x 31.17 ± 3.44 86.30 ± 6.06 124.80 ± 5.00 21.27 ± 1.64 256.85 ± 12.92
‘Gala’-2x 19.54 ± 0.69** 59.06 ± 1.79*   66.36 ± 0.98* 17.93 ± 0.14* 161.19 ± 0.48*

2.41 ± 0.24
‘Gala’-4x 27.57 ± 0.64 68.52 ± 2.71   88.13 ± 8.19 19.26 ± 0.47 199.74 ± 11.27
Genotypez 0.0065** 0.0083** <0.0001** 0.122 0.0001** –
Ploidy 0.014* 0.0076**   0.0016** 0.0535 0.0017** –
Genotype*ploidy 0.20 0.34   0.90 0.55 0.839 –

wwithin one genotype one-way ANOVA test (*P ≤ 0.05; **P ≤ 0.01; n = 5–6; ± SE); ztwo-way ANOVA effect test  
(*P ≤ 0.05; ** P ≤ 0.01; n = 4; ± SE)

Fig. 1. Tetraploid (2n = 4x) (left) and diploid (2n = 2x) (right) plants of ‘Gala’ post acclimatization 
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compared to their diploid progenitors (Fig. 1). This 
colour difference was less visible on older plants, 
but spectrophotometric analysis still showed a sig-
nificant difference in the a* and b* indices of the 
L*a*b*– colour values in both genotypes (one-way 
ANOVA; P < 0.001; Fig. 2), staying in the negative 
range of these indices this represents a shift in the 
horizontal a*–b* colour plane from a perceptual 
light green for the diploid plants to a darker colour 
for the tetraploid plants for the a* index and from 
light yellow to darker yellow for the b* index.

Also pigment concentration was affected by poly-
ploidization in ‘Gala’, but not in G40 (Fig. 3; one-way 
ANOVA; P  <  0.05). Leaf pigment content was also 
found to be positively correlated with the a* index of 
the colour measurements (r = 0.72; P < 0.0001; Fig. 4).

With exception of the stomatal coverage (sto-
matal area/leaf area) all stomatal properties were 

Fig. 2. Mean values of L* (luminosity), colour component a* (red-green), b* (yellow-blue) colour values of G40 (a) and 
‘Gala’ (b) in di- and tetraploid form 
*P ≤ 0.05; ** P ≤ 0.01; n = 3; ± SE

Fig. 3. Chlorophyll a (Ca), chlorophyll b (Cb), carotenoids (Cx + c) and total pigment concentration (Total pigm.) for 
di- and tetraploid forms of genotype G40 (a) and ‘Gala’ (b)
*P ≤ 0.05; **P ≤ 0.01; n = 3; ± SE

Fig. 4. Relationship between a* colour component and the 
total pigment concentration 
r = 0.72; P < 0.0001

(a)

(a)

(b)
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significantly affected by ploidy but not by genotype 
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between genotype and ploidy occurred for stoma-
tal density and stomatal length (two-way ANOVA; 
p  <  0.01 and P  <  0.05 respectively; Table 3). The 
stomatal density for both apple genotypes was sig-
nificantly lower (one-way ANOVA; P < 0.01) in the 
tetraploids (Table 3). The stomatal area showed a 
substantial increase in both tetraploids, especially 
for G40-4x, where the stomatal area doubled (Ta-
ble 3). Mean stomatal coverage (percentage stoma-
tal area/unit leaf area) was marginally higher for 
G40-4x compared to the G40-2x plants, but not 
significant.

DISCUSSION

In our experiments, a comprehensive comparison 
of different morphological properties of artificially 
created tetraploid apple plants to their diploid pre-
decessors was performed. Mitotic chromosome dou-
bling of the diploid genotypes ‘Gala’ and G40 resulted 
in clear physio- and morphological alterations. 

Similar changes due to polyploidization were re-
ported in other plants, e.g. leaf colour and anatomy 
in Citrus spp. (Allario et al. 2011), leaf anatomy 
in Lonicera (Li et al. 2009), cell anatomy in Lolium 
(Sugiyama 2005) and leaf morphology and colour 
in Rosa (Kermani et al. 2003). The variation in leaf 
colour in our study could be significantly correlated 
with the pigment concentration per mm² leaf area. 
Tetraploid plants of both genotypes expressed a 
higher pigment content, especially for chlorophyll 
a and b. Since these pigments are known to absorb 
the blue and red light of the spectrum (French et 
al. 1956), the deeper green colour of the tetraploid 

plants could be explained at least partially by their 
higher pigment concentration.

Polyploidy decreased stomatal density and in-
creased guard cell length, width and stomatal area. 
Stomatal coverage remained similar for both ploidy 
levels. These observations are in accordance with 
studies on polyploidy in other plants: e.g. apple 
(Lespinasse, Noiton 1986; Blanke et al. 1994), 
Populus (Cohen et al. 2010), Citrus spp. (Allario 
et al. 2011) and Arabidopsis (Del Pozo, Ramirez-
Parra 2014). The increase in guard cell length, de-
crease in stomatal density and increase in overall 
cell size proves to be strongly correlated with an 
increase in genome size; this seems to be a general 
observation in plants (Beaulieu et al. 2008).

In this study, plant growth was characterized in a 
non-destructive way by measuring the elongation 
rates of the main shoot, internode length, mature 
leaf area and by calculating the stem volume. Both 
G40-4x and ‘Gala’-4x showed a decrease in elonga-
tion rate and stem volume compared to their dip-
loid counterparts, while internode length seemed 
unaffected. The mature leaf area was also signifi-
cantly lower in G40-4x compared to G40-2x, while 
‘Gala’-4x and ‘Gala’-2x leaves were similar in size. 
The results suggest that artificial genome doubling 
of diploid apple genotypes decreased plant vigour. 
Although polyploidization in plants is often asso-
ciated with increased vigour, e.g., triploid apples 
(Sedysheva, Gorbacheva 2013) and hexaploid 
Hibiscus (Van Laere et al. 2006, 2011), artificial 
genome doubling is very frequently associated 
with a decreased growth rate, e.g., in Citrus (Al-
lario et al. 2011; Guerra et al. 2014), Spathiphyl-
lum (Van Laere et al. 2011), Platanus (Liu et al. 

Table 3. Stomatal characteristics of both genotypes in di- and tetraploid form with main and interaction effects of 
genotype and ploidy

Genotype Density (#/mm²) Area (µm²) Length (µm) Width (µm) Stomatal area/leaf area  
(mm²/cm²)

G40-2xw 226.13 ± 4.85** 176.53 ± 7.17** 20.25 ± 0.43** 11.07 ± 0.22* 4.00 ± 0.26
G40-4x 145.94 ± 9.45 358.78 ± 32.84 26.48 ± 0.24 17.21 ± 1.69 5.27 ± 0.78
‘Gala’-2x 187.75 ± 3.58** 268.08 ± 6.83 21.62 ± 0.46 15.77 ± 0.16 5.03 ± 0.06
‘Gala’-4x 156.20 ± 2.79 317.06 ± 48.33 23.70 ± 1.62 16.73 ± 1.55 4.98 ± 0.84
Genotypez 0.082 0.4248 0.4466 0.1051 0.547
Ploidy <.0001** 0.0045** 0.001** 0.0152* 0.330
Genotype*ploidy 0.0088** 0.0547 0.046* 0.0558 0.293

wwithin one genotype one-way ANOVA test (*P ≤ 0.05; **P ≤ 0.01; n = 3; ± SE); ztwo-way ANOVA effect test (*P ≤ 0.05; 
**P ≤ 0.01)
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2007), Solanum phureja (Stupar et al. 2007), and 
tetraploid Zea mays (Riddle et al. 2006). Several 
observations show the increased vigour of triploid 
apple cultivars (Sedysheva, Gorbacheva 2013) 
and triploid Zea mays (Riddle et al. 2006) over 
diploids but decreased vigour of higher ploidy lev-
els and own observations of an increased vigour 
in tetraploid azalea; however, decreased vigour 
of hexaploids compared to diploids (Eeckhaut 
et al. 2006) suggests that plant species potentially 
possess an optimal ploidy degree, below or above 
which its growth will be reduced. Studies on dip-
loid and polyploid Arabidopsis thaliana indeed 
indicate that larger cell size due to an increase in 
DNA content (C-value), does not necessarily re-
sult in larger plant size (Comai 2005). Polyploidy 
through nuclear enlargement increases the com-
plexity of different processes involved in managing 
and partitioning of chromosomes and hence can 
cause alterations in cell division (Comai 2005). It 
is also generally assumed that a difference in size 
over equivalent organs within and among various 
species is mainly the result of cell density rather 
than cell volume (Mizukami 2001; Guo et al. 2010; 
Powell, Lenhard 2012). As polyploidization in-
creases cell size, decreases cell density and prob-
ably increases cell cycle length due to the increased 
C-value, it is not hard to imagine that growth rate is 
potentially decreased in cells with a normal or low 
metabolic rate, and final organ size has the same 
size or is even smaller.

Observations of this study, where internode 
length and leaf size seemed unaffected, and for the 
latter even lower in the G40 genotype, could then 
be explained in part by the two-fold decrease in cell 
density observed in the tetraploid plants compared 
to the diploids. The molecular mechanisms be-
hind this altered cell density are not yet completely 
understood; Mizukami (2001) proposes that a 
ploidy-dependent gene-dosage associated or epi-
genetically modified gene expression can result in 
an altered cell proliferation and hence influencing 
meristematic competence and cell density.

In addition to the main effects exerted by poly-
ploidization, significant interactions were also 
measured between polyploidization and genotype, 
which suggests that the effect of polyploidization on 
certain morphological characteristics also depends 
on the genotype. Results from a study performed 
on different maize inbred lines using monoploid, 
diploid, triploid and tetraploid derivatives showed 

that for 6 of 13 measured morphological characters 
a significant interaction occurred between inbred 
line and ploidy level (Riddle et al. 2006). Our find-
ings partially confirm those of Riddle et al. (2006) 
who suggest that observed morphological altera-
tions are mainly due to three factors: a common 
response to ploidy change, a different genetic back-
ground and a response to a different ploidy level 
dependent on genetic background.

In conclusion, 17 morphological characteristics 
were measured: 5 stomatal characteristics, 6 cell  
characteristics, 4 growth characteristics, leaf col-
our and leaf pigment content in the diploid and 
tetraploid form of 2 apple genotypes. In total,  
15 of these properties were significantly affected by 
ploidy in at least one genotype. Two characteris-
tics, namely internode length and stomatal cover-
age, were not affected by ploidy in both genotypes. 
Ten of the 15 properties were altered in both geno-
types, mainly due to the effect of ploidy, while for 
5 traits a genotype-specific response to polyploidi-
zation was observed. These were mainly involved 
in growth and stomatal characteristics. Based on 
our observations and other studies, it is suggested 
that the frequently observed lower growth rate and 
smaller or unchanged organ size of tetraploids is 
caused by a decreased cell density, that could be 
partially compensated by an increased cell volume. 
The obtained tetraploid genotypes in this study are 
valuable material to be used in breeding programs 
to obtain triploid plants.
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