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The biomass productivity of the energy willow Salix viminalis as a short-rotation woody crop depends on organ structure and
functions that are under the control of genome size. Colchicine treatment of axillary buds resulted in a set of autotetraploid
S. viminalis var. Energo genotypes (polyploid Energo [PP-E]; 2n = 4x = 76) with variation in the green pixel-based shoot surface
area. In cases where increased shoot biomass was observed, it was primarily derived from larger leaf size and wider stem
diameter. Autotetraploidy slowed primary growth and increased shoot diameter (a parameter of secondary growth). The
duplicated genome size enlarged bark and wood layers in twigs sampled in the field. The PP-E plants developed wider
leaves with thicker midrib and enlarged palisade parenchyma cells. Autotetraploid leaves contained significantly increased
amounts of active gibberellins, cytokinins, salicylic acid, and jasmonate compared with diploid individuals. Greater net
photosynthetic CO2 uptake was detected in leaves of PP-E plants with increased chlorophyll and carotenoid contents.
Improved photosynthetic functions in tetraploids were also shown by more efficient electron transport rates of photosystems
I and II. Autotetraploidization increased the biomass of the root system of PP-E plants relative to diploids. Sections of tetraploid
roots showed thickening with enlarged cortex cells. Elevated amounts of indole acetic acid, active cytokinins, active gibberellin,
and salicylic acid were detected in the root tips of these plants. The presented variation in traits of tetraploid willow genotypes
provides a basis to use autopolyploidization as a chromosome engineering technique to alter the organ development of energy
plants in order to improve biomass productivity.

Energy security and climate change as global prob-
lems urge increased efforts to use plants as renewable
energy sources both for power generation and trans-
portation fuel production. Selected wood species, such
aswillows (Salix spp.), can be cultivated as short-rotation
coppice for the rapid accumulation of biomass and re-
duction of CO2 emission. Coppicing reinvigorates shoot
growth, resulting in a special woody plant life cycle that

differs from natural tree development, which takes de-
cades. In this cultivation system, small stem cuttings are
planted at high densities (15,000–25,000 ha21). In the soil,
these dormant wood cuttings first produce roots and
shoots that emerge from reactivated buds. During the
first year, the growing shoots mature to woody stems. In
the winter, these stems are cut back, and in the following
spring, the cut stumps develop multiple shoots. The
short-rotation coppice plantations are characterized by a
very short, 2- to 3-year rotation, and themost productive
varieties can produce up to 15 tons of oven-dried wood
per hectare per year (Cunniff and Cerasuolo, 2011). The
high-density willow plantations can also be efficiently
used for heavy metal or organic phytoremediation, as
reviewed by Marmiroli et al. (2011).

The biomass productivity of shrub willows is largely
dependent on coppicing capability, early vigorous
growth, shoot growth rate and final stem height, root
system size, photosynthetic efficiency, formation and
composition of woody stems, water and nutrient use, as
well as abiotic and biotic stress tolerance. Genetic im-
provement of all these traits can be based on broad
natural genetic resources represented by more than 400
species in the genus Salix. More than 200 species have
hybrid origins, and ploidy levels vary fromdiploid up to
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dodecaploid (Suda and Argus, 1968; Newsholme, 1992).
In addition to molecular marker-assisted clone selection,
intraspecific and interspecific crosses have been shown
to further extend genetic variability in breeding pro-
grams for biomass yield (Karp et al., 2011).
During natural diversification and artificial crossings

of Salix spp., the willow genomes frequently undergo
polyploidization, resulting in triploid or tetraploid al-
lopolyploids. In triploid hybrids, both heterosis and
ploidy can contribute to the improved biomass yield
(Serapiglia et al., 2014). While the alloploid triploids
have attracted considerable attention in willow im-
provement, the potentials of autotetraploid willow geno-
types have not been exploited so far. As shown for other
short-rotation wood species (poplar [Populus spp.], black
locust [Robinia pseudoacacia], Paulownia spp., and birch
[Betula spp.]), doubling the chromosome set by colchicine
treatment can cause significant changes in organ mor-
phology or growth parameters (Tang et al., 2010; Cai and
Kang, 2011; Harbard et al., 2012; Mu et al., 2012; Wang
et al., 2013a, 2013b). In several polyploidization proto-
cols, the in vitro cultured tissues are exposed to differ-
ent doses of colchicine or other inhibitors of mitotic
microtubule function, and plantlets are differentiated
from polyploid somatic cells (Tang et al., 2010; Cai and
Kang, 2011). Alternatively, seeds or apical meristems of
germinating seedlings can be treated with a colchicine
solution (Harbard et al., 2012). Allotetraploids of poplar
were produced by zygotic chromosome doubling that
was induced by colchicine and high-temperature
treatment (Wang et al., 2013a).
Since tetraploid willow plants with 2n = 4x = 76

chromosomes are expected to represent novel genetic
variability, especially for organ development and physi-
ological parameters, a polyploidization project was initi-
ated thatwas based on a highly productive diploid energy
willow (S. viminalis var. Energo). Colchicine treatment of
reactivated axillary buds of the in vitro-grown energy
willow plantlets resulted in autotetraploid shoots and,
subsequently, plants. For comparison of diploid and tet-
raploid variants of willow plants, digital imaging of green
organs and roots was used for phenotyping. Among the
tetraploid lines, genotypes were identified with improved
biomass production, better photosynthetic parameters,
and altered organ structure and hormone composition.
The new tetraploidwillow variants produced can serve as
a unique experimental material to uncover key factors in
biomass production in this short-rotation energy plant. In
the future, these plants can also serve as crossing partners
of diploid lines for the production of novel triploid energy
willow genotypes.

RESULTS

Production of Autotetraploid Willow Plants by Colchicine
Treatment of Axillary Buds in Vitro

Autotetraploid genotypes were produced by colchi-
cine treatment of axillary bud meristems of willow
plantlets cultured inMurashige and Skoog agarmedium

(see “Materials and Methods”). Several plantlets could
be recovered after the treatment. These plantlets were
grown and propagated in agar cultures. For early
screening of DNAploidy level, nuclei were isolated from
root tips of stem cuttings for flow cytometric determi-
nation (Fig. 1). As shown by the histograms of flow
cytometric analysis, plants of polyploid Energo (PP-E)
lines have doubled DNA content in their root cells.
These results were confirmed by chromosome counting
using fluorescence microscopy (Fig. 1). Diploid Energo
plants have a karyotypewith 2n = 2x = 38 chromosomes.
Sixteen lines with 2n = 4x = 76 chromosomes were
identified by these tests. Plants with mixoploid root tis-
sues were discarded. Both tetraploid and control diploid
plantlets were transferred into soil and grown in the
greenhouse. These plants were propagated by stem
cuttings after rooting in water. At this step, the ploidy
level was also checked by flow cytometry using nuclei
isolated from roots. The screening and selection of lines
with stable tetraploid nature were continued during
propagation. Stem cuttingswere also planted in thefield,
which allowed analyses of shoot regrowth under native
environmental conditions. Independent tetraploid
plantlets identified in in vitro cultures served as starting
material for the establishment of tetraploid lines trans-
ferred to the soil in the greenhouse. In a subsequent
comparison of diploid and tetraploid plants, several
lines were used according to the availability of proper
plant material.

Phenotyping Green Shoot Surface Area during Early
Growth of Diploid and Tetraploid Energy Willow Plants

Based on studieswith various plant species (Tackenberg,
2007; Golzarian et al., 2011; Fehér-Juhász et al., 2014),
green pixel values reflecting leaf/shoot surface area
are assumed to be directly proportional to the green
mass of plants and can be used for the comparison
of different genotypes. Dormant stem cuttings were
planted in soil-containing special pots used in a phe-
notyping platform operating under controlled green-
house conditions. Shoot development was monitored
by digital photography, providing the green pixel-
based average shoot surface area. As shown in Figure
2A, the analyzed tetraploid lines exhibited moderate
differences in growth characteristics. Average values of
shoot surface areas for PP-E2 and PP-E10 plants were
higher than those for diploid plants at each sampling
point during the 7-week experiment. PP-E13 plants,
however, displayed lower average values for shoot
surface area when compared with diploid plants. These
statistically nonsignificant differences in green pixel
number of shoots may arise from several factors such as
shoot length, stem diameter, leaf number, leaf size, and
petiole shape. Therefore, a detailed comparison of these
organs from diploid and tetraploid plants was carried
out under greenhouse and field conditions.

At the end of the 7-week phenotyping study, shoot
length measurement showed 20% to 25% reduction in
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primary shoot length of tetraploid plants relative to
diploid plants (Figs. 2B and 3). This shortening of shoot
length was linked to the enhanced secondary growth of
shoots, which resulted in significantly wider stem di-
ameters in several tetraploid genotypes, such as PP-E2,
PP-E7, and PP-E13 (Fig. 2C; based on Welch’s t test).
Box-plot analysis revealed considerable variation in
these parameters between individuals of the same au-
totetraploid genotype.

Growth characteristics observed in the greenhouse
were also scored bymonitoring shoot growth under field
conditions in spring during the regrowth of shoots from
dormant buds. As shown in Table I, the primary growth
of all the tested tetraploid variants was reduced in com-
parison with the diploid plants. As a general trend, au-
totetraploidy slowed primary growth during the early
shoot development of willow plants. To assess secondary
growth characteristics, shoot diameters of the same plants
were alsomeasured (Table I).Without exception, plants of
the tetraploid lines developed thicker stems on average.
Selected genotypes (PP-E3, PP-E12, and PP-E13) showed

statistically significant increases in secondary growth. The
enlarged stem diameter of willow plants from several
tetraploid genotypes (Figs. 2C and 4; Table I) can be re-
lated to substantial anatomical alterations as a conse-
quence of doubled genome size. Cross sections of stems
from older stem regions of willow plants revealed that
wood formation between the primary and secondary
xylem rings was increased significantly in the tested tet-
raploid plants relative to diploid plants. The bark region
was also thicker in stems of the tetraploid plants than in
diploid control plants (Fig. 4).

The Doubled Chromosome Set Alters the Shape, Size,
Ultrastructure, and Hormone Composition of
Willow Leaves

The phenotyping experiment demonstrated that the
autotetraploid willow plants developed larger foliage
(Fig. 3). Enlargement of leaves can originate from a set
of characteristic changes at the cellular level. The

Figure 1. Identification of autotetraploid willow genotypes by chromosome counting (using 49,6-diamidino-2-phenylindole
[DAPI] stain) and flow cytometric analysis of relative DNA content (using propidium iodide). Shoots and plantlets that emerged
from colchicine-treated axillary buds were rooted and sampled as described in “Materials and Methods.” Representative data of
at least three repetitions are shown. Bars = 5 mm.
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Figure 2. Variation in characteristics of shoot development in diploid and tetraploid genotypes of willow plants. A, Comparison
of green pixel-based shoot surface areamonitored by digital photography to record aboveground biomass growth of willow plants
from different genotypes in the greenhouse. The graph extension at top right shows interquartile ranges (25th and 75th percentiles)
at week 7 for corresponding data points. Seventhweek data points having the lowest (PP-E13) and highest (PP-E2)mean values are
connected to the corresponding interquartile ranges with dashed lines. B, Box-plot presentation of average shoot lengths after
7 weeks of growth shows reductions in primary growth of autotetraploid plants in comparison with diploid plants. C, Box-plot
presentation of average stem diameter after 7 weeks of growth shows enhanced secondary growth of autotetraploid plants in
comparison with diploid plants. Based on Welch’s t test, statistically significant events compared with diploids are indicated
below the sample labels as ***, P, 0.01 and **, P, 0.05.Underlined asterisks indicate the level of significance based on posthoc
comparisons made with Tukey’s honestly significant difference (HSD) test. Box-plot center lines show the medians; box limits
indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles;
outliers are represented by dots. Alternate boxes are shaded to differentiate neighboring boxes. n = 15, 15, 10, 11, 5, and
15 sample points.

Plant Physiol. Vol. 170, 2016 1507

Duplicated Genome Reprograms Energy Willow Growth



tetraploid plants produced significantly broader leaves
than the diploid ones (Fig. 5, A and B). The width of leaf
lamina was doubled in plants of tetraploid genotypes.
Leaf lengths either increased or decreased moderately,
varying among plants with various genotypes (Fig. 5, A
and C). The cumulative effect of these size differences
was reflected as a general trend of increased total leaf
biomass for tetraploid plants (Fig. 5D).

Cross-section analysis of leaf midribs revealed an
increase in the vein-xylem area in tetraploid leaves with
enlarged leaf lamina (Fig. 6). Plants from all the studied
tetraploid lines developed significantly thicker midribs.
This anatomical feature was most prominent in PP-E7
plants, which displayed an average cross-sectional area
of 0.723 106 mm2. This value was twice as big as that of
diploid samples (0.33 3 106 mm2).

Beyond the described alterations in leaf morphology,
major modifications at the cellular level were also detec-
ted by cytological analyses of leaf cross sections. The tet-
raploid palisade parenchyma cells were 50% larger than
the diploids, as quantified by the cross-sectional area
measurements (Fig. 7B). Due to this increase in cell size,
fewer tetraploid cells were found per unit of distance
(100 mm) along the parenchyma layer (Fig. 7C).

Several significant differences compared with dip-
loid leaves were recognized in the cellular and organ
structure of leaves of the tetraploid willow plants.
These changes may have originated from an altered
hormonal status of these leaves. Concentrations of the
major plant hormones were compared in young ex-
panded leaves of control diploid and selected tetraploid
lines (Table II). The youngest fully developed leaves
were compared in order to avoid the potential effect of
different rates of leaf development among individual
lines. The levels of active cytokinins (the sum of trans-
zeatin, isopentenyladenine, cis-zeatin, and dihydrozeatin
and the corresponding ribosides) differed among individ-
ual tetraploid lines, being either higher or lower than
the corresponding values for control diploid samples.
However, the concentration of the most physiologically
active cytokinin, trans-zeatin, was enhanced in all tet-
raploid lines, and this increase was statistically signifi-
cant in the case of line PP-E6. Substantially increased
levels of cytokinin N-glucosides in all tested tetraploid
plants indicate enhanced deactivation of active cytokinins
and, thus, their higher turnover in tetraploids. The most
dramatic increase was detected in GAs, namely the active
GAs GA4 and GA7 (expressed as pmol g21 fresh weight).

Figure 3. Altered plant architecture and growth
characteristics of autotetraploid willow plants
grown under greenhouse conditions. Stem cut-
tings were planted into cultivation pots, and the
outgrowing shoots with characteristic phenotypic
traits are presented. Note the development of
larger, densely packed leaves of autotetraploid
(PP-E7 and PP-E13) plants. Insets show thresh-
olded binary images corresponding to the plants
for a given view. Bar = 6.5 cm.

Table I. Autotetraploidization generates opposite trends in alterations of the primary and secondary growth of shoots emerged from dormant buds in
the field

The reduced shoot length at both recording times reflects a slower primary growth rate in the early development of willow plants from the
tetraploid variants. These plants developed wider stems, and the growth rate of stem diameter was increased as a consequence of genome dupli-
cation. The number of measured shoots ranged from 25 to 50 per genotype. Based on Welch’s t test, statistically significant events compared with
diploids are indicated as ***, P , 0.01, **, P , 0.05, and *, P , 0.1. Underlined asterisks indicate the level of significance based on posthoc
comparisons made with Tukey’s HSD test. The underlined dot indicates that the P value obtained by Tukey’s test falls into the next higher rank of
significance as compared with the significance level obtained by Welch’s t test.

Genotypes Shoot Height, Day 0 Shoot Height, Day 8 Primary Growth

Stem Diameter,

Day 0

Stem Diameter,

Day 8

Secondary Growth

in Diameter

cm cm 8 d21 mm cm 8 d21

Diploid 52.02 6 3.79 83.08 6 7.04 31.07 6 4.24 5.76 6 0.77 6.59 6 0.60 0.82 6 0.21
PP-E2 42.68 6 2.39*** 68.36 6 4.57*** 25.68 6 0.99*** 6.31 6 0.41* 7.27 6 0.71** 0.96 6 0.35
PP-E3 39.48 6 3.64*** 64.96 6 5.61*** 25.48 6 1.47*** 6.33 6 0.66 7.59 6 0.68*$ 1.26 6 0.18***
PP-E4 38.60 6 2.63*** 63.90 6 7.59*** 25.30 6 1.56** 6.33 6 0.60* 7.22 6 0.45* 0.89 6 0.01
PP-E5 38.66 6 2.20*** 60.93 6 4.28*** 22.27 6 2.69*** 5.99 6 0.54 7.01 6 0.55 1.02 6 0.22
PP-E6 36.46 6 2.73*** 58.74 6 4.92*** 22.28 6 2.86*** 5.87 6 0.51 6.85 6 0.63 0.98 6 0.35
PP-E7 37.56 6 2.55*** 58.16 6 3.24*** 20.60 6 4.99*** 6.09 6 0.50 6.76 6 0.54 0.68 6 0.17
PP-E12 42.09 6 3.59** 69.76 6 4.36** 27.67 6 2.39** 5.90 6 0.53 7.46 6 0.64** 1.56 6 0.21***
PP-E13 40.36 6 2.74*** 66.28 6 4.41*** 25.92 6 2.28*** 5.97 6 0.50 7.12 6 0.54* 1.15 6 0.26***
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The tetraploid leaves contained 4.1 to 5.89 times higher
levels of GA4. Two out of three tetraploid lines (PP-E7 and
PP-E13) had GA7 contents elevated by 57% to 75%. The
concentrations of two stress hormones, salicylic acid and
jasmonic acid, were almost doubled in the leaves of some
autotetraploid genotypes compared with diploids. Dif-
ferences in abscisic acid and indole-3-acetic acid contents
were much less pronounced between diploid and tetra-
ploid lines.
In relation to the above-described fundamental dif-

ferences in leaf anatomy and shape between diploid
and tetraploid genotypes, alterations in water metabo-
lism may also be impacted after genome duplication.
Tetraploid willow leaves were characterized by ele-
vated stomatal conductance values (Fig. 8). Increased
water utilization was characteristic for the majority of
tetraploid plants. The stomata size of the tetraploid
plants showed considerable variation. Enlarged sto-
mata could be identified in certain genotypes (PP-E6,
27.55 6 2.33 mm; and PP-E7, 23.24 6 1.84 mm) in
comparison with the diploid plants (21.31 6 2.10 mm).

The Autotetraploid Energy Willow Genotypes Show
Improved Net Photosynthetic CO2 Uptake and Increased
Electron Transfer Rate of PSI and PSII

The efficiency of atmospheric CO2 uptake by plants
and of its photosynthetic assimilation into organic
compounds as the building blocks of biomass has a
major impact on wood production capacity. In accor-
dance with the stomatal conductance data, all tetraploid
plants analyzed showed significantly enhanced CO2

assimilation rate as compared with diploid plants (Fig.
9). Net photosynthetic CO2 uptake rates per unit of leaf
area have a positive linear relationship with the quan-
tum yield of PSII or electron transfer rate (ETR), as
shown by Kubota and Yoshimura (2002). Since the ETR
is an estimate of the number of electrons passing through
PSI and PSII, these associated parameters could be
used for the prediction of photosynthetic capacity in
leaves of different willow genotypes. Light saturation
curves show increased rates of ETR(I) in tetraploid
genotypes PP-E13 and PP-E6 under field conditions at
higher light intensities (Fig. 10A). For PP-E13, ETR(II)
was significantly greater, especially at PPFD values of
450 mmol photons m22 s21 or above (Fig. 10B). ETR(I)
and ETR(II) values were generally lower in leaves of
greenhouse-grown plants. Under these circumstances,
the photosynthetic capacities of tetraploid variants were
found to be improved, as indicated by both ETR(I) and
ETR(II) values (Fig. 10, C and D).

In further characterization of the photosynthetic
functions of willow plants with different genome sizes,
a set of chlorophyll fluorescence parameters were ana-
lyzed to provide quantitative information about the
physiological functionality of these plants (Baker, 2008).
The OJIP chlorophyll fluorescence transient reflects
electron transport through redox components of PSII
and PSI (Strasser et al., 2004). As indicated by the spider
plot in Figure 11, the tested genotypes showed clear
differences in two fluorescence parameters. (1) PI de-
scribes the energy conservation between photons
absorbed by PSII and the reduction of intersystem
electron acceptors as well as the reduction of PSI end
acceptors. Based on PI values, PP-E7, PP-E12, and PP-E13
plants exhibited the highest leaf photosynthetic activi-
ties. (2) Values of RC/ABS were higher in leaves of
some tetraploid lines (PP-E7, PP-E13, and PP-E6).

Leaf chlorophyll content is the key parameter for
characterization of the physiological performance of
plants, including the determination of vegetation indi-
ces with woody species (Lu et al., 2015). Under green-
house conditions, leaves of the tetraploid plants contained
significantly greater concentrations of chlorophylls and
carotenoids than the diploid plants (Table III). Elevated
concentrations of these pigments were also detectable in
field-grown leaves of the tetraploid variants relative to the
diploid ones, but these differences did not reach statisti-
cally significant levels.

Enlarged Root System with Alterations in Anatomy and
Hormonal Status as a Consequence
of Autotetraploidization

Using the root phenotyping platform (Fig. 12A),
growth of the root system was monitored by digital
imaging from both side and bottom views. As shown in
Figure 12A, the tetraploid PP-E12 plant developed an
enlarged root system in comparison with the diploid
plant. The differences are shown by images from both
side and bottom views. Despite the fact that the

Figure 4. Wider stems with enlarged wood regions in stem sections of
tetraploid willow plants. The chart shows the quantification of section
areas representing bark, wood, and pith regions (n = 4). Statistically
significant events (based on both Welch’s t test and Tukey’s HSD
posthoc test) compared with diploids are indicated for wood and bark
regions as ***, P, 0.01. Dissection microscope images of a set of cross
sections are shown below the chart. Samples were collected at 120 cm
from the shoot tip of plants. Bar = 0.5 cm.
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cumulative white pixel counts generated cannot rep-
resent the whole-root biomass, this approach could be
used for the detection of genotypic differences in root
growth rate. During the first 3 weeks of root develop-
ment, stem cuttings from tetraploid genotypes ana-
lyzed produced significantly higher root densities than
cuttings from the diploid variant (Fig. 12B; based on
Welch’s t test). As the cultivation period proceeded,
differences in root formation between tetraploid and
diploid plants were increased considerably. In accor-
dance with the data presented in Figure 12, the wet root
weight data indicated that the autotetraploid willow
plants produced a larger root system than the diploid
plants after 7 weeks of growth (Fig. 13A). On the other
hand, dry weight measurements showed that the dif-
ferences between the genotypes were less pronounced,
whichmay be due to different water contents (Fig. 13B).

Analysis of cross sections also revealed significant
differences in anatomy between diploid and tetraploid
roots. Root cortex cells were found to be larger in plants
with duplicated genome size (Fig. 14).

Together with the observed morphological and cel-
lular differences, changes in hormonal pools were also
detected between diploid and tetraploid roots. The root
tips and the elongation zones were sampled separately
for hormone analyses. Since characteristic differences

were detected predominantly in root tip samples, hor-
mone concentrations in this tissue (expressed as pmol g21

fresh weight) are presented in Table IV. All tetraploid lines
showed elevated contents of active cytokinins, with the
most significant changes found in the root tips of PP-E7
and PP-E13 plants. These lines also exhibited high levels
of cytokinin phosphates (i.e. cytokinin precursors). In the
PP-E plants, trans-zeatin contents significantly exceeded
the value of diploid plants. Cytokinin storage forms
(cytokinin O-glucosides) were elevated significantly in
PP-E7 and PP-E13 roots. Root tips from two tetraploid
lines (PP-E7 and PP-E13) contained extremely high
amounts of indole-3-acetic acid. Elevated concentrations
of salicylic acidwere characteristic for all three tetraploid
variants. Only in PP-E7 plants were GA4 and GA7 levels
enhanced.

DISCUSSION

Identification of Energy Willow Variants with Duplicated
Genome Size

Speciation in the genus Salix has taken place in nature
by intraspecific or interspecific hybridizations that fre-
quently resulted in allopolyploid progeny (Dorn, 1976,
Barcaccia et al., 2003). Breeding for improved biomass

Figure 5. The autotetraploid genomic con-
stitution of energy willow increases the fo-
liage capacity of plants. A, Leaf morphology
variations of willow plants grown in the
field. B, Differences in leaf width between
diploid and tetraploid willow plants grown
in the greenhouse (n. 52). C, Differences in
lamina length between diploid and tetra-
ploidwillow plants grown in the greenhouse
(n . 37). D, Tetraploid willow plants pro-
duce more leaf biomass in comparison with
diploid ones under greenhouse conditions
(n . 10). Based on Welch’s t tests, statisti-
cally significant events compared with dip-
loids are indicated below the sample labels
as ***, P , 0.01, **, P , 0.05, and *, P ,
0.1. Underlined asterisks indicate the level
of significance based on posthoc compari-
sons made with Tukey’s HSD test. Box-plot
center lines show the medians; box limits
indicate the 25th and 75th percentiles;
whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles;
outliers are represented by dots.
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yield of the shrub willow is preferentially based on
crossing programs also generating allopolyploid geno-
types (Serapiglia et al., 2014). This work provides a
detailed characterization of autotetraploids to extend
our knowledge about the morphological and develop-
mental consequences of artificial genome duplication in
this short-rotation energywillow.Autotetraploidwoody
crops have been produced in several species, including
Populus tremula and Populus pseudo-simonii (Ewald
et al., 2009; Cai and Kang, 2011), Paulownia tomentosa
(Tang et al., 2010), Acacia dealbata and Acacia mangium
(Blakesley et al., 2002), R. pseudoacacia (Ewald et al., 2009;
Harbard et al., 2012;Wang et al., 2013a, 2013b), and Betula
platyphylla (Mu et al., 2012). Colchicine, a microtubule
polymerization inhibitor, has been used in a variety of
methodologies involving the treatment of seeds or apical
meristems of germinated seedlings. In vitro-cultured
tissues with morphogenic potential can serve as ideal
explants for the production of polyploid cells and
regenerants (Tang et al., 2010; Cai and Kang, 2011).
In the case of the willow variety Energo, our attempts

to establish tissue cultures with shoot differentiation
had failed; therefore, the polyploidization protocol was
optimized for the activation of axillary buds and the
treatment of these organswith colchicine. One or 2 d after
the removal of apical shoot meristems of willow plantlets
grown in vitro, mitotic cells could be detected in cyto-
logical sections. Therefore, this early developmental stage
of axillary meristems was selected for treatment with the
anaphase inhibitor. The outgrowing shoots could be cut
off and further cultured for root formation. Plantlets from
colchicine-treated buds showed a characteristic variation
in leaf and root morphology already in in vitro cultures.

The wider, round-shaped leaves and thicker roots could
serve as early markers for polyploid nature (2n = 4x = 76)
that was confirmed by both chromosome counting and
flow cytometry (Fig. 1).

Exposure of multicellular organs such as axillary
buds to colchicine is expected to producemixoploid cell
populations including unaffected diploid cells in addi-
tion to tetraploid ones. Therefore, the outgrowing
shoots may consist of diploid, chimeric, or tetraploid
tissues. This cellular heterogeneity necessitates contin-
uous testing of the ploidy level of propagated plants
both in vitro and in the field. These studies revealed that
the majority of the lines were represented only by tetra-
ploid plants, and tetraploid shoots grew out from cuttings
of these genotypes. Two of the lines propagated through
cuttings produced diploid and tetraploid clones. In these
unstable lines, diploid and tetraploid stems were rec-
ognized even on the same plant. This finding indicates
that the observed variability of chromosome numbers
can result from mixoploid nature or genome instability
based on cellular events leading to different chromo-
somal compositions.

Autopolyploidy Can Alter Primary and Secondary Growth
in Opposite Ways

Growth characteristics, including biomass accumu-
lation, could be followed by color imaging of plants,
which is one of the basic tools of plant phenotyping
(Golzarian et al., 2011; Hartmann et al., 2011). Com-
parison of green surface area covered by green pixels,
which can reflect shoot biomass, revealed essential
differences between the diploid line and tetraploid lines
(Fig. 2A). This phenotypic parameter indicates higher
or lower green biomass productivities for tetraploid
plants as compared with the diploid ones. The genetic
background of the observed variation in traits of gen-
otypes with the same chromosome numbers is not
known. Independent genome duplication events can
generate different genomic structures in the tetraploid
lines. Variation in several phenotypic characters of in-
dependent autotetraploid birch families was also ob-
served after colchicine treatment of seeds of this tree
species (Mu et al., 2012).

The aboveground biomass of an individual shoot is
an integrative parameter; therefore, analysis of indi-
vidual morphological traits is needed to provide a
deeper insight into the developmental consequences of
genome size alteration. Shoot height and stem diameter
data clearly showed contrasting changes in willow
plants after duplication of their genome (Fig. 2, B and C;
Table I). Reduction in stem length or growth rate was
reported for various autotetraploid tree species (Särkilahti
and Valanne, 1990; Griffin et al., 2015). Diploid P.
tomentosa plants were found to be 10% taller than the
tetraploids (Tang et al., 2010). Alongwith this trend, the
mean height of the autotetraploid individuals of B.
platyphylla was 19% lower than that of diploid birch
plants (Mu et al., 2012). In our greenhouse study,

Figure 6. Enhanced midrib-xylem development in leaves from tetra-
ploid plants comparedwith a diploid plant.Midrib cross-sectional areas
were measured by manually tracing white-colored midrib regions
sampled from themidpoint of each leaf. Representative images of hand-
sectioned material are shown. Box-plot center lines show the medians;
box limits indicate the 25th and 75th percentiles; whiskers extend 1.5
times the interquartile range from the 25th and 75th percentiles (n = 9).
Statistically significant events (based on both Welch’s t test and Tukey’s
HSD posthoc test) compared with diploids are indicated below the
sample labels as ***, P , 0.01. Bar = 0.5 mm for all images.
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analysis of independent tetraploid lines indicated
considerable variation in stem height, with the lines
showing differences between the minimum and maxi-
mum values as well as the extent of the interquartile
range (Fig. 2B). In agreement with other published ex-
amples (Tang et al., 2010; Mu et al., 2012), plants of
several tetraploid willow lines (Fig. 2C; Table I) showed
reduction in shoot height accompanied by wider stem
formation as a consequence of autopolyploidization.

The tetraploidA. mangium trees developed significantly
thicker bark of stem compared with diploid trees
(Harbard et al., 2012). Data presented in Figure 4 show
that the most pronounced differences are found in the
secondary xylem region, which resulted in enlarged
wood sections of the analyzed tetraploid willow plants.
Divergent changes caused by artificial genome dou-
bling in primary and secondary aboveground growth
of woody species are unexpected features, since these

Table II. Autotetraploidization caused essential changes in the hormonal status of willow leaves

The values presented show the amounts of different hormones as pmol g21 fresh weight. Mature leaves from three plants were analyzed for each
genotype. Based on Welch’s t test, statistically significant events compared with diploids are indicated as ***, P, 0.01, **, P, 0.05, and *, P , 0.1.
Underlined asterisks indicate the level of significance based on posthoc comparisons made with Tukey’s HSD test. Underlined dots indicate that the
P value obtained by Tukey’s test falls into the next higher rank of significance as compared with the significance level obtained by Welch’s t test.

Hormones Diploid PP-E6 PP-E7 PP-E13

Active cytokinins 5.91 6 0.42 8.17 6 1.01** 5.51 6 2.09 5.47 6 1.04
Trans-zeatin 0.67 6 0.31 2.48 6 1.48** 0.79 6 0.13 0.72 6 0.25
Cytokinin phosphates 1.64 6 0.51 2.41 6 0.57 0.92 6 0.27 1.55 6 1.02
Cytokinin O-glucoside 25.71 6 2.40 25.67 6 2.43 20.66 6 3.57 18.27 6 3.45**
Cytokinin N-glucosides 9.49 6 0.26 13.76 6 2.02*$ 10.94 6 0.68* 14.52 6 1.54**$
Abscisic acid 96.29 6 11.78 94.67 6 6.71 93.78 6 16.00 79.51 6 4.61
Indole-3-acetic acid 47.06 6 4.73 40.18 6 4.57 49.46 6 6.45 41.21 6 3.27
Salicylic acid 1,288.85 6 87.31 2,376.65 6 214.78*** 2,387.01 6 437.79** 2,520.09 6 586.93*$
Jasmonic acid 6.92 6 0.51 9.16 6 1.37* 14.10 6 4.05*$ 10.08 6 2.56
Jasmonate-Ile 1.49 6 0.19 1.76 6 0.71 2.77 6 0.39** 2.65 6 0.29***
GA4 0.78 6 0.35 4.60 6 1.22**$ 3.20 6 1.03** 3.23 6 0.98**
GA7 41.55 6 18.25 32.36 6 7.80 72.87 6 18.67** 65.48 6 19.97**

Figure 7. Tetraploid willow plants have
enlarged palisade parenchyma cells. A,
Comparison of leaf cross-sections from
diploid and tetraploid willow plants. Cal-
cofluor White-stained cell wall fluores-
cence (blue) wasmergedwith transmission
images. Arrows indicate the palisade pa-
renchyma layer of leaves. Bar = 20 mm for
all images. B, Quantification of average
palisade parenchyma cell size as cross-
sectional area (n = 200). C, Quantification
of average number of parenchyma cells per
100-mm-long distance (n = 40). Box-plot
center lines show the medians; box limits
indicate the 25th and 75th percentiles;
whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles;
outliers are represented by dots. Statisti-
cally significant events (based on both
Welch’s t test and Tukey’s HSD posthoc
test) compared with diploids are indicated
below the sample labels as ***, P , 0.01.
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two functions correlate in nature, as shown by studies
on Mediterranean subshrub species (Camarero et al.,
2013). A similar synchrony between primary and sec-
ondary growth was also recorded over the growing
season in boreal conifers (Huang et al., 2014). All these
observations indicate the existence of a regulatory
mechanism coordinating parameters of organ growth
that differs between diploid and autotetraploid plants
of these tree species.
Apical meristems play a central role in the control of

shoot growth. At present, basic information revealing
the molecular or cellular bases of the reduced primary
growth of autotetraploid tree stems is still missing.
Comparison of the transcript profiles of tender shoot
tips from diploid and tetraploid birch trees indicated
several thousand differentially expressed genes. Up-
regulation of genes involved in the biosynthesis or
signal transduction of auxin and ethylene was detected
in tetraploid shoot meristems (Mu et al., 2012). Genes
of APETALA2/ETHYLENE RESPONSIVE FACTOR
(AP2/ERF) domain-containing and AP2 domain class
transcription factors were significantly activated in
tetraploid meristems relative to diploids (Mu et al.,
2012). As reviewed by Licausi et al. (2013), ectopic ex-
pression of selected AP2/ERF protein genes can result
in growth retardation with simultaneous up-regulation
of defense- or stress-related genes. This hypothetic

explanation of the reduced growth of tetraploids needs
experimental confirmation, especially with consider-
ation of the extremely large size and divergent roles of
the AP2/ERF superfamily. Rao et al. (2015) predicted
173 AP2/ERF genes in the Salix arbutifolia genome.

The reduction of stem growth observed in the tetra-
ploid willow plants is further supported by the 4.1- to
5.9-fold increase in active GA (GA4 and GA7) content in
tetraploid leaves as compared with diploid plants
(Table II). In transgenic poplar (P. tremula 3 Populus
alba) plants, active GA levels were increased by ectopic
expression of theGA-INSENSITIVE (GAI) or REPRESSOR
OF GAI-LIKE genes, which caused variable degrees of
semidwarfism in these trees (Elias et al., 2012). An in-
crease in the levels of various endogenous GAs was
correlated with the extent of growth reduction. For
example, the abundance of the inactive precursor GA20
in transgenic lines was increased 2.5- to 5-fold, and the
heights of field-grown transformants reached only 93%
to 63% of the wild-type plants. In contrast to the willow
tetraploids, the shoot diameters of these transgenic
poplar trees were also reduced. In another experimental
system, hybrid poplar clones (P. tremula3 P. alba) were
transformed for RNA interference down-regulation of
C19 gibberellin 2-oxidase (GA2ox) genes (Gou et al.,
2011). Suppression of PtGA2ox4 and PtGA2ox5 genes
resulted in elevated GA1 and GA4 concentrations, with
simultaneous increase in leaf biomass and elongation of
xylem fiber length and width in aboveground stems. In
an earlier study, the Arabidopsis complementary DNA

Figure 8. Tetraploid willow plants transpire more water, as shown by
the elevated stomatal conductance in leaves. Leaf stomatal conduc-
tance (gs) was measured on the fifth/sixth fully developed younger
leaves (from top) of willow plants. The measurements were recorded in
an air CO2 concentration of 400mgmL21, leaf temperature of 22˚C, and
photosynthetic active radiation of 400 to 430 mmol photons m22 s21

(n = 5). Box-plot center lines show the medians; box limits indicate the
25th and 75th percentiles; whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles; outliers are represented by
dots. Based on Welch’s t test, statistically significant events compared
with diploids are indicated below the sample labels as ***, P, 0.01 and
**, P , 0.05. Underlined asterisks indicate the level of significance
based on posthoc comparisons made with Tukey’s HSD test.

Figure 9. Autotetraploid willow plants absorb CO2 more efficiently
from the atmosphere. The rate of net CO2 fixation was measured on the
fifth/sixth fully developed young leaves (from top) of willow plants at
400 to 430 mmol photons m22 s21 light intensity, 22˚C temperature, and
400 mg mL21 ambient CO2 level (n = 5). Box-plot center lines show the
medians; box limits indicate the 25th and 75th percentiles; whiskers
extend 1.5 times the interquartile range from the 25th and 75th per-
centiles. Statistically significant events (based on bothWelch’s t test and
Tukey’s HSD posthoc test) compared with diploids are indicated below
the sample labels as ***, P , 0.01.
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for GA 20-oxidase (AtGA20ox1) was overexpressed in
hybrid aspen, P. tremula3 Populus tremuloides (Eriksson
et al., 2000). The transgenic plants produced high levels
of 13-hydroxylated C19 GAs (GA20, GA1, and GA8) and
non-13-hydroxylated C19 GAs (GA9, GA4, and GA34) in
both internodes and leaves. Consequently, these trans-
genic trees showed enhanced growth. The cited results
from transgenic modification of GA metabolism in
poplar can help explain certain characteristics of our
autotetraploid willow genotypes. Considering the com-
plexity of hormonal status modification in PP-E plants,
as shown in Table II, the potential involvement of ad-
ditional factors, such as high concentrations of salicylic
and jasmonic acids, cannot be excluded from regulators
of primary growth of these plants with duplicated ge-
nomes. As reviewed by Rivas-San Vicente and Plasencia
(2011), in addition to its functions in biotic and abiotic
stress responses, salicylic acid plays a crucial role in
growth and development regulation in coordination
with other plant hormones. The cross talk between sal-
icylic acid andGA can be relevant in the interpretation of
the traits of polyploid willow plants. Alonso-Ramírez
et al. (2009) showed that GAs were able to increase sal-
icylic acid biosynthesis under stress conditions.

At present, only limited knowledge is available on
the molecular or cellular mechanisms underlying the

enhanced secondary growth of autotetraploid tree
stems that was observed here and in other studies
(Särkilahti and Valanne, 1990; Harbard et al., 2012; Mu
et al., 2012; Griffin et al., 2015). In plants, three main
types of meristematic tissues occur: shoot and root
apical meristems and procambium in vascular tissues.
During wood formation, vascular cambium activity
and differentiation of secondary xylem from vascular
cells are under a complex hormonal control (for review,
see Ye and Zhong, 2015). The vascular cambium is
regulated by the two major plant hormones, auxin and
cytokinins (R�u�zi�cka et al., 2015). High expression of
cytokinin biosynthetic genes as well as high endoge-
nous levels of cytokinins were found in xylem precursor
cells (Ohashi-Ito et al., 2014). Cytokinins are considered
central regulators of cambial activity (Matsumoto-Kitano
et al., 2008). This role of cytokinin is in accordance with
enhanced active cytokinin levels and stimulation of
wood development in tetraploid willow lines. Apart
from cytokinins and auxins, GAs, ethylene, and brassi-
nosteroids are also involved in the control of xylem de-
velopment (Didi et al., 2015). The pivotal role of GAswas
shown by studies on transgenic poplar trees. RNA in-
terference suppression of two members (PtGA2ox4 and
PtGA2ox5) of the C19 GA2ox gene subfamily signifi-
cantly increased the number of cells in the cambium zone

Figure 10. Improved photosynthetic capacity of tetraploid willow plants as indicated by ETRs of PSI and PSII measured on leaf
samples. Simultaneous light response curves of ETR(I) and ETR(II) were measured in the dark-adapted fifth/sixth fully developed
young leaves (from top) for both field and greenhouse genotypes usingDual PAM as described in “Materials andMethods.” A, ETR
(I) under field conditions. B, ETR(II) under field conditions. Leaves of field-grown plantswere collected inwet tissue and kept in an
ice box, and ETR measurements were carried out within 2 h of sample collection. C, ETR(I) under greenhouse conditions. D, ETR
(II) under greenhouse conditions. Tetraploid willow genotypes are indicated as black symbols and the diploid genotype by white
symbols. Data are means6 SE of six independent plants per genotype. Based on Welch’s t test, statistically significant events (for
the highest photosynthetic photon flux density [PPFD]measurement) comparedwith diploids are indicated next to corresponding
data points as ***, P, 0.01, **, P, 0.05, and *, P, 0.1. Underlined asterisks indicate the level of significance based on posthoc
comparisons made with Tukey’s HSD test.
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(Gou et al., 2011). In leaves of these transgenic poplar
plants, both GA1 and GA4 levels were increased 1.4- and
1.9-fold, respectively, relative to control leaves. These
transgenic plants developed wider stem diameters. The
variety of transgenic approaches has been widely used
for tree improvement (Dubouzet et al., 2013). Our pro-
duction of tetraploid willow genotypes with extended
secondary xylem tissues and wider stems, in combina-
tion with improved photosynthesis and enhanced root
biomass, can provide an example for the generation of
novel genetic variation to improve traits of short-rotation
woody crops by nontransgenic means.

Duplication of the Willow Genome Directs Leaf Functions
toward Improving Biomass Production

Comprehensive characterization of several indepen-
dent autotetraploid lines of energy willow revealed
substantial changes in leaf structure and functions as
consequences of genome size modification. Increase of
leaf biomass (Fig. 5D) is accompanied by alterations in

leaf shape (Fig. 5A) and extended lamina length and
width (Fig. 5, B and C). These characteristic phenotypic
traits were also reported for other autotetraploid tree
variants (Ewald et al., 2009; Cai and Kang, 2011; Harbard
et al., 2012; Mu et al., 2012). Cellular events beyond
the ploidy-driven enlargement of leaves are poorly
understood in the case of tree species. Detailed analysis
of diploid and autotetraploid cultivars of two grass
species, Lolium perenne and Lolium multiflorum, showed
that the bigger leaf size of polyploids resulted mainly
from the increased cell elongation rate but not from the
longer duration of the elongation period. The increased
final cell size also contributed to organ size change
(Sugiyama, 2005). A kinematic method showed no
significant differences in cell division parameters, such
as cell production rate and cell cycle duration, between
the diploid and tetraploid cultivars. In tetraploid wil-
low leaves, fewer but larger palisade parenchyma cells
were detected (Fig. 7). These characteristics were also
detected in autotetraploid Pennisetum americanum and
Medicago sativa leaves, where increased cell size and
fewer cells per unit of leaf area were detected (for re-
view, see Warner and Edwards, 1993). Plant organ size
is dependent on growth that is driven by cell division
and expansion. Both of these processes are regulated by
phytohormones (Nelissen et al., 2012). In the division
zone of maize (Zea mays) leaves (i.e. in meristematic
tissues), elevated concentrations of auxin (indole-3-acetic
acid) and cytokinins (trans-zeatin and isopentenyladenine)
were detected in comparison with mature or even
senescing parts of leaves.

Exogenous cytokinin was reported to modulate the
leaf shape (De Lojo and Di Benedetto, 2014). Peaks of
GAs were found at the transition zone. Comparison of
hormone contents of expanded diploid and tetraploid
willow leaves provided characteristic indicators to ex-
plain size alterations. As shown by Table II, indole-3-
acetic acid levels did not differ significantly between
the analyzed genotypes. However, all tetraploid lines
exhibited elevated levels of the most physiologically
active cytokinins, including trans-zeatin. At the same
time, enhanced cytokinin N-glucoside levels in tetra-
ploids can be an indication of the promoted deacti-
vation of active cytokinins and, thus, their higher
turnover in tetraploid lines. The observed significant
increase in GA4 and GA7 contents observed in tetra-
ploid leaves can be considered as a potential factor in

Table III. Leaf chlorophyll (Chl) and total carotenoid (Car) contents of diploid and tetraploid plants grown under field and greenhouse conditions

Sampling was carried out from the fifth/sixth fully developed young leaves (from top). Data are means 6 SE (mg cm22) of six to seven independent
plants per genotype. Based on Welch’s t test, statistically significant events compared with diploids are indicated as ***, P , 0.01. Underlined
asterisks indicate the level of significance based on posthoc comparisons made with Tukey’s HSD test.

Genotypes
Field-Grown Plants Greenhouse-Grown Plants

Chl a Chl b Chl (a + b) Car (x + c) Chl a Chl b Chl (a + b) Car (x + c)

Diploid 48.68 6 1.4 17.47 6 0.5 65.32 6 1.9 12.15 6 0.25 18.50 6 0.48 5.3 6 0.24 23.56 6 0.58 3.84 6 0.13
PP-E6 51.60 6 1.3 18.49 6 0.5 69.22 6 1.7 12.38 6 0.22 22.02 6 0.58*** 6.5 6 0.19*** 28.17 6 0.75*** 4.45 6 0.12***
PP-E7 49.71 6 1.5 18.50 6 0.4 67.35 6 1.8 12.07 6 0.22 22.66 6 0.94*** 6.6 6 0.32*** 28.96 6 1.25*** 4.58 6 0.16***
PP-E13 49.84 6 2.2 18.17 6 0.8 67.15 6 3.0 11.74 6 0.33 23.34 6 0.71*** 6.6 6 0.25*** 29.59 6 0.91*** 4.62 6 0.12***

Figure 11. Spider plot of chlorophyll fluorescence parameters deduced
from OJIP fast kinetics measurements. Shown are the values of initial
(Fo) and maximal (Fm) fluorescence levels, the Fv/Fm and Fv/Fo (maximal
PSII quantum yield) ratios, the (12 Vj)/Vj parameter, where Vj = (F2ms –
Fo)/Fv, the performance index (PI), the area parameter, as well as the
dissipated energy flux per active reaction center (RC/ABS) measured on
fifth/sixth young fully developed leaves. The data are shown for the
tetraploid lines (white symbols) after normalization to respective values
obtained in the diploid line (black symbols). Data are means6 SE of six
to seven independent greenhouse-grown plants per genotype.
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causing the enlargement of tetraploid willow leaves.
This hypothesis is supported by studies on maize leaf
development (Nelissen et al., 2012). Both the leaf
elongation rate and the size of the division zone
were increased in transgenic maize plants with ele-
vated GA levels through the overproduction of the
AtGA20ox1 enzyme. The GA-based interpretation of

ploidy-induced alterations in willow leaf morphol-
ogy is supported by studies of transgenic hybrid as-
pen overexpressing the GA20ox gene (Eriksson et al.,
2000). The increased level of GAs in fully expanded
transgenic leaves caused the development of longer
and broader leaves, resulting in higher leaf fresh
weights.

Figure 12. Significant stimulation of root develop-
ment after duplication of the genome size of energy
willow. A, Side and bottom views of roots from the
diploid and tetraploid (PP-E12) plants grown in soil in
transparent wall plexiglass columns. Digital images
were taken at week 3 of cultivation. Bar = 2 cm for all
images. B, Total surface area (in mm2) occupied by
white pixels was used to monitor root biomass growth
to compare diploid and tetraploid willow plants dur-
ing early development. Box-plot center lines show the
medians; box limits indicate the 25th and 75th per-
centiles; whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles; outliers are
represented by dots. Based on Welch’s t test, statisti-
cally significant events compared with diploids are
indicated as **, P , 0.05 and *, P , 0.1. Underlined
asterisks indicate the level of significance based on
posthoc comparisons made with Tukey’s HSD test.
n = 10 sample points.
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The experimental findings presented here indicate
that the enlargement of foliage size generated by au-
totetraploidy was accompanied by improvement of
the photosynthetic productivity of tetraploid willow
plants. Increases in both the stomatal conductance and
the CO2 assimilation rate can be a prerequisite for the
potential improvement of biomass yield (Figs. 8 and 9).

Similarly, these parameters were reported to be supe-
rior for tetraploid black locust even under salt stress
(Wang et al., 2013b). In earlier studies on the polyploids
of Atriplex confertifolia, photosynthetic rates per cell
were highly correlated with ploidy level and with the

Figure 13. Autotetraploidization resulted in energy willow genotypes
with increased root biomass. A, Experiment 1. Plants from tetraploid
genotypes developed significantly more root than the control diploid
ones based on fresh weight measurements (g plant21; n = 10). B, Ex-
periment 2. Increased root biomass of tetraploid willow genotypes as
compared with diploid plants based on dry weight measurements (g
plant21; n = 10). Box-plot center lines show the medians; box limits
indicate the 25th and 75th percentiles; whiskers extend 1.5 times the
interquartile range from the 25th and 75th percentiles; outliers are
represented by dots. Based on Welch’s t test, statistically significant
events comparedwith diploids are indicated below the sample labels as
***, P , 0.01, **, P , 0.05, and *, P , 0.12. Underlined asterisks in-
dicate the level of significance based on posthoc comparisons made
with Tukey’s HSD test.

Figure 14. Differences in root anatomy detected between diploid and
tetraploid willow plants. A, Calcofluor White-stained, hand-sectioned
roots (from the maturation zone) of diploid and tetraploid plants were
imaged using confocal laser scanning microscopy. Note the larger
cortical cells of the tetraploid samples. Bar = 50 mm for all images. B,
Cortical cells of diploid and tetraploid roots were manually traced on
hand-sectioned material using Olympus Fluoview software, and aver-
age cross-sectional areas of cortical cells were calculated and plotted
for diploid and tetraploid samples (n. 362). Box-plot center lines show
themedians; box limits indicate the 25th and 75th percentiles; whiskers
extend 1.5 times the interquartile range from the 25th and 75th per-
centiles; outliers are represented by dots. Statistically significant events
(based on both Welch’s t test and Tukey’s HSD posthoc test) compared
with diploids are indicated below the sample labels as ***, P , 0.01.
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activity of ribulose 1,5-bisphosphate carboxylase per
bundle sheath cell (Warner and Edwards, 1989). In other
autotetraploid species (M. sativa and P. americanum),
doubled cell volume was accompanied by lower cell
number per unit of leaf area; subsequently, the higher
ploidy levels did not result in a change in the rate of
photosynthesis per leaf area (for review, see Warner and
Edwards, 1993). A similar conclusion was drawn from
studies on a natural allotetraploid (Glycine dolichocarpa),
where the light-saturated ETR per cell was higher in the
tetraploids with reduced numbers of palisade cells (Coate
et al., 2012).

In this study, the improvement of photochemical
reactions was recorded by monitoring the ETR of PSI
and PSII. Light response curves of PSI and PSII revealed
higher rates per unit of leaf area in the tetraploid leaves
analyzed from plants grown under both field and
greenhouse conditions (Fig. 10). Differences between
diploid and tetraploid genotypes in ETR values of PSII
were, in general, larger in plants grown in the green-
house. Higher ETR values were reported for the tetra-
ploid Japanese honeysuckle (Lonicera japonica) cultivar
than for the diploid one. Reduction of ETR by drought
was smaller in this genotype (Li et al., 2009).

Several chlorophyll a fluorescence OJIP fast kinetics
parameters, especially the PI and the RC/ABS, indicated
significant differences between genotypes. These indi-
cators aremostly used tomonitor stress responses in tree
species (Desotgiu et al., 2012). The higher energy con-
servation with the increased CO2 assimilation rate can
contribute to increases in biomass productivity in these
autotetraploid plants. Higher (by 25%–30%) chlorophyll
a and b contents in greenhouse-grown leaves (Table III)
can reflect more efficient light utilization. Smaller dif-
ferences in the chlorophyll contents between diploid and
tetraploid plants were detectable under field conditions.
Elevated levels of GAs and trans-zeatin measured in the
field in the tetraploid willow plants can influence pho-
tosynthetic events, especially chloroplast functions. Jiang
et al. (2012) analyzed the effects of the DELLA gai1

mutation on chloroplast biogenesis and concluded that
GAs indirectly promote chloroplast division through
their impact on leaf mesophyll cell expansion. A close
link between cytokinins and chloroplast differentiation
has been reported repeatedly (for review, see Cortleven
and Schmülling, 2015). Analytical studies on hormone
contents of willow leaves identified salicylic acid as be-
ing significantly elevated after polyploidization (Table
II). Salicylic acid can be involved in various steps of
photosynthetic regulation (for review, see Rivas-San
Vicente and Plasencia, 2011). Treatment of Brassica jun-
cea plants with a low concentration (1025

M) of salicylic
acid resulted in higher net photosynthetic rate and car-
boxylation efficiency (Fariduddin et al., 2003).

Characteristic anatomical changes caused by auto-
tetraploidy include the considerable increase in midrib
size (Fig. 6). The structure of thesemajor veins with their
numerous xylem conduitsmay affect thewater transport
capacity. Taneda and Terashima (2012) reported coor-
dination in the development of the midrib xylem and
the leaf lamina area. In the case of tetraploid willow
plants, these two traits were enlarged simultaneously.
As shown in Table II, accumulation of abscisic acid in
leaves was not influenced significantly by genome size
alteration. Abscisic acid content seems to reflect pre-
dominantly the water relations in plants. Another stress
hormone, jasmonic acid and its derivative, jasmonate-Ile,
were detected in leaves of tetraploids at higher concen-
trations than in diploid leaves. Jasmonate-Ile is the active
form of jasmonic acid in plants, functioning in defense
against insects, microbial pathogens, and abiotic stresses
(Browse, 2009).

The Autotetraploid Genome of Energy Willow Plants
Regulates the Development of an Enlarged Root System

Results of the phenotypic characterization of auto-
ploid tree species published previously have only been
focused on aboveground traits (Blakesley et al., 2002;

Table IV. Root tips from tetraploid plants differed from those of diploid plants in hormone contents

Stem cuttings were rooted in water for 2 weeks, and 5- to 8-mm root tips were collected for hormone analysis. The values presented show the
amounts of different hormones as pmol g21 fresh weight. Roots from three plants were analyzed for each genotype. Based on Welch’s t test, sta-
tistically significant events compared with diploids are indicated as ***, P , 0.01, **, P , 0.05, and *, P , 0.1. Underlined asterisks indicate the
level of significance based on posthoc comparisons made with Tukey’s HSD test. Underlined dots indicate that the P value obtained by Tukey’s test
falls into the next higher rank of significance as compared with the significance level obtained by Welch’s t test.

Hormones Diploid PP-E6 PP-E7 PP-E13

Active cytokinins 25.04 6 2.25 27.88 6 2.79 52.36 6 6.12*** 40.68 6 3.96***
Trans-zeatin 1.37 6 1.04 2.71 6 0.92*** 4.86 6 1.59*** 2.88 6 0.32***
Cytokinin phosphates 17.92 6 2.20 20.08 6 2.13 33.97 6 2.58*** 11.19 6 0.94**
Cytokinin O-glucoside 2.09 6 0.72 2.18 6 0.83 11.90 6 0.78*** 6.49 6 0.60***
Cytokinin N-glucoside 0.38 6 0.14 0.17 6 0.09 0.42 6 0.02 0.36 6 0.09
Abscisic acid 55.61 6 11.90 45.11 6 4.81 49.41 6 8.00 24.46 6 4.04**.
Indole-3-acetic acid 234.16 6 10.28 197.91 6 21.35* 890.72 6 96.54*** 639.72 6 55.75***
Salicylic acid 184.75 6 23.28 308.82 6 18.20*** 322.27 6 27.77*** 241.44 6 30.48*
Jasmonic acid 1,150.00 6 189.18 1,119.63 6 132.60 1,072.51 6 101.23 834.16 6 37.72*
Jasmonate-Ile 148.65 6 48.20 120.19 6 16.44 157.46 6 20.39 118.99 6 17.86
GA4 1.06 6 0.12 1.07 6 0.44 1.42 6 0.06** 0.51 6 0.59
GA7 0.46 6 0.13 0.70 6 0.64 2.02 6 1.58*. 1.17 6 0.59
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Ewald et al., 2009; Tang et al., 2010; Cai and Kang, 2011;
Harbard et al., 2012; Mu et al., 2012). This study extends
this knowledge and shows substantial changes in the
size and structure of roots developed by willow plants
with 2n = 4x = 76 chromosomes relative to diploids. As
an outcome of intensified plant phenotyping research,
several alternative methods exist for the nondestructive
imaging of root systems grown in either soil-free me-
dium or rhizotronsfilledwith soil (for review, seeWalter
et al., 2015). Differences in root biomass between geno-
types were recorded already during the first weeks (Fig.
12B). After a longer growing period, the tetraploid geno-
types produced significantly larger root biomass. The
functions of root meristems including stem cells are un-
der the control of a complex hormonal network that
regulates the growth of the root system (for review, see
Pacifici et al., 2015). Accordingly, the hormone data
provided can support the interpretation of the increased
root production in the tetraploid willow lines. Signifi-
cant increases were detected in the levels of active cy-
tokinins, indole-3-acetic acid, and salicylic acid in the
root tips of the PP-E7 and PP-E13 genotypes (Table IV).
Lack of correlation was reported between concentra-
tions of GAs and root biomass. The GA-deficient (35S:
PcGA2ox1) and GA-insensitive (35S:rgl1) transgenic
Populus spp. plants developed larger root systems re-
gardless of lower or higher GA contents in the root
tissues (Gou et al., 2010). In semidwarf hybrid poplar
with elevated GAs, root biomass was enhanced (Elias
et al., 2012). Plants with an enlarged root system,
carrying the tetraploid willow genotypes described,
can be more efficient in reaching and extracting nutri-
ents and water even under conditions of limited
availability. These plants can also be used for the de-
toxification of contaminated soils. Both green and root
biomass productivities determine the effectiveness of
phytoremediation by tree species in removing heavy
metals and organic contaminants from the environment
(Marmiroli et al., 2011).

CONCLUSION

Artificial production of novel willow genotypes with
autotetraploid genomes resulted in substantial modifi-
cations in the developmental program that can be
valuable for wider use of this species as a short-rotation
energy crop. The environmental impact of the increased
CO2 fixation and improved photosynthetic efficiency
can attract special attention in attempts to reduce the
negative impacts of climate change. Despite the fact
that this work is focused on the early developmental
phase of tetraploid willow plants, several of the de-
scribed traits can play a role in wood productivity
during the subsequent cultivation of these genotypes in
the short-rotation system. Based on the observed mor-
phological and physiological features of these new
genotypes, the application of autopolyploidization as
an old breeding technique with new potentials can gain
increasing significance, especially in the improvement

of vegetatively propagated woody species. Plants bred
with this chromosome engineering technique are not
considered as genetically modified organisms. This le-
gal status opens large potentials even in countries or
regions where the breeding and cultivation of trans-
genic crops are prohibited by law. The data presented
here are consistent with several previously described
characteristics of other autotetraploid woody plants,
where duplication of the plant genome caused very
complex, multiple changes at the anatomical and
morphological levels and in growth parameters of
aboveground organs. Furthermore, this work provides
additional information about alterations in the hormo-
nal status of leaves and root tips as well as the stimu-
lation of root development. We propose a key role for
the increased GA and cytokinin levels in controlling
traits of autotetraploid woody plants. Importantly, our
interpretation of new tetraploid phenotypes could fre-
quently be based on results from studies of transgenic
wood species. The tetraploid variants described can
also serve as crossing partners with diploids in order to
produce triploid genotypes, which have been shown to
be the most productive genetic background in willow
wood production (Serapiglia et al., 2014).

MATERIALS AND METHODS

In Vitro Polyploidization of Energy Willow

Salix viminalis var. Energo plantlets kindly provided by Ferenc Kósa and
Miklós Ift (Kreátor) were propagated as in vitro sterile cultures with a one-half-
strength concentration of hormone-free Murashige and Skoog medium
(Murashige and Skoog, 1962). These cultures were maintained under continuous
light. Shoot apical meristems of 8- to 10-cm plantlets were decapitated, and 48 h
later, stem sections with axillary buds were placed into sterile colchicine solu-
tion (0.05% or 0.1% [w/v]) and incubated for 48 h in dark. After colchicine
treatment, these stem sections were rinsed three times in sterile distilled water
and placed on hormone-free 0.6% (w/v) agarmediumwithout colchicine. Two-
to 3-cm-long shoots grown from the treated axillary buds were cut and placed
in agar-solidified culture medium and used for further in vitro propagation.
The differentiated roots were used for ploidy analyses. During the years, the
tetraploid plantlets were maintained and propagated by nodal cuttings in vitro,
and 8- to 10-cm-high rooted plantlets were transferred to soil in the greenhouse.
Under these conditions, these willow plants developed green woody stems that
can be used as a propagation material for both greenhouse and field studies.
Not all lineswere available for each comparison, but all lines that were analyzed
for a given comparison are shown in the corresponding figure.

Flow Cytometry

Root tips (approximately 5–10 mm) of 2-week-old cuttings were excised
from the plants grown either in agar medium or in water used for rooting
willow cuttings. Determination of ploidy levels was conducted by flow cy-
tometry (BD FACSCalibur) equipped with a 532-nm green solid-state laser
operating at 30 mW. Nuclei extractions were done by chopping 15 mg of root
tips on ice with a razor blade in a 55-mm petri dish containing 1 mL of Gal-
braith’s buffer (Galbraith et al., 1983; 0.2 M Tris-HCl, 45 mM MgCl2, 30 mM

sodium citrate, 20 mM 4-morpholinepropane sulfonate, and 1% [v/v] Triton
X-100, pH 7) and then filtered through a 40-mm nylon mesh. The suspension
of released nuclei was stained with 1 mg mL21 propidium iodide (Sigma) for
10 min. At least 5,000 gated particles were analyzed per sample. Identical
instrument settings were used in order to have comparable relative fluo-
rescence intensity values while analyzing diploid and tetraploid samples. To
test the uniformity of ploidy levels, multiple stem cuttings were used for a
given plant.
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Chromosome Counting

For the determination of chromosome numbers in mitotic willow cells, the
previously described protocol developed for energy willow was used (Németh
et al., 2013). Briefly, the mitotic events were synchronized by cold treatment at
4°C for 4 d. After 22 h of incubation at room temperature, root tips were col-
lected and fixed in Carnoy’s solution (ethanol:acetic acid, 3:1 [v/v]). Cell walls
of the fixed roots were digested in 1% enzyme mixture: 0.3% (w/v) cellulase,
0.3% (w/v) pectolyase, and 0.3% (w/v) cytohelicase, and squash preparations
were made in 45% acetic acid. Glass slides were exposed to liquid nitrogen, and
after removal of coverslips, cells were stained with DAPI and observed with an
Olympus FV1000 confocal microscope.

Phenotyping of Shoot and Root Growth

As members of the European Plant Phenotyping Network, we have con-
structed a semiautomatic platform that was used previously for phenotyping
aboveground organs of barley (Hordeum vulgare) and wheat (Triticum aestivum)
plants (Cseri et al., 2013; Fehér-Juhász et al., 2014). Single dormant stem cuttings
were planted into radio-tagged plexiglass columns with a mixture of 80% Terra
peat soil and 20% sandy soil. Five plexiglass columns surrounded with poly-
vinyl chloride tubing were placed on a metal rack. Three racks were used for
each genotype with random arrangement. Only the shoot-forming cuttings and
healthy shoots were included in the analyses. The racks were rearranged every
week after each imaging during the experiments. The level of illumination in the
greenhouse was approximately 400 mmol photons m22 s21. This level was fairly
constant during the whole illumination period. Watering and digital imaging
were performed once per week. Shoots developed from dormant buds were
photographedwith anOlympus C-7070WZdigital camera from seven different
side positions, produced by 51.4° step rotation of the pot. Plant-related pixels
were determined by separating the pot and background from the plant in each
photograph using an in house-developed image-analysis software tool. The
shoot and leaf surface that corresponds to the plant-related pixel number was
provided as the average of green pixel counts derived from photographs of
seven projections to minimize the variations in superposition of leaves and
shoots.

In the case of roots, the plexiglass columns were photographed from four
different side positions and from the bottom. The root-related white pixels were
identified by subtracting the black soil background from the images. Pixel
numbers were converted tomillimeters using 65-mm diameter pots captured in
the images. To characterize the root area appearing at the surface of the chamber,
the metric values of the area of the four side view projections (90° rotation) are
summarized and the metric value of the area of the bottom view is added.

After completionof a7-weekphenotyping experiment, the rooted stemswere
removed from the soil and the roots were separated from the soil. Root weights
weremeasured immediately after removal from the soil (wetweight) or after air
drying for 1 d at 21°C (dry weight) before weight determination.

For field analysis of early growth, we used second year shoots of plants from
the stock collection thatwas established byplantingwillowplants grown inpots
in the greenhouse in the soil of the experimental field in the spring (April). The
unfertilized soil was cultivated by disc-harrow. Because of limitation in the
available number of plants fromdifferent genotypes, these plantswere placed in
single rows 1 m apart. On average, five to six plants per genotype were used
infield analyses. Plant densitywas 50 cmwithin rows.After the growing season,
1-year-old willow stems were cut off during the winter (January) to stimulate
coppicing from the stools. The growth rate of newly developing shoots was
measured tomonitor both primary and secondary growth during an 8-d period
at the endofApril and thefirst days ofMay.During this period, the averagedaily
temperature was 21.5°C and the average temperature at night was 9°C.

Leaf Parenchyma and Root Cortex Cell Size Determination

The youngest fully developed leaves were cut transversely at the middle of
the leaf andfixedwith 4% formaldehyde in phosphate-buffered salinewith 0.5%
Triton X-100 for 4 h at 23°C in a tube roller. After three 10-minwashes, thin hand
sections were prepared from themidpoint between themidrib and the border of
leaves. Sections were mounted in 0.1 mg mL21 Calcofluor White in water and
imaged using confocal laser scanning microscopy. Perimeters of leaf paren-
chyma cells were manually traced in Olympus Fluoview software and plotted.
Using the same software, the number of cells in 100 mmwas also calculated and
plotted using Microsoft Excel software. For each genotype, four leaves were
collected from two different plants, and on more than 40 images, a total of

200 cells were scored for cross-sectional area measurements. For root cortex cell
size measurements, stem cuttings were rooted in water for 2 weeks. Root
samples excised from thematuration zonewere fixed, stained, and imaged as in
the case of leaf samples above. To eliminate the ambiguity of root cortex cell size
at the boundary regions (close to the epidermis and near stele regions), the
middle 50% of the cortical region was identified as a curved strip using
Olympus Fluoview software, and all cells in this region (including cells
touching the strip borders) were manually traced to calculate the average cross-
sectional area of the midcortex cells. For each genotype, four roots were col-
lected from two different plants, and on 12 nonconsecutive hand sections, a
minimum of 362 cells was scored for root midcortex region cell cross-sectional
area measurements.

Microscopy of Cells and Tissue Sections

Confocal laser scanning microscopy was performed using an Olympus
Fluoview FV1000 laser scanning confocal microscope (Olympus Life Science
Europa). The microscope configuration was as follows: objective lenses,
UPLSAPO 103 (dry, numerical aperture 0.4), UPLSAPO 203 (dry, numerical
aperture 0.75), and UPLFLN 403 (oil, numerical aperture 1.3); sampling speed,
4 ms pixel21; line averaging, 23; scanning mode, unidirectional; excitation, 405
nm (for both DAPI and Calcofluor White); laser transmissivity, less than 10%;
main dichroic beamsplitter, DM405/488/543; intermediate dichroic beamsplit-
ter, SDM 490; blue emission was detected between 425 and 475 nm. Bright-field
images were captured with the same laser line. For imaging hand-sectioned stem
cross sections, anOlympus SZX12 stereomicroscopewith 0.53 and 13 objectives
was used. For white light illumination, a white light-emitting diode light source
(Photonic Optics) in combination with transmission light mode was used. Pho-
tographss of stem sections were captured using an Olympus Camedia C7070
digital camera using DScaler software (version 4.1.15; http://deinterlace.
sourceforge.net/). Composite images were prepared using CorelDraw Graphics
Suite X7 (Corel).

Gas-Exchange Measurements

The gas-exchange parameters CO2 uptake rate, transpiration, and stomatal
conductance were measured using a Licor 6400 gas analyzer (LI-COR). At-
tached leaves of greenhouse-grown plants were inserted into the gas cuvette for
the measurements. The gas cuvette conditions were set to 400 ml/L CO2,
ambient temperature, and growth light intensity of 400 to 450 mmol m22 s21 pho-
tosynthetic active radiation (Mulkey and Smith, 1988; Taiz and Zeiger, 2010).

ETR: Light Response Curves of PSI and PSII

The ETR through PSII [ETR(II) = 0.5 3 Y(II) 3 PPFD 3 0.84] as well as
through PSI [ETR(I) = 0.5 3 Y(I) 3 PPFD 3 0.84] were simultaneously mea-
sured using the Dual PAM-100 system (Walz; Baker, 2008, Klughammer and
Schreiber, 1994). The effective quantum yield of photochemical energy con-
version in PSII was calculated as Y(II) = (Fm9 2 F)/Fm9 (Genty et al., 1989),
where Fo and Fo9 are dark fluorescence yields from dark- and light-adapted leaf,
respectively, and Fm and Fm9 are maximal fluorescence yields from dark- and
light-adapted leaf, respectively. The photochemical quantum yield of PSI, Y(I),
is the quantum yield of photochemical energy conversion. It is calculated as
Y(I) = (Pm9 – P)/Pm (Klughammer and Schreiber, 1994). The P700+ signals (P)
may vary between a minimal (P700 fully reduced) and a maximal (P700 fully
oxidized) level. The maximum level of P700+ is called Pm in analogy with Fm.
It was determined with application of a pulse (300 ms) of saturation light
(10,000 mE, 635 nm) after preillumination with far-red light. Pm9 is analogous to
the fluorescence parameter Fm9 and was determined by applying a saturation
pulse on top of actinic illumination.

Chlorophyll a Fluorescence Fast Kinetics Measurements

OJIP chlorophyll a fluorescence transients were measured by a Plant Effi-
ciency Analyzer (Pocket Pea; Hansatech). The transients were induced by red
light from a light-emitting diode source (627 nm, up to 3,500 mmol m22 s21 in-
tensity). Prior to measurements, the adaxial surface of the selected leaves was
adapted to darkness for 20 min using light-tight leaf clips. The OJIP test
(Strasser et al., 2000) was used to analyze the chlorophyll a fluorescence tran-
sients, and the following original data were acquired: O (Fo) initial fluorescence
level (measured at 50 ms), P (Fm) maximal fluorescence intensity, as well as the
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J (at about 2 ms) and the I (at about 30 ms) intermediate fluorescence levels.
From these specific fluorescence features, the following parameters of photo-
synthetic efficiency were calculated: maximal PSII quantum yield, Fv/Fm; ratio
of variable fluorescence to initial fluorescence, Fv/Fo, where Fv = Fm 2 Fo;
probability of electron transport out of the primary electron-accepting plasto-
quinone of PSII (12Vj)/Vj, where Vj = (F2ms – Fo)/Fv; total complementary area
between the fluorescence induction curve and Fm of the OJIP curve, area; and
amount of active reaction centers per absorption, RC/ABS ( _Zurek et al., 2014).
The relative measurement of efficiency for electron transport, PI, was as follows
(Zivcak et al., 2008):

PIabs ¼ 1� ðFo=FmÞ
Mo

�
Vj

3
Fm 2 Fo

Fo
3
1� Vj

Vj

where Mo = 4 3 (F300 ms 2 Fo)/(Fm 2 Fo) represents the initial slope of fluores-
cence kinetics.

Chlorophyll and Total Carotenoid Content Estimation

Sampling was done on the sixth or seventh fully opened leaves from the top.
Pigment extraction was done using dimethylformamide (Jacobsen et al., 2012).
Leaf discs of 0.8 cmwere immersed in 1mL of dimethylformamide for 48 h. The
spectral determination of chlorophylls a and b, as well as total carotenoids, was
carried out according to Wellburn (1994): Car(x + c) mg/cm2 = total leaf
carotenoids [xanthophyll (x) plus carotenes (c)].

Analysis of Hormone Contents in Leaves and Root Tips

Leaf and root samples (50–100 mg fresh weight) were purified and analyzed
according to Dobrev and Kamínek (2002) and Dobrev and Vanková (2012).
Mixed samples of the youngest fully expanded leaves without the main vein or
mixed samples of the root tips (approximately 5 mm) or elongation zones
(15–25 mm from the tip) were homogenized with a ball mill (MM301; Retsch)
and extracted in cold (220°C) methanol:water:formic acid (15:4:1, v/v/v). The
following labeled internal standards (10 pmol per sample) were added: [13C6]
IAA (Cambridge Isotope Laboratories), [2H4]salicylic acid (Sigma-Aldrich),
[2H3]phaseic acid (NRC-PBI), [2H6]abscisic acid, [2H5]trans-zeatin, [

2H5]trans-
ZR, [2H5]trans-Z7G, [2H5]trans-Z9G, [2H5]trans-ZOG, [2H5]trans-ZROG, [2H5]
trans-ZRMP, [2H3]DHZ, [2H3]DHZR, [2H3]DHZ9G, [2H6]iP, [2H6]iPR, [2H6]
iP7G, [2H6]iP9G, and [2H6]iPRMP (Olchemim). The extract was purified using
an SPE-C18 column (SepPak-C18; Waters) and a mixed-mode reverse phase,
cation-exchange SPE column (Oasis-MCX; Waters). Two hormone fractions
were sequentially eluted: (1) fraction A, eluted with methanol, containing
auxins, abscisic acid, salicylic acid, jasmonic acid, and GA; and (2) fraction B,
eluted with 0.35 M NH4OH in 60% methanol containing cytokinins. Hormone
metabolites were analyzed using HPLC (Ultimate 3000; Dionex) coupled to a
hybrid triple quadrupole/linear ion-trap mass spectrometer (3200 Q TRAP;
Applied Biosystems). Quantification of hormones was done using the isotope
dilution method with multilevel calibration curves (r2 . 0.99). Data processing
was carried out with Analyst 1.5 software (Applied Biosystems). Data are
presented as means 6 SE.

Statistical Analyses

For the statistical analyses,Welch’s t test was used for pairwise comparisons
between the traits of diploid and tetraploid samples. Welch’s t test is an ad-
aptation of Student’s t test and is more reliable if the samples have unequal
sample sizes or variances (Ruxton, 2006). Additionally, multiple comparison
analyses were also performed using ANOVA followed by posthoc Tukey’s
HSD test. Apart from Figure 2A, there were statistically significant differences
between group means. The family-wise significance level for Tukey’s HSD test
was set to a rather conservative value of 0.05 (Quinn and Keough, 2002), which
granted an additional, more stringent level of significance threshold during
comparison of tetraploids with diploids. Welch’s t test significance levels are
indicated with asterisks, which are underlined based on the results of Tukey’s
HSD test. In rare cases, P values calculated by Tukey’s test fell into a higher
significance interval as compared with P values obtained by t test. These cases
are indicated with underlined periods in the tables. For all statistical analyses, R
statistical analysis software was used (R Core Team; https://www.R-project.
org/).

For all genotypes, the traits of individual plants were measured, and the
distribution of datawasdisplayed bybox andwhisker plots (Spitzer et al., 2014).

The plots were generatedwith theWeb tool BoxPlotR (http://boxplot.tyers lab.
com/) and edited with CorelDraw Graphics Suite X7. For phenotyping studies,
the data analysis was performed by an in house-developed software package
based on Matlab software tools (version 2008b) with the Image Processing
Toolbox (MathWorks).

In photosynthetic studies, the data were visualized and evaluated by the
following methods: for ETR(I) and ETR(II) measurements, Dual PAM version
1.18 and Origin 2015; for gas-exchange measurements, LI-6400 OPEN Software
version 5.3 and Origin 2015; for chlorophyll fluorescence parameters deduced
from OJIP fast kinetics measurements, PEA Plus version 1.00 and Origin 2015.
Spider graph values are displayed after normalization to respective values
obtained in the diploid line.
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