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 48 

 49 

Abstract 50 

 51 

Biomass productivity of the energy willow as a short rotation woody crop depends on organ 52 

structure and functions that are under the control of genome size. Colchicine treatment of axillary 53 

buds resulted in a set of autotetraploid Salix viminalis var. Energo genotypes (Polyploid Energo, 54 

PP-E; 2n=4x=76) with variation in the green pixel-based shoot surface area. In cases where 55 

increased shoot biomass was observed, it was primarily derived from larger leaf size and wider 56 

stem diameter. Autotetraploidy slowed down primary growth and increased shoot diameter (a 57 

parameter of secondary growth). The duplicated genome size enlarged bark and wood layers in 58 

twigs sampled in the field.  The PP-E plants developed wider leaves with thicker midrib and 59 

enlarged palisade parenchyma cells. Autotetraploid leaves contained significantly increased 60 

amounts of active gibberellins, cytokinins, salicylic acid and jasmonate, as compared to diploid 61 

individuals. Greater net photosynthetic CO2 uptake was detected in leaves of PP-E plants with 62 

increased chlorophyll and carotenoid content. Improved photosynthetic functions in tetraploids 63 

were also shown by more efficient electron transport rates of Photosystems I and II. 64 

Autotetraploidization increased biomass of the root system of PP-E plants relative to diploids. 65 

Sections of tetraploid roots showed thickening with enlarged cortex cells. Elevated amounts of 66 

indole-acetic acid, active cytokinins, active gibberellin and salicylic acid were detected in the root 67 

tips of these plants. The presented variation in traits of tetraploid willow genotypes provides a 68 

basis to use autopolyploidization as chromosome engineering technique for altering organ 69 

development of energy plants in order to improve biomass productivity.  70 

 71 
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 78 

 79 

INTRODUCTION 80 

 81 

Energy security and climate change as global problems urge increased efforts to use of plants as 82 

renewable energy sources both for power generation and transportation fuel production.  Selected 83 

wood species, such as willows (Salix spp.) can be cultivated as short rotation coppice (SRC) for 84 

rapid accumulation of biomass and reduction of carbon dioxide emission. Coppicing 85 

reinvigorates shoot growth, resulting in a special woody plant life cycle that differs from natural 86 

tree development, which takes decades. In this cultivation system small stem cuttings are planted 87 

at high densities (15000-25000/ha). In the soil, these dormant wood cuttings first produce roots 88 

and shoots that emerge from reactivated buds. During the first year, the growing shoots mature to 89 

woody stems. In the winter, these stems are cut back and in the following spring the cut stumps 90 

develop multiple shoots. The SRC plantations are characterized by a very short, two- to three- 91 

year rotation and the most productive varieties can produce up to 15 tonnes of oven-dried wood 92 

per hectare per year (Cunniff and Cerasuolo, 2011). The high-density willow plantations can also 93 

be efficiently used for heavy metal or organic phytoremediation as reviewed by Marmiroli et al., 94 

(2011). 95 

 96 

The biomass productivity of shrub willows is largely dependent on coppicing capability, early 97 

vigorous growth, shoot growth rate and final stem height, root system size, photosynthetic 98 

efficiency, formation and composition of woody stems, water and nutrient use as well as abiotic 99 

and biotic stress tolerance. Genetic improvement of all these traits can be based on broad natural 100 

genetic resources represented by more than 400 species in the genus Salix. More than 200 species 101 

have hybrid origin and ploidy levels vary from diploid up to dodecaploid (Suda and Argus, 1968; 102 

Newsholme, 1992). In addition to molecular marker-assisted clone selection, intra- and 103 

interspecific crosses have been shown to further extend genetic variability in breeding programs 104 

for biomass yield (Karp et al., 2011). 105 

 106 
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During natural diversification and artificial crossings of Salix species, the willow genomes 107 

frequently undergo polyploidization resulting in triploid or tetraploid allopolyploids. In triploid 108 

hybrids, both heterosis and ploidy can contribute to the improved biomass yield (Serapiglia et al., 109 

2014). While the alloploid triploids have attracted considerable attention in willow improvement, 110 

the potentials of autotetraploid willow genotypes have not been exploited so far. As it was shown 111 

for other short-rotation wood species (poplar, black locust, Paulownia, birch), doubling the 112 

chromosome set by colchicine treatment can cause significant changes in organ morphology or 113 

growth parameters (Tang et al., 2010; Cai and Kang, 2011; Harbard et al., 2012; Mu et al., 2012; 114 

Wang et al., 2013). In several polyploidization protocols, the in vitro cultured tissues are exposed 115 

to different doses of colchicine or other inhibitors of mitotic microtubule function, and plantlets 116 

are differentiated from polyploid somatic cells (Tang et al., 2010; Cai and Kang, 2011). 117 

Alternatively, seeds or apical meristems of germinating seedlings can be treated with a colchicine 118 

solution (Harbard et al., 2012). Allotetraploids of poplar were produced by zygotic chromosome 119 

doubling that was induced by colchicine and high temperature treatment (Wang et al., 2013). 120 

Since tetraploid willow plants with 2n= 4x =76 chromosomes are expected to represent novel 121 

genetic variability especially for organ development and physiological parameters, a 122 

polyploidization project was initiated that was based on a highly productive diploid energy 123 

willow variety, ‘Energo’. Colchicine treatment of reactivated axillary buds of the in vitro grown 124 

energy willow plantlets resulted in autotetraploid shoots and subsequently plants. For comparison 125 

of diploid and tetraploid variants of willow plants, digital imaging of green organs and roots was 126 

used for phenotyping. Among the tetraploid lines, genotypes were identified with improved 127 

biomass production, better photosynthetic parameters, altered organ structure and hormone  128 

composition. The new tetraploid willow variants produced can serve as a unique experimental 129 

material for uncovering key factors in biomass production in this short-rotation energy plant. In 130 

the future, these plants can also serve as crossing partners of diploid lines for the production of 131 

novel triploid energy willow genotypes.  132 

 133 

RESULTS 134 

 135 

Production of autotetraploid willow plants by colchicine-treatment of axillary buds in vitro 136 
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 137 

Autotetraploid genotypes were produced by colchicine treatment of auxiliary bud meristems of 138 

willow plantlets cultured in MS agar medium (see Materials and Methods). Several plantlets 139 

could be recovered after the treatment. These plantlets were grown and propagated in agar 140 

cultures. For early screening of DNA ploidy level, nuclei were isolated from root tips of stem 141 

cuttings for flow cytometric determination (Fig. 1). As shown by the histograms of flow 142 

cytometric analysis, plants of PP-E lines have doubled DNA content in their root cells. These 143 

results were confirmed by chromosome counting using fluorescence microscopy (Fig. 1). Diploid 144 

Energo plants have a karyotype with 2n=2x=38 chromosomes. Sixteen lines with 2n=4x=76 145 

chromosomes was identified by these tests. Plants with mixoploid root tissues were discarded. 146 

Both tetraploid and control diploid plantlets were transferred into soil and grown in the 147 

greenhouse. These plants were propagated by stem cuttings after rooting in water. At this step the 148 

ploidy level was also checked by flow cytometry using nuclei isolated from roots. Screening and 149 

selection of lines with stable tetraploid nature were continued during propagation. Stem cuttings 150 

were also planted in the field, which allowed analyses of shoot regrowth under native 151 

environmental conditions. Independent tetraploid plantlets identified in in vitro cultures served as 152 

starting material for establishment of tetraploid lines transferred to the soil in the greenhouse. In 153 

subsequent comparison of diploid and tetraploid plants, several lines were used according to the 154 

availability of proper plant material.  155 

 156 

Phenotyping green shoot surface area during early growth of diploid and tetraploid energy 157 

willow plants  158 

Based on studies with various plant species (Tackenberg et al. 2007, Golzarian et al., 2011, Fehér-159 

Juhász et al., 2014) green pixel values reflecting leaf/shoot surface area are assumed to be 160 

directly proportional to green mass of plants and they can be used for comparison of different 161 

genotypes. Dormant stem cuttings were planted in soil-containing special pots used in a 162 

phenotyping platform operating under controlled greenhouse conditions. Shoot development was 163 

monitored by digital photography providing the green pixel-based average shoot surface area. As 164 

shown in Fig. 2A, the analyzed tetraploid lines exhibited moderate differences in growth 165 
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characteristics. Average values of shoot surface areas for PP-E2 and PP-E10 plants were higher 166 

than those for diploid plants at each sampling point during the 7 week experiment. PP-E13 plants, 167 

however, displayed lower average values for shoot surface area when compared to diploid plants. 168 

These statistically non-significant differences in green pixel number of shoots may arise from 169 

several factors such as shoot length, stem diameter, leaf number, leaf size and petiole shape.  170 

Therefore a detailed comparison of these organs from diploid and tetraploid plants was carried 171 

out under greenhouse and under field conditions. 172 

At the end of the seven-week phenotyping study, shoot length measurement showed 20-25% 173 

reduction in primary shoot length of tetraploid plants relative to the diploid ones (Fig. 2B, Fig 3). 174 

This shortening of the shoot length was linked to the enhanced secondary growth of shoots that 175 

resulted in significantly wider stem diameters in several tetraploid genotypes such as PP-E2, PP-176 

E7 and PP-E13 (Fig. 2C, based on Welch’s t-test). Box-plot analysis revealed considerable 177 

variation in these parameters between individuals of the same autotetraploid genotype.  178 

Growth characteristics observed in the greenhouse were also scored by monitoring shoot growth 179 

under field conditions in spring during re-growth of shoots from dormant buds. As shown by 180 

Table I, primary growth of all the tested tetraploid variants was reduced in comparison to the 181 

diploid plants. As a general trend, autotetraploidy slowed down primary growth during the early 182 

shoot development of willow plants. To assess secondary growth characteristics, shoot diameters 183 

of the same plants were also measured (Table I). Without exception, plants of the tetraploid lines 184 

developed thicker stems in average. Selected genotypes (PP-E3; PP-E12; PP-E13) showed 185 

statistically significant increases in secondary growth. The enlarged stem diameter of willow 186 

plants from several tetraploid genotypes (Fig. 2C; Fig. 4; Table I) can be related to substantial 187 

anatomical alterations as a consequence of doubled genome size. Cross-sections of stems from 188 

older stem regions of willow plants revealed that wood formation between the primary and 189 

secondary xylem rings was increased significantly in the tested tetraploid plants relative to 190 

diploid plants. The bark region was also thicker in stems of the tetraploid plants than in diploid 191 

control ones (Fig. 4). 192 

 193 

The doubled chromosome set alters shape, size, ultrastructure and hormone composition of 194 

willow leaves 195 
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 196 

The phenotyping experiment demonstrated that the autotetraploid willow plants developed larger 197 

foliage (Fig. 3). Enlargement of leaves can originate from a set of characteristic changes at the 198 

cellular level. The tetraploid plants produced significantly broader leaves than the diploid ones 199 

(Fig. 5, A and B). The width of leaf lamina was doubled in plants of tetraploid genotypes. Leaf 200 

lengths either increased or decreased moderately, varying among plants with various genotypes 201 

(Fig. 5, A and C). The cumulative effect of these size differences was reflected as a general trend 202 

of increased total leaf biomass for tetraploid plants (Fig. 5D).  203 

Cross-section analysis of leaf midribs revealed an increase in the vein-xylem area in tetraploid 204 

leaves with enlarged leaf-lamina (Fig. 6). Plants from all the studied tetraploid lines developed 205 

significantly thicker midribs. This anatomical feature was the most prominent in PP-E 7 plants 206 

which displayed an average cross sectional area 0.72 x 106µm2.  This value was twice as big as 207 

that of diploid samples (0.33 x 106µm2). 208 

Beyond the described alterations in leaf morphology, major modifications at the cellular level 209 

were also detected by cytological analyses of leaf cross sections. The tetraploid palisade 210 

parenchyma cells were by 50% larger than the diploids as quantified by the cross sectional area 211 

measurements (Fig. 7B). Due to this increase in cell size, fewer tetraploid cells were found per 212 

unit distance (100 µm) along the parenchyma layer (Fig. 7C). 213 

Several significant differences as compared to diploid leaves were recognized in the cellular and 214 

organ structure of leaves of the tetraploid willow plants. These changes may have originated from 215 

an altered hormonal status of these leaves. Concentrations of the major plant hormones were 216 

compared in young expanded leaves of control diploid and selected tetraploid lines (Table II). 217 

The youngest fully developed leaves were compared in order to avoid the potential effect of 218 

different rate of leaf development among individual lines. The levels of active cytokinins (the 219 

sum of trans-zeatin, isopentenyladenine, cis-zeatin and dihydrozeatin and the corresponding 220 

ribosides) differed among individual tetraploid lines, being either higher or lower than the 221 

corresponding value for control diploid samples. However, the concentration of the most 222 

physiologically active cytokinin, trans-zeatin was enhanced in all tetraploid lines, and this 223 

increase, was statistically significant in the case of the PP-E6 line. Substantially increased levels 224 

of cytokinin N-glucosides in all tested tetraploid plants indicates enhanced deactivation of active 225 
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cytokinins and thus their higher turn-over in tetraploids. The most dramatic increase was detected 226 

in gibberellins, namely in active gibberellins GA4 and GA7 (expressed as pmol per g fresh 227 

weight). The tetraploid leaves contained 4.10-5.89 times higher levels of GA4. Two out of three 228 

tetraploid lines (PP-E7 and PP-E13) had GA7 contents elevated by 57–75 %. The concentrations 229 

of two stress hormones, salicylic acid and jasmonic acid were almost doubled in the leaves of 230 

some autotetraploid genotypes as compared to diploids. Differences in abscisic acid and indole-3-231 

acetic acid contents were much less pronounced between diploid and tetraploid lines. 232 

In relation to the above described fundamental differences in leaf anatomy and shape 233 

between diploid and tetraploid genotypes, alterations in water metabolism may also be impacted 234 

after genome duplication. Tetraploid willow leaves were characterized by elevated stomata 235 

conductance values (Fig. 8). Increased water utilization was characteristic for the majority of 236 

tetraploid plants. The stomata size of the tetraploid plants showed considerable variation. 237 

Enlarged stomata could be identified in certain genotypes (PP-E6: 27.55±2.33 µm and PP-E7: 238 

23.24±1.84 µm) in comparison to the diploid plants (21.31±2.10 µm).  239 

 240 

The autotetraploid energy willow genotypes show improved net photosynthetic CO2 241 

uptake, and increased electron transfer rate of PSI and PSII systems 242 

 243 

The efficiency of atmospheric CO2 uptake by plants and of its photosynthetic assimilation into 244 

organic compounds as the building blocks of biomass has major impact on wood production 245 

capacity. In accordance with the stomatal conductance data, all tetraploid plants analyzed showed 246 

significantly enhanced CO2 assimilation rate as compared to diploid plants (Fig. 9).  Net 247 

photosynthetic CO2 uptake rates per unit leaf area has a positive linear relationship with the 248 

quantum yield of PSII or electron transfer rate (ETR) as shown by Kubota and Yoshimura 249 

(2002). Since the ETR is an estimate of the number of electrons passing through photosystems I 250 

and II, these associated parameters could be used for the prediction of photosynthetic capacity in 251 

leaves of different willow genotypes. Light saturation curves show increased rates of ETR(I) in 252 

tetraploid genotypes PP-E13 and PP-E6 under field conditions at higher light intensities (Fig. 253 

10A). For PP-E13, ETR(II) was significantly greater, especially at photosynthetic photon flux 254 

density (PPFD) values of 450 µmol photons m-2 s-1 or above (Fig. 10B). ETR(I) and ETR(II) 255 
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values were generally lower in leaves of greenhouse-grown plants. Under these circumstances the 256 

photosynthetic capacities of tetraploid variants were found to be improved as indicated by both 257 

ETR(I) and ETR(II) values (Fig. 10 C and D). 258 

In further characterization of photosynthetic functions of willow plants with different genome 259 

sizes, a set of chlorophyll fluorescence parameters were analyzed to provide quantitative 260 

information about the physiological functionality of these plants (Baker, 2008).  The OJIP 261 

chlorophyll fluorescence transient reflects electron transport through redox components of PSII 262 

and PSI (Strasser et al., 2004). As indicated by the spider plot in Fig. 11, the tested genotypes 263 

showed clear differences in two fluorescence parameters: 1. Performance Index (PI) that 264 

describes the energy conservation between photons absorbed by PS II and the reduction of 265 

intersystem electron acceptors as well as the reduction of PSI end acceptors. Based on PI values, 266 

PP-E7, PP-E12 and PP-E13 plants exhibited the highest leaf photosynthetic activities. 2. Values 267 

dissipated energy flux per active reaction center (RC/ABS) were higher in leaves of some 268 

tetraploid lines (PP-E7, PP-E13, PP-E6). 269 

Leaf chlorophyll (Chl) content is the key parameter for characterization of the physiological 270 

performance of plants including the determination of vegetation indices with woody species (Lu 271 

et al., 2015).  Under greenhouse conditions, leaves of the tetraploid plants contained significantly 272 

greater concentrations of chlorophylls and carotenoids than the diploid plants (Table III). 273 

Elevated concentrations of these pigments were also detectable in field-grown leaves of the 274 

tetraploid variants relative to the diploid ones, but these differences did not reach the statistically 275 

significant levels.  276 

Enlarged root system with alterations in anatomy and hormonal status as a consequence of 277 

autotetraploidization 278 

 279 

Using the root phenotyping platform (Fig. 12A) growth of the root system was monitored by 280 

digital imaging from both side and bottom views. As shown by Fig. 12A the tetraploid PP-E12 281 

plant developed an enlarged root system in comparison to the diploid plant. The differences are 282 

shown by images from both side and bottom views.  Despite the fact that the cumulative white 283 

pixel counts generated cannot represent the whole root biomass, this approach could be used for 284 
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the detection of genotypic differences in root growth rate. During the first three weeks of root 285 

development, stem cuttings from tetraploid genotypes analyzed produced significantly higher 286 

root densities than cuttings from the diploid variant (Fig.12B, based on Welch’s t-test). As the 287 

cultivation period proceeded, differences in root formation between tetraploid and diploid plants 288 

were increased considerably. In accordance with the data presented in Fig 12, the wet root weight 289 

data indicated that the autotetraploid willow plants produced larger root system than the diploid 290 

plants after seven weeks of growth (Fig. 13A). On the other hand, dry weight measurements 291 

showed that the differences between the genotypes were less pronounced which may be due to 292 

different water contents (Fig. 13B). 293 

Analysis of cross-sections also revealed significant differences in anatomy between diploid and 294 

tetraploid roots. Root cortex cells were found to be larger in plants with duplicated genome size. 295 

(Fig. 14). 296 

Together with the observed morphological and cellular differences, changes in hormonal pools 297 

were also detected between diploid and tetraploid roots. The root tips and the elongation zones 298 

were sampled separately for hormone analyses. Since characteristic differences were detected 299 

predominantly in root tip samples, hormone concentrations in this tissue (expressed as pmol per g 300 

fresh weight) are presented in Table IV. All tetraploid lines showed elevated contents of active 301 

cytokinins, with the most significant changes found in the root tips of PP-E7 and PP-E13 plants. 302 

These lines also exhibited high levels of cytokinin phosphates (i.e. cytokinin precursors). In the 303 

PP-E plants, trans-zeatin contents significantly exceeded the value of diploid plants. Cytokinin 304 

storage forms (cytokinin O-glucosides) were significantly elevated in PP-E7 and PP-E13 roots. 305 

Root tips from two tetraploid lines (PP-E7 and PP-E13) contained extremely high amounts of 306 

indole-3-acetic acid. Elevated concentrations of salicylic acid were characteristic for all three 307 

tetraploid variants. Only in PP-E7 plants GA4 and GA7 levels were enhanced. 308 

 309 

DISCUSSION 310 

  311 

Identification of energy willow variants with duplicated genome size 312 

  313 
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Speciation in the genus Salix has taken place in nature by intra- or inter-specific hybridizations 314 

that frequently resulted in allopolyploid progenies (Dorn 1976, Barcaccia et al., 2003). Breeding 315 

for improved biomass yield of the shrub willow is preferentially based on crossing programs also 316 

generating allopolyploid genotypes (Serapiglia et al., 2014). The present work provides a detailed 317 

characterization of autotetraploids to extend our knowledge about the morphological and 318 

developmental consequences of artificial genome duplication in this short rotation energy willow. 319 

Autotetraploid woody crops have been produced in several species including Populus tremula L. 320 

and Populus pseudo-simonii, (Ewald et al., 2009; Cai and Kang, 2011), Paulownia tomentosa 321 

(Tang et al., 2010), Acacia dealbata Link. and Acacia mangium Willd. (Blakesley, 2002); 322 

Robinia pseudoacacia (Ewald et al., 2009; Harbard et al., 2012; Wang et al., 2013), and Betula 323 

platyphylla (Mu et al., 2012). Colchicine, a microtubule polymerization inhibitor, has been used 324 

in a variety of methodologies involving treatment of seeds or apical meristems of germinated 325 

seedlings. In vitro cultured tissues with morphogenic potential can serve as ideal explants for the 326 

production of polyploid cells and regenerants (Tang et al., 2010; Cai and Kang, 2011).  327 

In the case of willow variety Energo, our attempts to establish tissue cultures with shoot 328 

differentiation had failed, therefore the polyploidization protocol was optimized for the activation 329 

of axillary buds and the treatment of these organs with colchicine. One or two days after the 330 

removal of apical shoot meristems of willow plantlets grown in vitro, mitotic cells could be 331 

detected in cytological sections. Therefore this early developmental stage of axillary meristems 332 

was selected for treatment with the anaphase inhibitor. The outgrowing shoots could be cut off 333 

and further cultured for root formation. Plantlets from colchicine-treated buds showed a 334 

characteristic variation in leaf and root morphology already in in vitro cultures. The wider, round-335 

shaped leaves and thicker roots could serve as early markers for polyploid nature (2n=4x=76) that 336 

was confirmed both by chromosome counting and flow cytometry (Fig. 1).  337 

Exposure of multicellular organs such as axillary buds to colchicine is expected to produce 338 

mixoploid cell populations including unaffected diploid cells in addition to tetraploid ones. 339 

Therefore the outgrowing shoots may consist of diploid, chimeric or tetraploid tissues. This 340 

cellular heterogeneity necessitates continuous testing of the ploidy level of propagated plants 341 

both in vitro and in the field. These studies revealed that the majority of the lines were 342 

represented only by tetraploid plants and tetraploid shoots grew out from cuttings of these 343 
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genotypes. Two of the lines propagated through cuttings produced diploid and tetraploid clones. 344 

In these unstable lines diploid and tetraploid stems were recognized even on the same plant. This 345 

finding indicates that the observed variability of chromosome numbers can result from mixoploid 346 

nature or genome instability based on cellular events leading to different chromosomal 347 

compositions.  348 

 349 

Autopolyploidy can alter primary and secondary growth in opposite ways 350 

 351 

Growth characteristics, including biomass accumulation, could be followed by color (RGB) 352 

imaging of plants, which is one of the basic tools of plant phenotyping (Golzarian et al., 2011; 353 

Hartmann et al., 2011). Comparison of green surface area covered by green pixels, which can 354 

reflect shoot biomass revealed essential differences between the diploid line and tetraploid lines 355 

(Fig. 2A). This phenotypic parameter indicates higher or lower green biomass productivities for 356 

tetraploid plants as compared to the diploid ones. The genetic background of the observed 357 

variation in traits of genotypes with the same chromosome numbers  358 

is not known. Independent genome duplication events can generate different genomic structures 359 

in the tetraploid lines. Variation in several phenotypic characters of independent autotetraploid 360 

birch families was also observed after colchicine treatment of seeds of this tree species (Mu et al., 361 

2012).  362 

The above-ground biomass of an individual shoot is an integrative parameter therefore analysis of 363 

individual morphological traits is needed to provide a deeper insight into the developmental 364 

consequences of genome size alteration. Shoot height and stem diameter data clearly showed 365 

contrasting changes in willow plants after duplication of their genome (Fig. 2, B, C and Table I). 366 

Reduction in stem length or growth rate was reported for various autotetraploid tree species 367 

(Särkilahti and Valanne 1990; Griffin et al., 2015). Diploid Paulownia tomentosa plants were 368 

found to be by 10% taller than the tetraploids (Tang et al., 2010). Along with this trend, the mean 369 

height of the autotetraploid individuals of Betula platyphylla was by 19% lower than that of 370 

diploid birch plants (Mu et al., 2012). In the present greenhouse study analysis of independent 371 

tetraploid lines indicated considerable variation in stem height within the lines shown differences 372 

between the minimum and the maximum values as well as the extent of interquartile range (IQR) 373 
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(Fig. 2B).   In agreement with other published examples (Tang et al., 2010; Mu et al., 2012), 374 

plants of several tetraploid willow lines (Fig. 2C and Table I) showed reduction in shoot height 375 

accompanied with wider stem formation as a consequence of autopolyploidization of willow 376 

plants.  The tetraploid Acacia mangium trees developed significantly thicker bark of stem 377 

compared with diploid trees (Harbard et al., 2012). Data presented in Fig. 4 show that the most 378 

pronounced differences are found in the secondary xylem region that resulted in enlarged wood 379 

sections of the analyzed tetraploid willow plants. Divergent changes caused by artificial genome 380 

doubling in primary and secondary above-ground growth of woody species are unexpected 381 

features since these two functions correlate in nature as shown by studies on Mediterranean sub-382 

shrubs species (Camarero et al., 2013). A similar synchrony between primary and secondary 383 

growth was also recorded over the growing season in boreal conifers (Huang et al., 2014). All 384 

these observations can indicate the existence of a regulatory mechanism coordinating parameters 385 

of organ growth that differs between diploid and autotetraploid plants of these tree species. 386 

Apical meristems play a central role in the control of shoot growth. Presently basic information 387 

revealing the molecular or cellular basis of the reduced primary growth of autotetraploid tree 388 

stems is still missing. Comparison of the transcript profiles of tender shoot tips from diploid and 389 

tetraploid birch trees indicated several thousands of differentially expressed genes.  Up-regulation 390 

of genes involved in biosynthesis or signal transduction of auxin and ethylene was detected in 391 

tetraploid shoot meristems (Mu et al., 2012). Genes of APETALA2/Ethylene Responsive Factor 392 

(AP2/ERF) domain-containing and AP2 domain class transcription factors were significantly 393 

activated in tetraploid meristems relative to diploids (Mu et al., 2012).  As reviewed by Licausi et 394 

al., (2013), ectopic expression of selected AP2/ERF protein genes can result in growth retardation 395 

with simultaneous up-regulation of defense or stress-related genes.  This hypothetic explanation 396 

of reduced growth of tetraploids needs experimental confirmation especially with consideration 397 

of the extremely large size and divergent roles of the AP2/ERF superfamily. Rao et al., (2015) 398 

predicted 173 AP2/ERF genes in the willow (Salix arbutifolia) genome.  399 

 400 

The reduction of stem growth observed in the tetraploid willow plants is further supported by the 401 

4.1-5.9 fold increase in active gibberellin (GA4 and GA7) content in tetraploid leaves as 402 

compared to diploid plants (Table II). In transgenic poplar (P. tremula x P. alba) plants, active 403 
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GA levels were increased by ectopic expression of the GA-Insensitive (GAI), or Repressor of 404 

GAI-Like (RGL) genes that caused variable degree of semi-dwarfism in these trees (Elia et al., 405 

2012). An increase in the levels of various endogenous GAs was correlated with the extent of 406 

growth reduction. For example, the abundance of the inactive precursor GA20 in transgenic lines 407 

was increased 2.5-5.0-fold and the heights of field-grown transformants reached only 93-63% of 408 

the wild type plants. In contrast to the willow tetraploids, the shoot diameters of these transgenic 409 

poplar trees were also reduced. In another experimental system, hybrid poplar clones (Populus 410 

tremula x Populus alba) were transformed for RNAi down-regulation of C19 gibberellin 2-411 

oxidase (GA2ox) genes (Guo et al., 2011). Suppression of PtGA2ox4 and PtGA2ox5 genes 412 

resulted in elevated GA1 and GA4 concentrations with simultaneous increase in leaf biomass and 413 

elongation of xylem fiber length and width in above-ground stems. In an earlier study, the 414 

Arabidopsis cDNA for GA 20-oxidase (AtGA20ox1) was overexpressed in hybrid aspen, Populus 415 

tremula L. × P. tremuloides Michx. (Eriksson et al., 2000). The transgenic plants produced high 416 

levels of 13-hydroxylated C19 GAs (GA20, GA1 and GA8) and non-13-hydroxylated C19 GAs 417 

(GA9, GA4 and GA34) in both internodes and leaves. Consequently these transgenic trees showed 418 

enhanced growth. The cited results from transgenic modification of GA metabolism in poplar can 419 

help explain certain characteristics of our autotetraploid willow genotypes. Considering the 420 

complexity of hormonal status modification in PP-E plants as shown in Table II, potential 421 

involvement of additional factors such as high concentrations of salicylic and jasmonic acids 422 

cannot be excluded from regulators of primary growth of these plants with duplicated genomes. 423 

As reviewed by Vicente and Plasencia (2011) in addition to its functions in biotic and abiotic 424 

stress responses, SA plays a crucial role in growth and development regulation in coordination 425 

with other plant hormones. The cross-talks between SA and GA can be relevant in the 426 

interpretation of the traits of polyploid willow plants. Alonso-Ramírez et al., (2009) showed that 427 

GAs were able to increase SA biosynthesis under stress conditions.   428 

 429 

At present, only limited knowledge is available on the molecular or cellular mechanisms 430 

underlying enhanced secondary growth of autotetraploid tree stems that was observed here and in 431 

other studies (Särkilahti and Valanne 1990; Harbard et al., 2012; Mu et al., 2012; Griffin et al. 432 

2015). In plants, three main types of meristematic tissues occur, namely shoot and root apical 433 
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meristems and procambium in vascular tissues. During wood formation vascular cambium 434 

activity and differentiation of secondary xylem from vascular cells are under a complex hormonal 435 

control (reviewed by Ye and Zhong, 2015). The vascular cambium is regulated by the two major 436 

plant hormones, auxin and cytokinins (Ruzicka et al., 2015). High expression of cytokinin 437 

biosynthetic genes as well as high endogenous levels of cytokinins were found in xylem 438 

precursor cells (Ohashi-Ito et al., 2014). Cytokinins are considered central regulators of cambial 439 

activity (Matsumoto-Kitano et al., 2008). This role of cytokinin is in accordance with enhanced 440 

active cytokinin levels and stimulation of wood development in tetraploid willow lines. Apart 441 

from cytokinins and auxins, gibberellins, ethylene and brassinosteroids are also involved in the 442 

control of xylem development (Didi et al., 2015). The pivotal role of gibberellins was shown by 443 

studies on transgenic poplar trees. RNAi suppression of two members (PtGA2ox4 and PtGA2ox5) 444 

of the C19 gibberellin 2-oxidase (GA2ox) gene subfamily significantly increased the number of 445 

cells in the cambium zone (Guo et al., 2011). In leaves of these transgenic poplar plants both GA1 446 

and GA4 levels were increased 1.4- and 1.9-fold, respectively, relative to control leaves. These 447 

transgenic plants developed wider stem diameters. The variety of transgenic approaches has been 448 

widely used for tree improvement (Dubouzet et al., 2013). The present production of tetraploid 449 

willow genotypes with extended secondary xylem tissues and wider stems in combination with 450 

improved photosynthesis, and enhanced root biomass can provide an example for the generation 451 

of novel genetic variation for improving traits of short rotation woody crops by non-transgenic 452 

means.  453 

 454 

Duplication of the willow genome directs leaf functions towards improving biomass 455 

production  456 

 457 

Comprehensive characterization of several independent autotetraploid lines of energy willow 458 

revealed substantial changes in leaf structure and functions as consequences of genome size 459 

modification. Increase of leaf biomass (Fig.  5D) is accompanied by alterations in leaf shape (Fig. 460 

5A) and extended lamina length and width (Fig. 5, B and C). These characteristic phenotypic 461 

traits were also reported for other autotetraploid tree variants (Ewald et al., 2009; Cai and Kang 462 

2011; Harbard et al., 2012; Mu et al., 2012). Cellular events beyond the ploidy-driven 463 
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enlargement of leaves are poorly understood in the case of tree species. Detailed analysis of 464 

diploid and autotetraploid cultivars of two grass species, Lolium perenne and L. multiflorum 465 

showed that the bigger leaf size of polyploids resulted mainly from the increased cell elongation 466 

rate, but not from the longer duration of the elongation period.  The increased final cell size also 467 

contributed to organ size change (Sugiyama, 2005). A kinematic method showed no significant 468 

differences in cell division parameters, such as cell production rate and cell cycle duration 469 

between the diploid and tetraploid cultivars. In tetraploid willow leaves fewer but larger palisade 470 

parenchyma cells were detected (Fig. 7). These characteristics were also detected in 471 

autotetraploid Pennisetum americanum and Medicago sativa leaves where increased cell size, 472 

and fewer cells per unit leaf area were detected (see review by Warner and Edwards, 1993).  473 

Plant organ size is dependent on growth that is driven by cell division and expansion. Both of 474 

these processes are being regulated by phytohormones (Nelissen et al., 2012). In the division 475 

zone of maize leaves, i.e. in meristematic tissues, elevated concentrations of auxin (indole-3-476 

acetic acid), and cytokinins (trans-zeatin and isopentenyladenine) were detected in comparison to 477 

mature or even senescing parts of leaves.  478 

Exogenous cytokinin was reported to modulate the leaf shape (De Lojo et al., 2014). Peaks of 479 

gibberellins were found at the transition zone. Comparison of hormone contents of expanded 480 

diploid and tetraploid willow leaves provided characteristic indicators to explain size alterations. 481 

As shown by Table II, indole-3-acetic acid levels did not differ significantly between the 482 

analyzed genotypes. However, all tetraploid lines exhibited elevated level of the most 483 

physiologically active cytokinins including trans-zeatin. At the same time, enhanced cytokinin N-484 

glucoside levels in tetraploids can be an indication for promoted deactivation of active cytokinins 485 

and thus their higher turn-over in tetraploid lines. The observed significant increase in GA4 and 486 

GA7 contents observed in tetraploid leaves can be considered as a potential factor in causing the 487 

enlargement of tetraploid willow leaves. This hypothesis is supported by studies on maize leaf 488 

development (Nelissen et al., 2012). Both the leaf elongation rate and the size of the division 489 

zone were increased in transgenic maize plants with elevated GA levels through the 490 

overproduction of the AtGA20-oxidase1 enzyme. The GA-based interpretation of ploidy-induced 491 

alterations in willow leaf morphology is supported by studies on transgenic hybrid aspen 492 

overexpressing the GA20-oxidase gene (Eriksson et al., 2000). The increased level of GAs in fully 493 
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expanded transgenic leaves caused the development of longer and broader leaves resulting in 494 

higher leaf fresh weights.  495 

 496 

The experimental findings presented here indicate that enlargement of foliage size generated by 497 

autotetraploidy was accompanied with improvement of the photosynthetic productivity of 498 

tetraploid willow plants. Increases in both the stomatal conductance and the CO2 assimilation rate 499 

can be a prerequisite for the potential improvement of biomass yield (Fig. 8 and 9). Similarly 500 

these parameters were reported to be superior for tetraploid black locust (Robinia pseudoacacia 501 

L.) even under salt stress (Wang et al., 2013). In earlier studies on the polyploids of Atriplex 502 

confertifolia photosynthetic rates per cell were highly correlated with ploidy level and with the 503 

activity of RuBPC (ribulose 1,5-bisphosphate carboxylase) per bundle sheath cell (Warner and 504 

Edwards, 1989). In other autotetraploid species (Medicago sativa L. and Pennisetum americanum 505 

L.) doubled cell volume was accompanied with lower cell number per unit leaf area, 506 

subsequently the higher ploidy levels did not result in a change in the rate of photosynthesis per 507 

leaf area (see review by Warner and Edwards (1993). A similar conclusion was drawn by studies 508 

on a natural allotetraploid (Glycine dolichocarpa) where the light-saturated electron transport rate 509 

per cell was higher in the tetraploids with reduced number of palisade cells (Coate et al., 2012). 510 

In the present study, the improvement of photochemical reactions was recorded by monitoring 511 

the electron transfer rate (ETR) of photosystems, PSI and II. Light response curves of PSI and 512 

PSII revealed higher rates per unit leaf area in the tetraploid leaves analyzed from plants grown 513 

under both field and greenhouse conditions (Fig. 10). Differences between diploid and tetraploid 514 

genotypes in ETR values of PSII were in general larger in plants grown in the greenhouse. Higher 515 

ETR values were reported for the tetraploid Japanese honeysuckle (Lonicera japonica Thunb.) 516 

cultivar than for the diploid one. Reduction of ETR by drought was smaller in this genotype (Li 517 

et al., 2009). 518 

From several chlorophyll a fluorescence OJIP fast kinetics parameters, especially the 519 

performance index (PI) and the energy flux/reaction centers (RC/ABS) indicated significant 520 

differences between genotypes. These indicators are mostly used for monitoring stress response 521 

also in tree species (Desotgiu et al., 2012). The higher energy conservation with the increased 522 

CO2 assimilation rate can contribute to increase in biomass productivity in these autotetraploid 523 

plants. Higher (by 25-30%) chlorophyll (a+b) contents in greenhouse-grown leaves (Table III) 524 
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can reflect more efficient light utilization. Smaller differences in the chlorophyll contents 525 

between diploid and tetraploid plants were detectable under field conditions. Elevated levels of 526 

GAs and trans-zeatin measured in the field in the tetraploid willow plants can influence the 527 

photosynthetic events especially chloroplast functions. Jiang et al., (2012) analyzed effects of the 528 

DELLA gai-1 mutation on chloroplast biogenesis and concluded that GAs indirectly promote 529 

chloroplast division through their impact on leaf mesophyll cell expansion. A close link between 530 

cytokinins and chloroplast differentiation has been reported repeatedly (see review by Cortleven 531 

and Schmülling, 2015). Analytical studies on hormone contents of willow leaves identified 532 

salicylic acid (SA) as being significantly elevated after polyploidization (Table II). SA can be 533 

involved in various steps of photosynthetic regulation (see review by Vicente and Plasencia, 534 

2011). Treatment of Brassica juncea plants with low concentration (10-5 M) of SA resulted in 535 

higher net photosynthetic rate and carboxylation efficiency (Fariduddin et al., 2003). 536 

Characteristic anatomical changes caused by autotetraploidy include the considerable increase in 537 

mid-rib size (Fig. 6). The structure of these major veins with their numerous xylem conduits may 538 

affect the water-transport capacity. Taneda and Terashima (2012) reported coordination in the 539 

development of the midrib xylem and the leaf-lamina area. In the case of tetraploid willow plants, 540 

these two traits were enlarged simultaneously. As shown in Table II, accumulation of abscisic 541 

acid in leaves was not influenced significantly by genome size alteration. Abscisic acid content 542 

seems to reflect predominantly the water relations in plants. Another stress hormone jasmonic 543 

acid (JA) and its derivate, jasmonate-isoleucine were detected in leaves of tetraploids at higher 544 

concentrations than in diploid leaves. Jasmonate-isoleucine is the active form of JA in plants 545 

functioning in defense against insects, microbial pathogens and abiotic stresses (Browse 2009). 546 

 547 

The autotetraploid genome of energy willow plants regulates the development of enlarged 548 

root system  549 

  550 

Results of the phenotypic characterization of autoploid tree species published have only been 551 

focused on the above-ground traits (Blakesley 2002; Ewald et al., 2009; Tang et al., 2010; Cai 552 

and Kang, 2011; Harbard et al., 2012; Mu et al., 2012). The present study extends this knowledge 553 

and shows substantial changes in the size and structure of roots developed by willow plants with 554 
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2n=4x=76 chromosomes relative to diploids. As an outcome of intensified plant phenotyping 555 

research, several alternative methods exist for the non-destructive imaging of root systems grown 556 

either in soil-free media or rhizotrons filled with soil (reviewed by Walter et al., 2015). 557 

Differences in root biomass between genotypes were recorded already during the first weeks 558 

(Fig. 12B). After a longer growing period, the tetraploid genotypes produced significantly larger 559 

root biomass. The functions of root meristems including stem cells are under the control of a 560 

complex hormonal network that regulates the growth of root system (see review by Pacifici et al., 561 

2015). Accordingly the hormone data provided can support the interpretation of the increased 562 

root production in the tetraploid willow lines. Significant increases were detected in the levels of 563 

active cytokinins, indole-3-acetic acid, and salicylic acid in the root tips of the PP-E7 and the PP-564 

E13 genotypes (Table IV). Lack of correlation was reported between concentrations of 565 

gibberellins and root biomass. The GA-deficient (35S:PcGA2ox1) and GA-insensitive (35S:rgl1) 566 

transgenic Populus plants developed larger root system regardless of lower or higher GA contents 567 

in the root tissues (Guo et al., 2010). In semi-dwarf hybrid poplar with elevated GAs, root 568 

biomass was enhanced (Elias et al., 2012). Plants with enlarged root system, carrying the 569 

tetraploid willow genotypes described can be more efficient in reaching and extracting nutrients 570 

and water even under conditions of limited availability. These plants can also be used for 571 

detoxification of contaminated soils. Both green and root biomass productivities determine the 572 

effectiveness of phytoremediation by trees species in removing heavy metals and organic 573 

contaminants from the environment (Marmiroli et al., 2011). 574 

 575 

CONCLUSIONS 576 

   577 

Artificial production of novel willow genotypes with autotetraploid genomes resulted in 578 

substantial modifications in the developmental program that can be valuable for wider use of this 579 

species as a short-rotation energy crop. The environmental impact of the increased CO2 fixation 580 

and improved photosynthetic efficiency can attract special attention in attempts to reduce the 581 

negative impacts of climate changes. Despite the fact that the present work is focused on the early 582 

developmental phase of tetraploid willow plants, several of the described traits can play a role in 583 

wood productivity during the subsequent cultivation of these genotypes in the short rotation 584 
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system. Based on the observed morphological and physiological features of these new genotypes, 585 

the application of autopolyploidization as an old breeding technique with new potentials can gain 586 

increasing significance, especially in the improvement of vegetatively propagated woody species. 587 

Plants bred with this chromosome engineering technique are not considered as Genetically 588 

Modified Organisms (GMOs). This legal status opens large potentials even in countries or 589 

regions where breeding and cultivation of transgenic crops are prohibited by law. The data 590 

presented are consistent with several previously described characteristics of other autotetraploid 591 

woody plants where duplication of the plant genome caused very complex, multiple changes at 592 

the anatomical and morphological levels and in growth parameters of above-ground organs.  593 

Furthermore, this work provides additional information about alterations in the hormonal status 594 

of leaves and root tips as well as the stimulation of root development. We propose a key role for 595 

the increased gibberellin and cytokinin levels in controlling traits of autotetraploid woody plants. 596 

Importantly, the present interpretation of new tetraploid phenotypes could frequently be based on 597 

results from studies on transgenic wood species. The tetraploid variants described can also serve 598 

as crossing partners with diploids in order to produce triploid genotypes, which have been shown 599 

to be the most productive genetic background in willow wood production (Serapiglia et al., 600 

2014). 601 

 602 

MATERIALS AND METHODS 603 

 604 

In vitro polyploidization of energy willow 605 

 606 

Plantlets of ‘Energo’ variety kindly provided by Prof. Ferenc Kósa and Miklós Ift (Kreátor 2005 607 

Kft, Budapest, Hungary) were propagated as in vitro sterile cultures with half strength 608 

concentration of hormone-free MS medium (Murashige and Skoog, 1962). These cultures were 609 

maintained under continuous light.  Shoot apical meristems of 8-10 cm plantlets were decapitated 610 

and 48 hrs later stem sections with axillary buds were placed into sterile colchicine solution 611 

(0.05% or 0.1 % w/v) and incubated for 48 hrs in dark. After colchicine treatment, these stem 612 

sections were rinsed three times in sterile distilled water and placed on hormone-free 0.6% (w/v) 613 

agar medium without colchicine.  Two-to-three centimeters long shoots grown from the treated 614 
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axillary buds were cut and placed in agar-solidified culture medium and used for further in vitro 615 

propagation. The differentiated roots were used for ploidy analyses.  During the years, the 616 

tetraploid plantlets were maintained and propagated by nodal cuttings in vitro and 8-10 cm high, 617 

rooted plantlets were transferred to soil in the greenhouse. Under these conditions, these willow 618 

plants developed green woody stems that can be used as a propagation material for both 619 

greenhouse and field studies. Not all lines were available for each comparison, but all lines that 620 

were analyzed for a given comparison are shown in the corresponding figure. 621 

 622 

Flow cytometry 623 

 624 

Root tips (approximately 5-10 mm) of 2 weeks old cuttings were excised from the plants grown 625 

either in agar medium or in water used for rooting willow cuttings.  Determination of ploidy 626 

levels was conducted with flow cytometry (BD FACSCalibur™) equipped with 532 nm green 627 

solid-state laser, operating at 30 mW. Nuclei extractions were done by chopping 15 mg of root 628 

tips on ice with a razor blade in a 55 mm Petri dish containing 1 ml Galbraith’s buffer (Galbraith 629 

et al., 1983): 0.2 M Tris–HCl, 45 mM MgCl2, 30 mM sodium citrate, 20 mM 4-630 

morpholinepropane sulfonate, 1% (v/v) Triton X-100, pH 7.0) and then filtered through a 40-μm 631 

nylon mesh. The suspension of released nuclei was stained with 1 µg ml−1 of propidium iodide 632 

(PI, Sigma) for 10 min. At least 5000 gated particles were analyzed per sample. Identical 633 

instrument settings were used in order to have comparable relative fluorescence intensity values 634 

while analyzing diploid and tetraploid samples. For testing of uniformity of ploidy level, multiple 635 

stem cuttings were used for a given plant. 636 

 637 

Chromosome counting 638 

 639 

For the determination of chromosome numbers in mitotic willow cells, the previously described 640 

protocol developed for energy willow was used (Németh et al., 2013). Briefly, the mitotic events 641 

were synchronized by cold treatment at 4°C for 4 days. After 22 hrs incubation at room 642 

temperature, root tips were collected and fixed in Carnoy’s solution (ethanol : acetic acid, 3:1 643 

v/v). Cell walls of the fixed roots were digested in 1% enzyme mixture: 0.3% (w/v) cellulase, 0.3 644 

% (w/v) pectolyase, 0.3% (w/v) cytohelicase and squash preparations were made in 45% acetic 645 
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acid. Glass slides were exposed to liquid nitrogen and after removal of coverslips, cells were 646 

stained with 4',6-diamidino-2-phenylindole (DAPI) and observed with Olympus FV1000 647 

confocal microscope. 648 

 649 

Phenotyping of shoot and root growth 650 

 651 

As members of the European Plant Phenotyping Network, we have constructed a semi-automatic 652 

platform that was previously used for phenotyping above-ground organs of barley and wheat 653 

plants (Cseri et al., 2013; Fehér-Juhász et al., 2014). Single dormant stem cuttings were planted 654 

into radio-tagged plexiglass columns with a mixture of 80 % Terra peat soil and 20 % sandy soil. 655 

Five plexiglass columns surrounded with PVC tube were placed on a metal rack. Three racks 656 

were used for each genotype with random arrangement. Only the shoot-forming cuttings and 657 

healthy shoots were included in the analyses. The racks were rearranged every week after each 658 

imaging during the experiments. The level of illumination in the greenhouse was ca. 400 µmol 659 

photons/m2/s.  This level was fairly constant during the whole illumination period. Watering and 660 

digital imaging were performed once a week. Shoots developed from dormant buds were 661 

photographed by an Olympus C-7070WZ digital camera from 7 different side positions, produced 662 

by 51.4° step rotation of the pot. Plant-related pixels were determined by separating the pot and 663 

background from the plant in each photograph by using an in-house developed image analysis 664 

software tool. The shoot and leaf surface that corresponds to the plant-related pixel number was 665 

provided as the average of green pixel counts derived from pictures of seven projections to 666 

minimize the variations in superposition of leaves and shoots.  667 

In the case of roots, the plexiglass columns were photographed from 4 different side positions 668 

and from the bottom. The root-related white pixels were identified by subtracting the black soil 669 

background from the images. Pixel numbers were converted to millimeters using 65mm diameter 670 

pots captured in the images. To characterize the root area appearing at the surface of the chamber, 671 

the metric value of the area of the four side view projections (90° rotation) are summarized and 672 

the metric value of the area of the bottom view is added.  673 

After completion of a seven-week phenotyping experiment, the rooted stems were removed from 674 

the soil and the roots were separated from the soils. Root weights were measured immediately 675 
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after removal from the soil (wet weight) or after air drying  for 1 day at 21° C (dry weight) before 676 

weight determination. 677 

For field analysis of early growth, we used second year shoots of plants from the stock collection 678 

that was established by planting willow plants grown in pots in the greenhouse in the soil of the 679 

experimental field in the spring (April). The unfertilized soil was cultivated by disc-harrow. 680 

Because of limitation in the available number of plants from different genotypes, these plants 681 

were placed in single rows with 1m apart. On average, 5-6 plants per genotype used in field 682 

analyses. Plant density was 50 cm within rows. After the growing season, one-year-old willow 683 

stems were cut off during the winter (January) to stimulate coppicing from the stools. The growth 684 

rate of newly developing shoots was measured to monitor both primary and secondary growth 685 

during an eight-day period at the end of April and the first days of May. During this period the 686 

average daily temperature was 21.5°C and average temperature at night was 9°C. 687 

Leaf parenchyma and root cortex cell size determination 688 

The youngest fully developed leaves were cut transversely at the middle of the leaf and fixed 689 

with 4% formaldehyde in PBS with 0.5 % Triton X-100 for 4 hrs at 23°C in a tube roller. After 3 690 

x 10 mins washes, thin hand sections were prepared from the midpoint between the midrib and 691 

the border of leaves. Sections were mounted in 0.1 mg/ml calcofluor white in water and imaged 692 

using confocal laser scanning microscopy. Perimeters of leaf parenchyma cells were manually 693 

traced in Olympus Fluoview software and plotted. Using the same software, the number of cells 694 

in 100 µm was also calculated and plotted using Microsoft Excel software. For each genotype, 695 

four leaves were collected from two different plants and on more than 40 images a total of 200 696 

cells were scored for cross-sectional area measurements. For root cortex cell size measurements, 697 

stem cuttings were rooted in water for 2 weeks. Root samples excised from the maturation zone 698 

were fixed, stained and imaged like in the case of leaf samples above. To eliminate the ambiguity 699 

of root cortex cell size at the boundary regions (close to epidermis and near stele regions), the  700 

middle 50% of the cortical region was identified as a curved strip using Olympus Fluoview 701 

software,  and all cells in this region (including cells touching the strip borders) were manually 702 

traced to calculate the average cross-sectional area of the mid-cortex cells. For each genotype, 703 

four roots were collected from two different plants and on 12 non-consecutive hand sections a 704 
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minimum of 362 cells was scored for root mid-cortex region cell cross-sectional area 705 

measurements. 706 

Microscopy of cells and tissue sections 707 

 708 

Confocal laser scanning microscopy was performed using Olympus Fluoview FV1000 laser 709 

scanning confocal microscope (Olympus Life Science Europa GmbH, Hamburg, Germany). 710 

Microscope configuration was the following: objective lenses: UPLSAPO 10x (dry, NA: 0.4), 711 

UPLSAPO 20x (dry, NA: 0.75), UPLFLN 40x (oil, NA: 1.3); sampling speed: 4µs/pixel; line 712 

averaging: 2x; scanning mode: unidirectional; excitation: 405 nm (both for DAPI and  calcofluor 713 

white); laser transmissivity: Less than 10%; main dichroic beamsplitter: DM405/488/543; 714 

intermediate dichroic beamsplitter: SDM 490; blue emission was detected between 425-475 nm. 715 

Bright field images were captured with the same laser line. For imaging hand-sectioned stem 716 

cross-sections, Olympus SZX12 stereo microscope with 0.5x and 1x objectives was used. For 717 

white light illumination, white LED light source (Photonic Optics, Vienna, Austria) in 718 

combination with transmission light mode was used. Photos of stem sections were captured using 719 

Olympus Camedia C7070 digital camera using DScaler software (version 4.1.15, 720 

www.dscaler.org). Composite images were prepared using CorelDraw Graphics Suite X7 721 

(Corel Corporation, Ottawa, Canada). 722 

 723 

Gas exchange measurements  724 

Gas exchange parameters: CO2 uptake rate, transpiration, and stomatal conductance were 725 

measured using a Licor 6400 gas analyzer (Licor, USA). Attached leaves of greenhouse-grown 726 

plants were inserted into the gas cuvette for the measurements. The gas cuvette conditions were 727 

set to 400 ppm CO2, ambient temperature and growth light intensity of photosynthetic active 728 

radiation of 400-450 µmol m-2 s-1 (Mulkey and Smith, 1988; Taiz and Zeiger, 2010). 729 

Electron transport rates (ETR): light response curves of PSI and PSII 730 

The electron transport rates through PSII (ETR(II) = 0.5 * Y(II) * PPFD * 0.84), as well as 731 

through PSI (ETR(I) = 0.5 * Y(I) * PPFD * 0.84) were simultaneously measured using the 732 
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1- (Fo/ Fm)          Fm – Fo             1- Vj
PIabs =                          x                      x

Mo/ Vj                          Fo                             Vj

DUAL-PAM-100 system (WALZ, Effeltrich, Germany) (Baker, 2008, Klughammer and 733 

Schreiber, 1994). The effective quantum yield of photochemical energy conversion in PS II, 734 

Y(II)= (Fm' - F)/ Fm'  (Genty et al., 1989), where Fo, Fo' are dark fluorescence yield from dark- 735 

and light-adapted leaf, respectively and Fm, Fm' are maximal fluorescence yield from dark- and 736 

light-adapted leaf, respectively was calculated. The photochemical the quantum yield of PSI, Y(I) 737 

is quantum yield of photochemical energy conversion. It is calculated as Y(I) = (Pm’ – P)/ Pm 738 

(Klughammer and Schreiber, 1994). The P700+ signals (P) may vary between a minimal (P700 739 

fully reduced) and a maximal level (P700 fully oxidized). The maximum level of P700+ is called 740 

Pm in analogy with Fm. It was determined with application of a pulse (300 ms) of saturation light 741 

(10000 µE; 635 nm) after pre-illumination with far-red light. Pm’ is analogous to the fluorescence 742 

parameter Fm’ and was determined by applying saturation pulse on top of actinic illumination. 743 

Chlorophyll a fluorescence fast kinetics measurements 744 

OJIP chlorophyll a fluorescence transients were measured by a Plant Efficiency Analyzer (Pocket 745 

Pea, Hansatech, UK). The transients were induced by red light from an LED source (627 nm, up 746 

to 3500 µmol m-2 s-1 intensity). Prior to measurements, the adaxial surface of the selected leaves 747 

was adapted to darkness for 20 min using light-tight leaf-clips. The OJIP-test (Strasser et al., 748 

2000) was used to analyze the chlorophyll a fluorescence transients and the following original 749 

data were acquired: O (Fo) initial fluorescence level (measured at 50 µs),  P (Fm) maximal 750 

fluorescence intensity, as well as the J (at about 2 ms) and the I (at about 30 ms) intermediate 751 

fluorescence levels. From these specific fluorescence features the following parameters of 752 

photosynthetic efficiency were calculated: Maximal PSII quantum yield, Fv/Fm; The ratio of 753 

variable fluorescence to initial fluorescence, Fv/Fo where Fv = Fm- Fo; Probability of electron 754 

transport out of QA, (1-Vj)/ Vj where Vj = (F2ms – Fo)/Fv; Total complementary area between the 755 

fluorescence induction curve and Fm of the OJIP curve, Area; The amount of active reaction 756 

centers per absorption, RC/ABS (Zurek et al., 2014). Relative measurement of efficiency for 757 

electron transport, PI, Performance Index (Zivcak et al., 2008). 758 

 759 

 760 
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Where  Mo= 4* (F300 μs − Fo)/ (FM − Fo) represents the initial slope of fluorescence kinetics. 761 

Chlorophyll and total carotenoid content estimation 762 

Sampling was done on the 6th or 7th fully opened leaves from top. Pigment extraction was done 763 

using dimethylformamide (DMF) (Jacobsen et al., 2012). 0.8 cm leaf discs were immersed in 1 764 

ml of DMF for 48 hours. The spectral determination of chlorophylls a and b, as well as total 765 

carotenoids was carried out according to Wellburn et al., 1994. Car(x+c) µg/cm2 = total leaf 766 

carotenoids (xanthophyll(x)plus carotenes (c)).  767 

 768 

Analysis of hormone contents in leaves and root tips 769 

 770 

Leaf and root samples (50-100 mg fresh weight) were purified and analyzed according to Dobrev 771 

and Kaminek (2002) and Dobrev and Vankova (2012). Mixed samples of the youngest fully 772 

expanded leaves without the main vein or mixed samples of the root tips (c.a. 5 mm) or 773 

elongation zones (15-25mm from the tip) were homogenized with a ball mill (MM301, Retsch) 774 

and extracted in cold (-20 °C) methanol/water/formic acid (15/4/1 v/v/v). The following labeled 775 

internal standards (10 pmol/sample) were added: 13C6-IAA (Cambridge Isotope Laboratories); 776 
2H4-SA (Sigma-Aldrich); 2H4-SA (Sigma-Aldrich); and 2H3-PA (phaseic acid) (NRC-PBI), 2H6-777 

ABA, 2H5-transZ, 2H5-transZR, 2H5-transZ7G, 2H5-transZ9G, 2H5-transZOG, 2H5-transZROG, 778 
2H5-transZRMP, 2H3-DHZ, 2H3-DHZR, 2H3-DHZ9G, 2H6-iP, 2H6-iPR, 2H6-iP7G, 2H6- iP9G, 2H6-779 

iPRMP (Olchemim). The extract was purified using an SPE-C18 column (SepPak-C18, Waters) 780 

and a mixed mode reverse phase–cation exchange SPE column (Oasis-MCX, Waters). Two 781 

hormone fractions were sequentially eluted: (1) fraction A, eluted with methanol, containing 782 

auxins, ABA, SA, JA, GA; and (2) fraction B, eluted with 0.35 M NH4OH in 60% methanol 783 

containing cytokinins. Hormone metabolites were analyzed using HPLC (Ultimate 3000, Dionex) 784 

coupled to a hybrid triple quadrupole/linear ion trap mass spectrometer (3200 Q TRAP, Applied 785 

Biosystems). Quantification of hormones was done using the isotope dilution method with 786 

multilevel calibration curves (r2 > 0.99). Data processing was carried out with Analyst 1.5 787 

software (Applied Biosystems). Data are presented as mean ± standard error. 788 

 789 
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Statistical analyses 790 

For the statistical analyses, Welch’s t-test was used for pairwise comparisons between the traits 791 

of diploid and tetraploid samples. Welch’s t-test is an adaptation of Student’s t-test and is more 792 

reliable if the samples have unequal sample sizes or variances (Ruxton 2006). Additionally, 793 

multiple comparison analyses were also performed using analysis of variance (ANOVA) 794 

followed by post hoc Tukey’s honest significant difference (Tukey-HSD) test. Apart from Fig 795 

2A, there were statistically significant differences between group means. Family-wise 796 

significance level for Tukey-HSD was set to a rather conservative value of 0.05 (Quinn and 797 

Keough, 2002), which granted an additional, more stringent level of significance threshold during 798 

comparison of tetraploids with diploids. Welch’s t-test significance levels are indicated with 799 

asterisks which are underlined based on the results of Tukey-HSD test. In rare cases, P values 800 

calculated by Tukey’s test fell into a higher significance interval as compared to P value obtained 801 

by t-test. These cases are indicated with an underlined period in the tables. For all statistical 802 

analyses, R statistical analysis software is used (developed by R Core Team, https://www.R-803 

project.org/). 804 

For all genotypes, the traits of individual plants were measured, and the distribution of data was 805 

displayed by box and whisker plots (Spitzer et al., 2014). The plots were generated with the 806 

webtool BoxPlotR (http://boxplot.tyers lab.com/) and edited with CorelDraw Graphics Suite X7. 807 

For phenotyping studies, the data analysis was performed by an in-house developed software 808 

package based on Matlab software tools (version 2008b) with the Image Processing Toolbox 809 

(The MathWorks Inc., Natick, MA, USA).  810 

In photosynthetic studies the data were visualized and evaluated  by the following methods: for 811 

ETR(I) and ETR(II) measurements Dual PAM version 1.18 and Origin 2015, for gas exchange 812 

measurements LI-6400 OPEN Software version 5.3 and Origin 2015, for  chlorophyll 813 

fluorescence parameters deduced from OJIP fast kinetics measurements PEA Plus Version: 814 

1.00 and Origin 2015. Spider graph values are displayed after normalization to respective value 815 

obtained in the diploid line.  816 

 817 
 818 
 819 
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 833 

TABLES 834 

Table I. Autotetraploidization generates opposite trends in alterations of the primary and the 835 

secondary growth of shoots emerged from dormant buds in the field. 836 

Geno- 
types 

Shoot 
height 
(cm) 

 
Day 0 

Shoot 
height 
(cm) 

 
 Day 8 

Primary 
growth 

 
 

(cm/8d) 

Stem 
diameter 

(mm)   
 

Day 0 

Stem 
diameter 

(mm)  
 

Day 8 

Secondary  
growth in 
diameter 

 
   (mm/8d) 

Diploid 52.02±3.79 83.08±7.04 31.07±4.24 5.76±0.77 6.59±0.60 0.82±0.21 

PP- E2 

42.68±2.39 
*** 

68.36±4.57 
*** 

25.68±0.99 
*** 

6.31±0.41 
* 

7.27±0.71 
** 

0.96±0.35 

PP- E3 

39.48±3.64 
*** 

64.96±5.61 
*** 

25.48±1.47 
*** 

6.33±0.66 
7.59±0.68 

*. 
1.26±0.18 

*** 

PP- E4 

38.60±2.63 
*** 

63.90±7.59 
*** 

25.30±1.56 
** 

6.33±0.60 
* 

7.22±0.45 
* 

0.89±0.01 
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PP- E5 

38.66±2.20 
*** 

60.93±4.28 
*** 

22.27±2.69 
*** 

5.99±0.54 7.01±0.55 1.02±0.22 

PP- E6  
36.46±2.73 

*** 

58.74±4.92 
*** 

22.28±2.86 
*** 

5.87±0.51 6.85±0.63 0.98±0.35 

PP- E7 

37.56±2.55 
*** 

58.16±3.24 
*** 

20.60±4.99 
*** 

6.09±0.50 6.76±0.54 0.68±0.17 

PP- E12 

42.09±3.59 
** 

69.76±4.36 
** 

27.67±2.39 
** 

5.90±0.53 
7.46±0.64 

** 

1.56±0.21 
*** 

PP- E13  
40.36±2.74 

*** 

66.28±4.41 
*** 

25.92±2.28 
*** 

5.97±0.50 
7.12±0.54 

* 

1.15±0.26 
*** 

 837 

The reduced shoot length at both recording times reflects a slower primary growth rate in early 838 

development of willow plants from the tetraploid variants. These plants developed wider stems 839 

and the growth rate of stem diameter was increased as a consequence of genome duplication. The 840 

number of measured shoots ranged 25-50 per genotype. Based on Welch’s t-test, statistically 841 

significant events compared to diploids are indicated as *** P<0.01, ** P<0.05 and * P<0.1. 842 

Underlined asterisks indicate the level of significance based on post-hoc comparisons made with 843 

the Tukey’s HSD test. Underlined period indicates that the P value obtained by Tukey’s test falls 844 

into the next higher rank of significance as compared to significance level obtained by t-test. 845 

Based on Welch’s t-test, statistically significant events compared to diploids are indicated as *** 846 

P<0.01, ** P<0.05 and * P<0.1. Underlined asterisks indicate the level of significance based on 847 

post-hoc comparisons made with the Tukey’s HSD test. Underlined period indicates that the P 848 

value obtained by Tukey’s test falls into the next higher rank of significance as compared to 849 

significance level obtained by t-test. 850 

  851 
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Table II. Autotetraploidization caused essential changes in hormonal status of willow leaves 852 

Genotypes Diploid PP-E6 PP-E7 PP-E13 

Active cytokinins 5.91±0.42 
8.17±1.01 

** 
5.51±2.09 5.47±1.04 

Trans-zeatin 0.67±0.31 
2.48±1.48 

** 
0.79±0.13 0.72±0.25 

Cytokinin 
phosphates 

1.64±0.51 2.41±0.57 0.92±0.27 1.55±1.02 

Cytokinin O-
glucoside 

25.71±2.40 25.67±2.43 20.66±3.57 
18.27±3.45 

** 

Cytokinin  
N-glucosides 

9.49±0.26 
13.76±2.02 

*. 
10.94±0.68 

* 
14.52±1.54 

**. 

Abscisic acid  96.29±11.78 94.67±6.71 93.78±16.00 79.51±4.61 

Indole-3-acetic 
acid 

47.06±4.73 40.18±4.57 49.46±6.45 41.21±3.27 

Salicylic acid 1288.85±87.31 
2376.65±214.78

*** 
2387.01±437.79

** 
2520.09±586.93 

*. 

Jasmonic acid 6.92±0.51 
9.16±1.37 

* 
14.10±4.05 

*. 
10.08±2.56 

Jasmonate 
isoleucine 

1.49±0.19 1.76±0.71 
2.77±0.39 

** 
2.65±0.29 

*** 

Gibberellin 
GA4 

0.78±0.35 
4.60±1.22  

**. 
3.20±1.03 

 ** 
3.23±0.98  

** 

Gibberellin 
GA7 

41.55±18.25 32.36±7.80 
72.87±18.67 

** 
65.48±19.97 

** 

 853 

The values presented show the amounts of different hormones as pmol/g fresh weight. Mature 854 

leaves from three plants were analyzed for each genotype.  Based on Welch’s t-test, statistically 855 

significant events compared to diploids are indicated as *** P<0.01, ** P<0.05 and * P<0.1. 856 

Underlined asterisks indicate the level of significance based on post-hoc comparisons made with 857 
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the Tukey’s HSD test. Underlined period indicates that the P value obtained by Tukey’s test falls 858 

into the next higher rank of significance as compared to significance level obtained by t-test. 859 

  860 

Table III. Leaf chlorophyll and total carotenoid contents of diploid and tetraploid plants grown 861 

under field and greenhouse conditions 862 

 863 

Sampling was carried out from the 5th/ 6th fully developed young leaves (from top). Data are 864 

mean ± SE of six to seven independent plants per genotype. Based on Welch’s t-test, statistically 865 

significant events compared to diploids are indicated as *** P<0.01, ** P<0.05 and * P<0.1. 866 

Underlined asterisks indicate the level of significance based on post-hoc comparisons made with 867 

the Tukey’s HSD test. 868 

 869 

 870 

 

 

Sample 

Chl a  Chl b  
Chl 

(a+b)  
Car 

(x+c)  
Chl a  Chl b 

Chl 
(a+b)  

Car 
(x+c)  

(µg/cm2) 

Field grown plants Greenhouse grown plants 

Diploid 
48.68 
±1.4 

17.47 
±0.5 

65.32 
±1.9 

12.15 
±0.25 

18.50  
±0.48 

5.3 
±0.24 

23.56 
±0.58 

3.84  
±0.13 

PP-E6 
51.60 
±1.3 

18.49 
±0.5 

69.22 
±1.7 

12.38 
±0.22 

22.02  
±0.58 
*** 

6.5 
±0.19 
*** 

28.17 
±0.75 
*** 

4.45  
±0.12 
*** 

PP-E7 
49.71 
±1.5 

18.50 
±0.4 

67.35 
±1.8 

12.07 
±0.22 

22.66  
±0.94 
*** 

6.6 
±0.32 
*** 

28.96  
±1.25 
*** 

4.58  
±0.16 
*** 

PP-E13 
49.84 
±2.2 

18.17 
±0.8 

67.15 
±3.0 

11.74 
±0.33 

23.34  
±0.71 
*** 

6.6 
±0.25 
*** 

29.59  
±0.91 
*** 

4.62 
±0.12 
*** 
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 871 

 872 

Table IV. Root tips from tetraploid plants differed from diploid plants in hormone contents 873 

Genotypes Diploid PP-E6 PP-E7 PP-E13

Active 
cytokinins 

25.04±2.25 27.88±2.79 

 
52.36±6.12 

*** 

 
40.68±3.96 

*** 

Trans-zeatin 1.37±1.04 
2.71±0.92 

*** 
4.86±1.59 

*** 
2.88±0.32 

*** 

Cytokinin 
phosphates 

17.92±2.20 20.08±2.13 

 

33.97±2.58 
*** 

 

11.19±0.94 
** 

Cytokinin 
O-glucoside 

2.09±0.72 2.18±0.83 

 

11.90±0.78  
*** 

 

6.49±0.60 
*** 

Cytokinin 
N-glucoside 

0.38±0.14 0.17±0.09 0.42±0.02 0.36±0.09 

Abscisic acid 55.61±11.90 45.11±4.81 49.41±8.00 
24.46±4.04 

**. 

Indole-3-
acetic acid 

234.16±10.28 

 

197.91±21.35 
* 

 

890.72±96.54 
*** 

 

639.72±55.75 
*** 

Salicylic acid 184.75±23.28 

 

308.82±18.20 
*** 

 

322.27±27.77  
*** 

 

241.44±30.48 
* 

Jasmonic 
acid 

 

1150.00±189.18 

 

 

1119.63±132.60 

 

 

1072.51±101.23 

 

 
834.16±37.72 

* 

Jasmonate 
isoleucine 

148.65±48.20 120.19±16.44 157.46±20.39 118.99±17.86 

Gibberellin 
GA4 

1.06±0.12 1.07±0.44 
 

1.42±0.06 
0.51±0.59 
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**

Gibberellin 
GA7 

0.46±0.13 0.70±0.64 

 
2.02±1.58 

*. 

 

1.17±0.59 

 874 

Stem cuttings were rooted in water for 2 weeks and 5-8 mm root tips were collected for hormone 875 

analysis. The values presented show the amounts of different hormones as pmol/g fresh weight. 876 

Roots from three plants were analyzed for each genotype. Based on Welch’s t-test, statistically 877 

significant events compared to diploids are indicated as *** P<0.01, ** P<0.05 and * P<0.1. 878 

Underlined asterisks indicate the level of significance based on post-hoc comparisons made with 879 

the Tukey’s HSD test. Underlined period indicates that the P value obtained by Tukey’s test falls 880 

into the next higher rank of significance as compared to significance level obtained by t-test. 881 

 882 

FIGURE LEGENDS 883 

 884 

Figure 1. Identification of autotetraploid willow genotypes by chromosome counting (using 885 

DAPI stain) and flow cytometric analysis of relative DNA content (using propidium iodide). 886 

Shoots and plantlets emerged from colchicine-treated axillary buds were rooted and sampled as 887 

described in Materials and Methods. Representative data of at least three repetitions are shown. 888 

Scale bars: 5µm.  889 

 890 

Figure 2. Variation in characteristics of shoot development in diploid and tetraploid genotypes of 891 

willow plants. 892 

A, Comparison of green pixel-based shoot surface area monitored by digital photography to 893 

record above-ground biomass growth of willow plants from different genotypes in the 894 

greenhouse. Graph extension at the upper right shows interquartile ranges (25th and 75th 895 

percentiles) at week 7 for corresponding data points. Seventh week data points having the lowest 896 

(PP-E13) and highest (PP-E2) mean values are connected to the corresponding interquartile 897 

ranges with dashed lines. B, Box-plot presentation of average shoot lengths after 7 weeks of 898 
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growing period shows reduction in primary growth of autotetraploid plants in comparison to 899 

diploid plants. C, Box-plot presentation of average stem diameter after 7 weeks of growing 900 

period shows enhanced secondary growth of autotetraploid plants in comparison to diploid plants. 901 

Based on Welch’s t-test, statistically significant events compared to diploids are indicated below 902 

the sample labels as *** P<0.01 and ** P<0.05. Underlined asterisks indicate the level of 903 

significance based on post-hoc comparisons made with the Tukey’s honest significant difference 904 

(HSD) test. Box plot center lines show the medians; box limits indicate the 25th and 75th 905 

percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, 906 

outliers are represented by dots. Alternate boxes are shaded to differentiate neighboring boxes. n 907 

= 15, 15, 10, 11, 5, 15 sample points 908 

 909 

Figure 3. Altered plant architecture and growth characteristics of autotetraploid willow plants 910 

grown under greenhouse conditions. Stem cuttings were planted into cultivation pots and the 911 

outgrowing shoots with characteristic phenotypic traits are presented. Note the development of 912 

larger, densely packed leaves of autotetraploid (PP-E7 and PP-E13) plants. Insets show 913 

thresholded binary images corresponding to the plants for a given view. Scale bar is 6.5 cm. 914 

 915 

Figure 4. Wider stems with enlarged wood region in stem sections of tetraploid willow plants. 916 

Chart shows quantification of section areas representing bark, wood and pith regions (n=4). 917 

Statistically significant events (based on both Welch’s t-test and Tukey’s HSD post hoc test) 918 

compared to diploids are indicated for wood and bark regions as ***P<0.01. Dissection 919 

microscope images of a set of cross-sections are shown below the chart. Samples are collected at 920 

120 cm from shoot tip of plants. Scale bar is 0.5 cm. 921 

 922 

Figure 5. The autotetraploid genomic constitution of energy willow increases the foliage capacity 923 

of plants. A, Leaf morphology variations of willow plants grown in the field. B, Differences in 924 

leaf width between diploid and tetraploid willow plants grown in the greenhouse (n>52). C, 925 

Differences in lamina length between diploid and tetraploid willow plants grown in the 926 

greenhouse (n>37). D, Tetraploid willow plants produce more leaf biomass in comparison to 927 

diploid ones under greenhouse conditions (n>10). Based on Welch’s t-tests, statistically 928 
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significant events compared to diploids are indicated below the sample labels as *** P<0.01, ** 929 

P<0.05 and * P<0.1. Underlined asterisks indicate the level of significance based on post-hoc 930 

comparisons made with the Tukey’s HSD test. Boxplot center lines show the medians; box limits 931 

indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 932 

25th and 75th percentiles, outliers are represented by dots. 933 

 934 

Figure 6. Enhanced midrib-xylem development in leaves from tetraploid plants compared to 935 

diploid plant. Midrib cross-sectional areas were measured by manually tracing white colored 936 

midrib regions sampled from the mid-point of each leaf.  Representative images of hand-937 

sectioned material are shown. Scale bar 0.5 mm for all images. Boxplot center lines show the 938 

medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the 939 

interquartile range from the 25th and 75th percentiles (n=9). Statistically significant events (based 940 

on both Welch’s t-test and Tukey’s HSD post hoc test) compared to diploids are indicated below 941 

the sample labels as *** P<0.01. 942 

 943 

Figure 7. Tetraploid willow plants have enlarged palisade parenchyma cells. A, Comparison of 944 

leaf cross-sections from diploid and tetraploid willow plants. Calcofluor white stained cell wall 945 

fluorescence (blue) was merged with transmission images. Arrows indicate palisade parenchyma 946 

layer of leaves. Scale bar is 20 µm for all images. B, Quantification of average palisade 947 

parenchyma cell size as cross-sectional area (n=200). C, Quantification of average number of 948 

parenchyma cells per 100µm-long distance (n=40). Boxplot center lines show the medians; box 949 

limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range 950 

from the 25th and 75th percentiles, outliers are represented by dots. Statistically significant 951 

events (based on both Welch’s t-test and Tukey’s HSD post hoc test) compared to diploids are 952 

indicated below the sample labels as ***P<0.01 for both graphs. 953 

 954 

Figure 8. Tetraploid willow plants transpire more water as shown by the elevated stomata 955 

conductance in leaves. Leaf stomatal conductance (gs) measured on the 5th/ 6th fully developed 956 

younger leaves (from top) of willow plants. The measurements were recorded in air CO2 957 

concentration of 400 ppm, leaf temperature of 22°C, and PAR of 400- 430 µmol photons m-2 s-1 958 
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(n=5). Boxplot center lines show the medians; box limits indicate the 25th and 75th percentiles; 959 

whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are 960 

represented by dots. Based on Welch’s t-test, statistically significant events compared to diploids 961 

are indicated below the sample labels as *** P<0.01 and ** P<0.05. Underlined asterisks indicate 962 

the level of significance based on post-hoc comparisons made with the Tukey’s HSD test. 963 

Figure 9.  Autotetraploid willow plants absorb CO2 more efficiently from the atmosphere. The 964 

rate of net CO2 fixation was measured on the 5th/ 6th fully developed young leaves (from top) of 965 

willow plants at 400 – 430 µmol photons m-2 s-1 light intensity, 22°C temperature and 400 ppm 966 

ambient CO2 level (n=5). Boxplot center lines show the medians; box limits indicate the 25th and 967 

75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th 968 

percentiles. Statistically significant events (based on both Welch’s t-test and Tukey’s HSD post 969 

hoc test) compared to diploids are indicated below the sample labels as ***P<0.01. 970 

Figure 10. Improved photosynthetic capacity of tetraploid willow plants as indicated by electron 971 

transport rates (ETR) of photosystems I and II measured on leaf samples. Simultaneous light 972 

response curves of ETR(I) and ETR(II) were measured in the dark-adapted 5th/6th fully 973 

developed young leaves (from top) for both field and greenhouse genotypes by using DUAL 974 

PAM as described in Materials and Methods. A, ETR(I) under field conditions. B, ETR(II) under 975 

field conditions. Leaves of field-grown plants were collected in wet tissue, kept in ice box and 976 

ETR measurements were carried out within two hours of sample collection. C, ETR(I) under 977 

greenhouse conditions. D, ETR(II) under greenhouse conditions. Tetraploid willow genotypes are 978 

indicated as closed symbols and diploid genotype by open symbols. Data are mean ± SE of six 979 

independent plants per genotype. Based on Welch’s t-test, statistically significant events (for the 980 

highest PPFD measurement) compared to diploids are indicated next to corresponding data points 981 

as *** P<0.01, ** P<0.05 and * P<0.01. Underlined asterisks indicate the level of significance 982 

based on post-hoc comparisons made with the Tukey’s HSD test. 983 

 984 

Figure 11. Spider plot of chlorophyll fluorescence parameters deduced from OJIP fast kinetics 985 

measurements. The figure shows the values of initial (Fo) and maximal (Fm) fluorescence levels; 986 

the Fv/Fm and the Fv/Fo (maximal PSII quantum yield) ratios, the (1-Vj)/Vj parameter where Vj = 987 

(F2ms – Fo)/Fv); the performance index (PI), the Area parameter, as well as the RC/ABS measured 988 
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on 5th/6th young fully developed leaves. The data are shown for the tetraploid lines (open 989 

symbols) after normalization to respective value obtained in the diploid line (closed symbol). Data 990 

are mean ± SE of six to seven independent greenhouse grown plants per genotype. 991 

 992 

Figure 12. Significant stimulation of root development after duplication of genome size of 993 

energy willow. A, Side and bottom view of roots from the diploid and the tetraploid (PP-E12) 994 

plants grown in soil in transparent wall plexiglass columns. Digital images were taken at the third 995 

week of cultivation. Scale bar is 2 cm for all images. B, Total surface area (in mm2) occupied by 996 

white pixels was used to monitor root biomass growth to compare diploid and tetraploid willow 997 

plants during the early development. Boxplot center lines show the medians; box limits indicate 998 

the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 999 

75th percentiles, outliers are represented by dots. Based on Welch’s t-test, statistically significant 1000 

events compared to diploids are indicated as **P<0.05 and *P<0.1. Underlined asterisks indicate 1001 

the level of significance based on post-hoc comparisons made with the Tukey’s HSD test. n = 10 1002 

sample points. 1003 

 1004 

Figure 13. Autotetraploidization resulted in energy willow genotypes with increased root 1005 

biomass. A, Experiment 1: Plants from tetraploid genotypes developed significantly more root 1006 

than the control diploid ones based on fresh weight measurements (g/plant, n=10). B, Experiment 1007 

2: Increased root biomass of tetraploid willow genotypes as compared to diploid plants based on 1008 

dry weight measurements (g/plant, n=10). Boxplot center lines show the medians; box limits 1009 

indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 1010 

25th and 75th percentiles, outliers are represented by dots. Based on Welch’s t-test, statistically 1011 

significant events compared to diploids are indicated below the sample labels as *** P<0.01, ** 1012 

P<0.05 and * P<0.12. Underlined asterisks indicate the level of significance based on post-hoc 1013 

comparisons made with the Tukey’s HSD test.  1014 

 1015 

Figure 14. Differences in root anatomy detected between diploid and tetraploid willow plants. A, 1016 

Calcofluor white stained, hand sectioned roots (from maturation zone) of diploid and tetraploid 1017 

plants were imaged using confocal laser scanning microscope. Note the larger cortical cells of the 1018 
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tetraploid samples. Scale bar is 50µm for all images. B, Cortical cells of diploid and tetraploid 1019 

roots were manually traced on hand-sectioned material using Olympus Fluoview software and 1020 

average cross-sectional area of cortical cells were calculated and plotted for diploid and tetraploid 1021 

samples (n>362). Boxplot center lines show the medians; box limits indicate the 25th and 75th 1022 

percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, 1023 

outliers are represented by dots. Statistically significant events a(based on both Welch’s t-test and 1024 

Tukey’s HSD post hoc test) compared to diploids are indicated below the sample labels as *** 1025 

P<0.01.  1026 
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Figure 1. Identification of autotetraploid willow genotypes by chromosome counting (using 

DAPI stain) and flow cytometric analysis of relative DNA content (using propidium iodide). 

Shoots and plantlets 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. Scale bars: 5µm. 
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A

Figure 2. Variation in characteristics of shoot development in diploid and tetraploid genotypes of willow plants. A, Comparison of green pixel-based 

shoot surface area monitored by digital photography to record above-ground biomass growth of willow plants from different genotypes in the 

greenhouse. Graph extension at the upper right shows interquartile ranges (25th and 75th percentiles) at week 7 for corresponding data points. 

Seventh week 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 growing period shows reduction in primary growth of autotetraploid 

plants in comparison to diploid plants. C, Box-plot presentation of average stem diameter after 7 weeks of growing period shows enhanced 

secondary growth of autotetraploid plants in comparison to diploid plants. Based on Welch’s t-test, statistically significant events compared to diploids 

are indicated below the sample labels as *** P<0.01 and ** P<0.05. Underlined asterisks indicate the level of significance based on post-hoc 

comparisons made with the Tukey’s honest 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, 15 sample points.
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Figure 3. Altered plant architecture and growth characteristics of autotetraploid 

willow plants grown under greenhouse conditions. Stem cuttings 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 thresholded binary 

images corresponding to the plants for a given view. Scale bar is 6.5 cm. www.plant.org on May 2, 2016 - Published by www.plantphysiol.orgDownloaded from 
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Figure 4. Wider stems with enlarged wood region in stem sections of tetraploid willow 

plants. Chart shows 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 post hoc test) compared to 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 are collected at 120 cm from shoot tip of plants. Scale 

bar is 0.5 cm.
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Figure 5. The autotetraploid genomic constitution of energy willow increases the foliage 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 tetraploid willow plants grown in the greenhouse (n>37). D, Tetraploid 

willow plants produce more leaf biomass in comparison to diploid ones under greenhouse conditions 

(n>10). Based on Welch’s t-tests, statistically significant events compared to diploids 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 post-hoc comparisons made with the Tukey’s HSD test. Boxplot 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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Figure 6. Enhanced midrib-xylem development in leaves from tetraploid plants compared to 

diploid plant. Midrib cross sectional areas were measured by manually tracing white colored 

midrib regions sampled from the mid-point of each leaf.  Representative images of hand-

sectioned material are shown on bar chart. Scale bar 0.5 mm. Boxplot 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 post hoc test) compared to diploids are 

indicated below the sample labels as *** P<0.01.
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Figure 7. Tetraploid willow plants have enlarged palisade parenchyma cells. A, Comparison of leaf cross-sections from diploid 

and tetraploid willow plants. Calcofluor white stained cell wall fluorescence (blue) was merged with transmission images. 

Arrows indicate palisade parenchyma layer of leaves. Scale bar is 20 µm 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 100µm-

long distance (n=40). Boxplot 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. Statistically significant 

events (based on both Welch’s t-test and Tukey’s HSD post hoc test) compared to diploids are indicated below the sample 

labels as ***P<0.01 for both graphs.
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Figure 8. Tetraploid willow plants transpire more water as shown by the 
elevated stomata conductance in leaves. Leaf stomatal conductance 

th th(gs) measured on the 5 / 6  fully developed younger leaves (from top) of 
willow plants. The measurements were recorded in air CO  2

concentration of 400 ppm, leaf temperature of 22°C, and PAR of 400- 
-2 -1430 µmol photons m  s  (n=5). Boxplot 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 to diploids are indicated below the sample labels as *** 
P<0.01 and ** P<0.05. Underlined asterisks indicate the level of 
significance based on post-hoc comparisons made with the Tukey’s 
HSD test.
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Figure 9.  Autotetraploid willow plants absorb CO more efficiently 2 

from the atmosphere. The rate of net CO  fixation was measured 2
th thon the 5 / 6  fully developed young leaves (from top) of willow 

-2 -1plants at 400 - 430µmol photons m  s  light intensity, 22°C 
temperature and 400 ppm ambient CO  level (n=5). Boxplot center 2

th thlines show the medians; box limits indicate the 25  and 75  
percentiles; whiskers extend 1.5 times the interquartile range from 

th ththe 25  and 75  percentiles. Statistically significant events (based 
on both Welch’s t-test and Tukey’s HSD post hoc test) compared to 
diploids are indicated below the sample labels as ***P<0.01.
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Figure 10. Improved photosynthetic capacity of tetraploid willow plants as indicated by 

electron transport rates (ETR) of photosystems I and II measured on leaf samples. 

Simultaneous light response curves of ETR(I) and ETR(II) were measured in the dark adapted 
th th5 / 6  fully developed young leaves (from top) for both field and greenhouse genotypes by 

using DUAL PAM as described in Materials and Methods. A, ETR(I) under field conditions. B, 

ETR(II) under field conditions. Leaves of field-grown plants were collected in wet tissue, kept in 

ice box and ETR measurements were carried out within two hours of sample collection. C, 

ETR(I) under greenhouse conditions. D, ETR(II) under greenhouse conditions. Tetraploid 

willow genotypes are indicated as closed symbols and diploid genotype by open symbols. Data 

are mean ± SE of six independent plants per genotype. Based on Welch’s t-test, statistically 

significant events (for the highest PPFD measurement) compared to diploids are indicated next 

to corresponding data points as *** P<0.01, ** P<0.05 and * P<0.01. Underlined asterisks 

indicate the level of significance based on post-hoc comparisons made with the Tukey’s HSD 

test.
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Figure 11. Spider plot of chlorophyll fluorescence parameters deduced from 

OJIP fast kinetics measurements. The figure shows the values of initial (F ) o

and maximal (F ) fluorescence levels; the F /F  and the F /F  (maximal PSII m v m v o

quantum yield) ratios, the (1-V)/V parameter where V = (F  – F )/F ); the j j j 2ms o v

performance index (PI), the Area parameter, as well as the RC/ABS 
th thmeasured on 5 /6  young fully developed leaves. The data are shown for the 

tetraploid lines (open symbols) after normalization to respective value 

obtained in the diploid line (closed symbol). Data are mean ± SE of six to 

seven independent green house grown plants per genotype.
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Figure 12. Significant stimulation of root development after duplication of genome 

size of energy willow. A, Side and bottom view of roots from the diploid and the 

tetraploid (PP-E12) plants grown in soil in transparent wall plexiglass columns. Digital 

images were taken at the third week of cultivation. Scale bar is 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 during the early 

development. Boxplot 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 to diploids are indicated as **P<0.05 and *P<0.1. 

Underlined asterisks indicate the level of significance based on post-hoc comparisons 

made with the Tukey’s HSD test. n = 10 sample points. 
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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/plant, n=10). B, Experiment 2: Increased root biomass of 

tetraploid willow genotypes as compared to diploid plants based on dry weight measurements (g/plant, 

n=10). Boxplot 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 to diploids are indicated below the 

sample labels as *** P<0.01, ** P<0.05 and * P<0.12. Underlined asterisks indicate the level of significance 

based on post-hoc comparisons made with the Tukey’s HSD test. 
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Figure 14. Differences in root anatomy detected between diploid and tetraploid willow plants. A, 

Calcofluor white stained, hand sectioned roots (from maturation zone) of diploid and tetraploid 

plants were imaged using confocal laser scanning microscope. Note the larger cortical cells of the 

tetraploid samples. Scale bar is 50µm for all images. B, Cortical cells of diploid and tetraploid roots 

were manually traced on hand-sectioned material using Olympus Fluoview software and average 

cross-sectional areas of cortical cells were calculated and plotted for diploid and tetraploid samples 

(n>362). Boxplot 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. Statistically significant events (based on both Welch’s t-test and Tukey’s HSD 

post hoc test) compared to diploids are indicated below the sample labels as *** P<0.01.
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