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ABSTRACT 44 



Cellulose, the major component of secondary cell walls, is the most abundant renewable 45 

long-chain polymer on earth. Nanocellulose has become a prominent nano-46 

reinforcement agent for polymer matrices in various industries. We report the 47 

generation of transgenic hybrid poplar overexpressing the Arabidopsis gibberellin 20-48 

oxidase1 gene driven by a xylem-specific promoter to increase gibberellin (GA) 49 

biosynthesis in wood. X-ray diffraction (XRD) and sum frequency generation 50 

spectroscopic (SFG) analyses showed that cellulose in transgenic trees was less 51 

crystalline, but the crystal size was larger. The nanocellulose fibrils prepared from 52 

transgenic wood had an increased diameter compared to those from wildtype. When 53 

such fibrils were used as a reinforcing agent in sheet paper preparation, the mechanical 54 

strength of the paper was significantly enhanced. Engineering the GA pathway can 55 

therefore affect nanocellulose properties, providing a new strategy for expanding 56 

nanocellulose applications. 57 
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1. Introduction 74 



Cellulose is the principal component of both primary cell walls (PCWs) and 75 

secondary cell walls (SCWs) in plants. It is a linear polymer of b-1,4-linked glucans 76 

that aggregate to form microfibrils through intermolecular hydrogen bonds. Cellulose 77 

microfibrils are synthesized at the plasma membrane by the cellulose synthase (CESA) 78 

complex (CSC), proposed to have 18-24 CESA subunits (Gopal et al., 2015; Nixon et 79 

al., 2016; Thomas et al., 2013). During PCW deposition, the organization of cellulose 80 

microfibrils directs the orientation of cell expansion to control the growth and shape of 81 

cells (Paradez, Wright & Ehrhardt, 2006). After the PCW is formed, some cells, such 82 

as fiber cells and vessels in angiosperm stems, continue to form SCWs, inside which 83 

the interactions between cellulose, hemicelluloses and lignin produce a layered 84 

composite that enhances mechanical strength of the SCW. The SCWs are major 85 

resources for construction, pulp and paper, and textile fibers, and so on. SCWs contain 86 

a high concentration (40-50%) of cellulose, which is a versatile renewable material for 87 

chemical conversions, leading to wide applications of cellulosic biomass in industry 88 

and household products (Klemm, Heublein, Fink & Bohn, 2010). 89 

Nanocellulose is cellulose in the form of nanostructures with lateral dimension less 90 

than 100 nm. Nanocellulose has three sub-categories, cellulose nanocrystals (CNC), 91 

nanofibrillated cellulose (NFC), and bacterial nanocellulose (BNC), based on their 92 

synthesis, morphology, and other properties (Klemm et al., 2011). Due to its 93 

renewability, biodegradability, hydrophilicity, mechanical strength, and large surface 94 

area, nanocellulose is a promising material for industrial, technological, and biomedical 95 

applications (Bacakova et al., 2019; Klemm, Heublein, Fink & Bohn, 2010; Klemm et 96 

al., 2011; Trache et al., 2016). The high length-to-diameter ratio of nanocellulose is 97 

ideal to maximize interactions with surrounding matrix elements through hydrogen 98 

bonds, which enhances paper strength (Kajanto & Kosonen, 2012). The abundant 99 

hydroxyl groups exposed at the surface can be modified to give other properties, 100 

extending its potential industrial applications. 101 

Gibberellin (GA) is an important hormone controlling plant growth and 102 

development, including seed germination, embryogenesis, root and shoot elongation, 103 

and flowering (Schwechheimer, 2011). Since 1940, ‘the Green Revolution’ has 104 



substantially increased yields in staple crops. Genes that contribute to the ‘green 105 

revolution’ effects encode enzymes in the GA biosynthetic pathway and in the response 106 

to GAs (Hedden, 2002; Peng et al., 1999). In the GA biosynthetic pathway, seven 107 

enzymes, including ent-copalyl diphosphate synthase (CPS), ent-kaurene synthase (KS), 108 

ent-kaurenoic acid oxidase (KAO), ent-kaurene oxidase (KO), GA 20-oxidase 109 

(GA20ox), GA3ox, and GA2ox, catalyze trans-geranylgeranyl diphosphate (GGDP) to 110 

produce a variety of tetracyclic diterpenoid GA forms (Sakamoto et al., 2004) (Fig. 1A). 111 

Among these products, GA1, GA3, GA4 and GA7 are the major bioactive GAs 112 

(Binenbaum, Weinstain & Shani, 2018; Sun, 2011). GA20ox is a key enzyme in GA 113 

biosynthesis. GA20ox antisense transgenic Arabidopsis has a reduced abundance of 114 

GA4 and is a semi-dwarf, whereas GA20ox overexpression promotes Arabidopsis 115 

growth (Coles, Croker, García-Lepe, Lewis & Hedden, 1999; Huang, Raman, Ram, 116 

Fujiwara, Cerny & Brown, 1998; Zi, Mafu & Peters, 2014). 117 

GA is also an important factor controlling wood formation. A spray of GA 118 

stimulated cambial activity and increased xylem development (Digby & Wareing, 1966; 119 

Falcioni et al., 2018; Wareing, 1958). GA1 and GA4 are predominantly located in the 120 

zone of expansion of xylem cells, supporting its role in xylem differentiation (Israelsson, 121 

Sundberg & Moritz, 2005). Increased GA biosynthesis in trees by GA20ox 122 

overexpression promotes growth and increases biomass production, and increased 123 

xylem fiber length in transgenic trees (Cho et al., 2019; Eriksson, Israelsson, Olsson & 124 

Moritz, 2000; Jeon, Cho, Park, Han, Choi & Ko, 2016; Mauriat & Moritz, 2009). GA 125 

could relieve the interactions between SLR1 (a DELLA repressor of GA signaling) and 126 

NACs (master regulators of SCW formation), promoting cellulose biosynthesis (Huang 127 

et al., 2015). Since GA is the important hormone for regulating the biosynthetic process 128 

of cellulose, it is anticipated to play an important role on determining the cellulose 129 

structures, and then extending the potential application in high-value-added fields.  130 

Herein, the effects of GA on cellulose properties in wood were investigated in this 131 

paper, aiming to provide a novel function of GA on the crystallization and deposition 132 

of cellulose by overexpressing GA20 oxidase gene in poplar. The nanocellulose 133 

components were further extracted and comparatively studies, not only on 134 



physicochemical properties, but also on the application in paper production as additive, 135 

expecting to prove the potential of nanocellulose from engineered wood to improve 136 

paper properties. 137 

2. Materials and methods 138 

2.1. Transgenic production 139 

The AtGA20ox1 (AT4G25420) gene encoding gibberellin 20-oxidase1 was 140 

amplified from Arabidopsis cDNA with the primers ArGA20F (5¢-141 

TGCAGGATCCATGGCCGTAAGTTTCGTAAC-3¢) and ArGA20R (5¢-142 

TGCAGAGCTCTTAGATGGGTTTGGTGAGCC-3¢) and cloned into the pGEM@-T 143 

easy vector (Promega) for sequencing. The gene was excised from the pGEM-T easy 144 

vector by BamHI/SacI and inserted into pBI121 and pBI121-GT8D1P (Li et al., 2011), 145 

generating 35SP-GA20ox1 and 8D1P-GA20ox1, respectively. The vector constructs 146 

were transformed into Agrobacterium tumefaciens GV3101 and used for plant 147 

transformation of P. alba × P. galandulosa. 148 

2.2. Reverse Transcription-quantitative PCR (RT-qPCR) 149 

The differentiating xylem collection, total RNA extraction, and RT-qPCR analysis 150 

were conducted following our previous protocols (Wang et al., 2021). The primers used 151 

are ArGA20rF (5¢-GGACGCTTCTCCACCAAGCT-3¢) and ArGA20rR (5¢-152 

GTCCCAACGCATCGCAGAAG-3¢). 153 

2.3. Fiber length measurement 154 

Stem xylem pieces were boiled in water until they sank. The pieces were bleached 155 

in a mixture of equal volumes of 30% hydrogen peroxide and glacial acetic acid at 60 156 

°C for about 4 h. After samples were bleached, they were rinsed with distilled water 157 

several times. The fibers were separated from each other by shaking. After staining with 158 

10 g/L safranin, the length of 50 fibers was measured using an Olympus BX51 light 159 

microscope. 160 

2.4. Wood chemical composition determination 161 

Air-dried wood was ground with mills FW135 (Tianjin TaiSiTe Instrument Co. Ltd) 162 

and DFT-50A (Wenling LinDa Machinery Co. Ltd). Wood particles of 40~60 mesh 163 



were extracted with benzene/ethanol (2:1, v/v) for 10h. We determined the abundance 164 

and quality (Sluiter, Hames, Ruiz, Scarlata & Templeton, 2008) of cellulose, 165 

hemicelluloses and lignin. Cellulose and hemicelluloses were quantified by the HPAEC 166 

chromatography (Dinoex ICS3000) equipped with an AS50 autosampler, an ion 167 

exchange CarbopacTM PA-20 column (3 mm×150 mm, Dionex), a pulsed 168 

amperometric detector, and a PA-20 column (3 mm×30 mm, Dionex). High purity of 169 

D-(+)-glucose, D-(+)-xylose, D-(+)-galactose, D-(+)-arabinose, D-(+)-mannose, 170 

glucuronic acid and galacturonic acid were used as standards for calibration. Prior to 171 

injection, samples were filtered through 0.2 µm nylon filters (Millipore), and a volume 172 

of 25 µL was loaded onto the column, which was pre-equilibrated with 250 mM NaOH, 173 

and eluted with Milli-Q water at a flow rate of 1.1 mL min-1 with a gradient of water 174 

for 45 min, 200 mM NaOH for 15 min and water for 15 min. 175 

2.5. Quantitation of endogenous GAs 176 

The contents of endogenous GAs were determined at Wuhan MetWare 177 

Biotechnology Co., Ltd according to a reported method with minor modifications 178 

(Chen et al., 2012). Developing xylem was collected, frozen immediately in liquid 179 

nitrogen, and stored at -80 °C. Plant materials were ground to powder using a mill 180 

(NM400, Retsch). The powder (100 mg) was extracted in 1mL 80% (v/v) methanol at 181 

4 °C overnight, and each internal standard ([2H2]GA1, [2H2]GA3, [2H2]GA4, [2H2]GA7, 182 

[2H2]GA8, [2H2]GA9, [2H2]GA20 and [2H2]GA34) was added at 1ng/g before extraction. 183 

The extract solution was passed through the tandem SPE cartridges containing 50mg 184 

C18 sorbent and 200mg SAX sorbent, which was preconditioned with 8 mL H2O, 8mL 185 

methanol, and 8 mL 80% methanol. The C18 cartridge was removed, and the SAX 186 

cartridge was washed with 2 mL 80% methanol. The eluent, collected using 3 mL 187 

acetonitrile containing 1% formic acid, was evaporated under a mild nitrogen stream at 188 

40 °C and dissolved in 100 µL H2O. The resulting solution was acidified with formic 189 

acid and extracted twice with 1 mL ether. The ether phase was dried under nitrogen gas 190 

and dissolved in 100 µL acetonitrile. 10 µL triethylamine (TEA) (20 µmol/mL) and 10 191 

µL 3-bromoacteonyltrimethylammonium (BTA) bromide (20 µmol/mL) were added. 192 

The reaction solution was vortexed for 30 min at room temperature, evaporated under 193 



nitrogen, and re-dissolved in 200 µL 90% acetonitrile. A 10µL aliquot was analyzed 194 

using UPLC-MS/MS (Thermo Scientific Ultimate 3000-Thermo Scientific TSQ 195 

Quantiva), equipped with a Waters AXQUITY UPLC BEH C18 column. The mobile 196 

phases are (A) Water with 0.04% formic acid and (B) acetonitrile with 0.04% acetic 197 

acid. The program for the gradient is 90:10 (A:B, V/V) at 0 min, 85:15 at 20.0 min, 198 

60:40 at 20.0min, 20:80 at 22.0 min with flow rate of 0.35 mL/min and temperature at 199 

40 °C. 200 

2.6. X-ray Diffraction (XRD) 201 

Each sample was the bottom fragment of stems, which were ground with mills 202 

(FW135 and DFT-50A) to 40-60 mesh powders. The powder samples were extracted 203 

with benzene/ethanol (2:1) for 10 h and dried in a hood. Powder X-ray diffraction (XRD) 204 

measurements were carried out using an XRD-6000 instrument (Shimadzu). 205 

2.7. Sum frequency generation (SFG) spectroscopy 206 

Transverse microtome sections of 15 µm were prepared from the bottom part of 207 

stem (without bark) of 2-year-old field-grown trees. SFG analysis was as previously 208 

described (Abbas et al., 2020). 209 

2.8. Nanocellulose extraction 210 

Nanocellulose was prepared using TEMPO-mediated oxidation (Kuramae, Saito & 211 

Isogai, 2014). Wood powders (10 g) were suspended in 1 L H2O with TEMPO (0.16 g) 212 

and NaBr (12.7 g). TEMPO-mediated oxidation was started by adding 12% NaOCl 213 

solution in the prepared mixture, and adjusted to pH 10.0 using 0.1 M HCl. This process 214 

was carried out at RT with continuous strong stirring (500 rpm) for 12 h. During the 215 

reaction, the pH of the system was maintained at 10-10.5 by addition of 0.5 M NaOH. 216 

After washing and redispersing, the nanocellulose was obtained by ultrasonication of 217 

the TEMPO-oxidized sample for 1 h at 500 W. The resulting suspension was 218 

determined for the concentration to be 2 mg/mL and stored at 4 °C before use. 219 

2.9. Scanning Electron Microscope (SEM) 220 

Nanocellulose was made at a consistency of 0.002 wt% and sonicated to achieve a 221 

uniform dispersion. A few drops of nanocellulose suspension were deposited onto a 222 

glass slide or ultra-thin carbon type-A 400 mesh copper grids (Ted Pella). The 223 



nanocellulose suspension was vacuum-dried and observed via scanning electron 224 

microscopes (EM8000 and EM8100, Beijing KYKY TECHNOLOGY CO. Ltd), under 225 

the acceleration voltage of 10 kV and 15 kV for imaging and 200 kV for diffraction in 226 

BF mode. 227 

2.10. Atomic force microscopy (AFM) 228 

Nanocellulose suspension was prepared by further dilution with distilled water 229 

(0.01wt%) to allow measuring individual CNC from the AFM images, and a few drops 230 

were deposited onto a freshly cleaved mica plate (30 mm × 12 mm) and vacuum dried. 231 

AFM imaging was conducted using a scanning probe microscope (SPM) 9600 232 

(Shimadzu). Images of at least ten different regions of the mica plate were scanned for 233 

each sample, and no image processing except flattening was applied. Both amplitude 234 

and deflection images were collected simultaneously in tapping mode in air using 235 

commercial silicon cantilevers (Shimadzu) with a nominal frequency of 300 kHz and a 236 

nominal spring constant of 40 N m−1. 237 

2.11. Transmission electron microscopy (TEM) 238 

 239 

2.12. Lignin structural analysis by NMR 240 

Lignins were prepared using wood powders (40-60 mesh) following a previous 241 

protocol (Kim & Ralph, 2010) with modifications. Extract-free wood powders were 242 

subjected to two rounds of milling (450rpm, 30 min milling, 10 min rest) in a ball mill 243 

(Fritsch GmbH), and enzymatic hydrolysis use cellulolytic enzymes, followed by 244 

washing with dH2O and then air-drying. Double enzymatic lignin (DEL, 60 mg) was 245 

dissolved in DMSO-d6. 2-D HSQC experiment was acquired with a Bruker Avance 400 246 

MHz spectrometer using the standard pulse sequence hsqcetgpsi and with a spectral 247 

width of 4,000 Hz and 20000 Hz for proton and carbon dimensions respectively, 64 248 

scans, a data matrix of 1024 × 256 points, a recycle delay of 2.0 s and with an average 249 

1JC–H coupling constant set to 145 Hz. 250 

2.12. Sheet preparation and characterization 251 

Cellulose pulp was obtained by disintegration of 1.8 g (dry weight) pulp board and 252 

200 mL water using a lab pulp disintegrator (SKZ1025, SKZ Industrial) for 20 min. 253 

After a nanocellulose suspension was obtained (18 mL, 1 wt%), it was dispersed using 254 



a high-energy ultrasonicator for 10 min. The cellulose pulp was dispersed for another 255 

10 min. Then, the collected mixture was used to prepare a sheet using a British sheet 256 

former (Deju Vu Lab and Test Equipment Inc.) following the ISO standard 5269-2 257 

(2004). The sheets were stored in a weather chamber at 23 ℃ and 50% humidity for at 258 

least 24 h.  259 

The sheet samples were shaped into a strip of 60×5 mm for mechanical testing. The 260 

tensile strength was measured by an MTS Criterion Mode 43 from MTS Systems 261 

Corporation (Eden Prairie) following ISO standard 1924–3 (2014). The bursting 262 

strength was measured in a digital hydraulic board burst tester (Messmer Büchel) 263 

according to ISO standard 2759. To measure the cross-directional short span 264 

compressive strength, a short span compression tester (Messmer Büchel) was used and 265 

tested according to TAPPI T-826. 266 

3. Results 267 

3.1. Transgenic poplar overexpressing AtGA20ox1 268 

To study the effects of GA on wood properties, we selected AtGA20ox1, the only 269 

GA20ox gene expressed in Arabidopsis stems (Phillips et al., 1995; Rieu et al., 2008), 270 

for overexpression in P. alba × P. glandulosa using two promoters, the CAMV 35S 271 

promoter and the xylem-specific glycosyltransferase 8D1 (GT8D1) promoter (Li et al., 272 

2011). The transgenic lines, named 35S and 8D1, were maintained in a growth room. 273 

Faster growth was observed for both transgenics compared to wildtype (WT) (Fig. S1, 274 

table S1). When the transgenics were moved to a field on campus, nearly half of the 275 

35S transgenics died, whereas all 8D1 transgenics survived. Root growth was more 276 

severely affected in the PdGA20ox1 overexpression transgenics with the 35S promoter 277 

than plants modified by the xylem-specific promoter (Jeon, Cho, Park, Han, Choi & 278 

Ko, 2016). Our study also showed that the 8D1 transgenics displayed better tolerance 279 

than the 35S transgenics when they were subjected to a sudden undesirable environment, 280 

which may be due to effects on root growth. 8D1 transgenics were selected for further 281 

analysis. The fiber cells in 8D1 transgenics had increased length compared to those in 282 

WT (Fig. S2), consistent with the previous study (Eriksson, Israelsson, Olsson & Moritz, 283 



2000). 284 

 285 
Fig. 1. Increased gibberellin biosynthesis by AtGA20ox1 overexpression in the 286 

differentiating xylem of poplar. (a) Gibberellin biosynthetic pathway. The pathway for 287 

biosynthesis of some active GAs, and their catabolic fates, are shown. GA34, GA51, 288 

GA29, and GA8 are catabolic products of GA. The basic structure of ent-gibberellane 289 

with the numbering system of the carbons is shown at the top. GGPP, geranylgeranyl 290 

diphosphate; CPP, ent-copalyl diphosphate. (b) Quantification of GAs in the 291 

differentiating xylem of wildtype (WT) and transgenic poplar lines 16 (8D1-16) and 17 292 

(8D1-17), in which AtGA2ox1 was driven by a xylem-specific PtrGT8D1 promoter. 293 

Asterisks indicate significant differences by Dunnett’s multiple comparisons test (***, P 294 

< 0.001, ****, P < 0.0001). 295 

RT-qPCR confirmed the overexpression of AtGA20ox1 in the differentiating xylem 296 

of 8D1 transgenics (Fig. S3). We determined the content of 8 GAs in the differentiating 297 

xylem of lines 16 and 17 (named 8D1-16 and 8D1-17) that had the highest AtGA20ox1 298 

overexpression (Fig. 1B, table S2). Among the 8 GAs, GA3 and GA7 were undetectable. 299 

We observed an increase of GA9, GA4 and GA34 that are GA derivatives in the non-13-300 

hydroxylation pathway, whereas the 13-hydroxylation pathway derivatives GA20, GA1 301 

and GA8 were decreased. Overexpression of Arabidopsis GA20ox1 in the xylem of 302 

poplar only promoted flux in the non-13-hydroxylation pathway. 303 



 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

Fig. 2. Structural analysis of cellulose in stems of WT, 8D1-7, 8D1-16, and 8D1-17. (a) 314 

X-ray diffractograms of stem powders. The crystal size and crystallinity calculated from 315 

Rietveld refining (Fig. S4) are shown in the inset table. (b) SFG spectra of cellulose in 316 

cell walls. The SFG spectra were obtained by averaging hyperspectral image of 7 317 

random areas (~50 µm ´ ~50 µm) of xylem fiber cell walls at per each line. The inset 318 

compares the relative area of the 2944 cm-1 peak, which is the characteristic mode of 319 

crystalline cellulose. Note that the XRD crystallinity and SFG intensity of cellulose do 320 

not measure the absolute amount of crystalline cellulose in the sample, but they can still 321 

be compared for qualitative trends among samples (Lee et al., 2015). 322 

3.2.  Effect on cellulose deposition by AtGA20ox1 overexpression 323 

GA regulates cellulose synthesis through the DELLA-NAC-MYB61 cascade in rice, 324 

and GA treatment caused an increase of cellulose abundance (Huang et al., 2015). Our 325 

compositional analysis (Table 1) of the wood from 2-year-old field-grown trees showed 326 

the cellulose content in the three transgenics lines (8D1-7, -16 and -17) was 40.33-327 

40.93%, which was slightly reduced compared to WT (44.38%). We used X-ray 328 

diffraction (XRD) to examine change in cellulose crystallinity using ground powders 329 

(Fig. 2A). The Rietveld refining of the XRD data (Fig. S4) indicated that the cellulose 330 

in transgenic trees was less crystalline, but the crystal size was larger (Table in Fig. 2A). 331 

In order to verify the decrease in XRD crystallinity, we used sum frequency generation 332 

(SFG) vibrational spectroscopy. The SFG signal intensity of cellulose in individual 333 

xylem fiber cell walls was lower in the transgenic tree stems compared to the WT (Fig. 334 

2B). The theoretical SFG intensity calculated using the XRD crystal size and 335 
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crystallinity (Fig. S4) matched well with the experimental result. 336 

3.3 Overexpression of GA oxidase increased nanocellulose diameter.  337 

 338 

Fig. 3. Images of nanocellulose under SEM and AFM. (a) SEM images of nanocellulose 339 

from WT, 8D1-16 and 8D1-17. (b) Statistical analysis of nanocellulose diameter. (c) 340 

AMF image of nanocellulose (first layer) and their size distribution of diameter (second 341 

layer). WT: wild type; 8D1-16: Transgenic poplar line 16 of overexpression of 342 

AtGA20ox1 using PtrGT8D1 promoter. 8D1-17: Transgenic poplar line 17 of 343 

overexpression of AtGA20ox1 using PtrGT8D1 promoter. Note that in c, the diameters 344 

were measured from the lateral line profiles obtained with the same tip; thus the degree 345 

of tip radius artifact is the same in all three data sets. 346 
 347 

We then prepared nanocellulose from wood powders of WT and the transgenic lines 348 

16 and 17 using TEMPO (2,2,6,6-tetramethylpiperidine-1-oxy radical)-mediated 349 



oxidation (Kuramae, Saito & Isogai, 2014), and obtained cellulose nanocrystals (CNCs). 350 

The CNCs were examined using scanning electron microscopy (SEM) and atomic force 351 

microscopy (AFM). The SEM images showed that nanocellulose from transgenic wood 352 

had a larger diameter than that from WT (Fig. 3A). The nanocelluloses from WT were 353 

aggregated and interlaced, and their diameter range was 25-39 nm, with a majority at 354 

26-35 nm range, whereas the nanocellulose diameter from transgenic lines 16 and 17 355 

ranged from 61-120 nm (Fig.3B). Under AFM, the transgenic nanocellulose had a 356 

diameter distribution of 40-70nm, whereas the diameter of WT nanocellulose varied 357 

from 20-45 nm (Fig. 3C), consistent with SEM observations. 358 

3.3. The application of nanocellulose in improving paper properties 359 

Nanocellulose has been used as a reinforcing agent in paper handsheet preparation. 360 

To investigate whether the increase in nanocellulose diameter improved the mechanical 361 

properties of paper, we added transgenic and WT nanocellulose into the spruce pulp at 362 

5% loadings for sheet preparation, and measured tensile strength, bursting strength, 363 

folding endurance, and stretch strain of the papers (Batch 1 in Table 2). The tensile 364 

strength of handsheets increased from 60.1 Nm/g to 64.4 Nm/g with the addition of 365 

nanocellulose from WT, and this strength was further increased to 72.3Nm/g and 70.3 366 

Nm/g, respectively, when the nanocellulose from 8D1-16 and 8D1-17 were added. 367 

Paper bursting strength and folding endurance were also significantly increased when 368 

the transgenic nanocellulose was added. We also observed that adding nanocellulose 369 

from WT increased paper stretch; the paper prepared with addition of transgenic 370 

nanocellulose had relatively lower stretch than the paper with WT nanocellulose 371 

however. When nanocellulose was added in recycled pulp, we also observed increased 372 

tensile strength, bursting strength, and folding endurance for the paper made with 373 

addition of transgenic nanocellulose (Batch 2 in Table 2). 374 

3.4.  Overexpression of GA oxidase resulted in increased lignin content, S/G ratio, β–375 

O–4 and β–β linkages 376 

We also examined the effect on lignin biosynthesis by AtGA20ox1 overexpression. 377 

We observed that lignin content was slightly increased in the transgenic wood (Table 378 

1). Compositional and structural characteristics of the isolated double enzymatic lignins 379 

(DELs) were analyzed by 2D-HSQC NMR (Fig. S5). For the typical linkages, β-ether, 380 

resinol, and phenylcoumaran lignin units, an increased content of β–O–4 and β–β 381 



interunit linkages and a decreased content of β–5 linkages were observed in the 382 

transgenic wood. This wood had also showed an increased S/G ratio, consistent with 383 

the elevated β-ether content. The elevated S/G ratio was in agreement with the reduced 384 

amount of β-unit level in these trees (8D1-16, 8D1-17 and 8D1-7) because β–5 linkages 385 

require at least one G unit. These lignin structural changes could explain the increased 386 

saccharification in the GA20ox overexpression transgenic poplar following alkaline 387 

pretreatment at 120 °C (Cho et al., 2019). 388 

4. Discussion 389 

In this study we overexpressed a GA20 oxidase gene from Arabidopsis, in which 390 

this gene is a member of five in the pathway of gibberellin biosynthesis, affecting 391 

vegetative growth and early reproductive development. We investigated the effects of 392 

GA on wood formation in a poplar hybrid to observe how genetic modification of GA 393 

abundance might alter tree growth or wood formation. In previous work, 394 

overexpressing either Arabidopsis AtGA20ox1 or Pinus densiflora PdGA20ox1 in 395 

poplar promoted height and diameter growth, and the enhanced woody biomass features 396 

were thought to be caused by a GA-mediated increase in cambial activity (Eriksson, 397 

Israelsson, Olsson & Moritz, 2000; Jeon, Cho, Park, Han, Choi & Ko, 2016; Mauriat 398 

& Moritz, 2009). PdGA20ox1 overexpression in a xylem-preferential pattern also 399 

promotes tree growth and biomass. We used the promoter of PtrGT8D1, which encodes 400 

the essential enzyme for xylan biosynthesis in SCWs, for xylem-specific 401 

overexpression of AtGA20ox1 in a poplar hybrid, and observed increased tree growth 402 

and longer fiber cells as in previous studies (Eriksson, Israelsson, Olsson & Moritz, 403 

2000; Jeon, Cho, Park, Han, Choi & Ko, 2016; Mauriat & Moritz, 2009). Our results 404 

confirmed that manipulation of GA biosynthesis and signal transduction is a major 405 

target for improvement in trees, to increase biomass and fiber length. 406 

   GA has been implicated in cellulose biosynthesis and cell expansion, which should 407 

influence cellulose deposition (Bringmann, Li, Sampathkumar, Kocabek, Hauser & 408 

Persson, 2012; Huang et al., 2015; Petti, Hirano, Stork & DeBolt, 2015). Although we 409 

did not observe increased cellulose biosynthesis, we observed that the overexpression 410 



of AtGA20ox1 increased the cellulose crystal size while decreasing the overall 411 

crystallinity. We also observed that the nanocellulose obtained from the transgenics had 412 

larger diameters than WT, indicating the novel effect of GA on cellulose deposition in 413 

wood cell walls. The increased diameter of isolated nanocellulose implicates enhanced 414 

bundling of cellulose microfibrils in vivo. The fact that the diameters of isolated 415 

nanocellulose fibers are significantly larger than XRD crystal size of cellulose means 416 

that TEMPO agents are not able to penetrate the space between the elementary fibrils. 417 

That could also support “more/better bundling” of cellulose microfibrils in the xylem 418 

cell walls of 8D1 transgenic trees. 419 

Unlike the previous studies, we did not observe significantly increased cellulose 420 

biosynthesis in 8D1 transgenics. When AtGA20ox1 was overexpressed in poplar using 421 

the CAMV 35S promoter, GAs were quantified in the internodes 7 and 8, with the upper 422 

leaves included, and both 13-hydroxylated C19 GAs (GA1, GA20 and GA8) and non-423 

13-hydroxylaed GAs (GA4, GA9 and GA34) were increased (Eriksson, Israelsson, 424 

Olsson & Moritz, 2000). In differentiating xylem of the 8D1 transgenics, the content of 425 

non 13-hydroxylated GAs was increased, but the content of 13-hydroxylated GAs was 426 

decreased. The different effect of AtGA20ox1 overexpression on GA biosynthesis 427 

between 35S promoter and GT8D1 promoter may be due to differential activity of 428 

promoters or different sample locations. The difference in GA biosynthesis and 429 

phenotype between 35S:AtGA20ox1 (Eriksson, Israelsson, Olsson & Moritz, 2000) and 430 

8D1:AtGA20ox transgenic indicated that different GA forms may have different 431 

functions. Elevation of GA4, the major biologically active GA, in the differentiating 432 

xylem in the transgenics, supports its role in promoting fiber cell elongation. It is 433 

possible that GA4 plays a role in the bundling of cellulose microfibrils, and that the 434 

decreased cellulose crystallinity is caused by the decrease of GA1. Further 435 

investigations may be needed to elucidate the specific roles of the biologically active 436 

GAs during wood formation. 437 

Nanocellulose may be employed as a thickening agent or stabilizer during 438 

papermaking (Boufi, Gonzalez, Delgado-Aguilar, Tarres, Pelach & Mutje, 2016) for its 439 

hydrophilic property, facilitating the distribution of fibers in aqueous solution. Addition 440 



of nanocellulose at 1% and 2% significantly increased the tensile strength of paper 441 

(Kajanto & Kosonen, 2012). With the addition of 5% TEMPO-oxidized nanocellulose 442 

in laboratory CTMP handsheets, the bursting strength and tensile index were increased 443 

by almost 200% and 20%, respectively (Heijnesson Hulten, Basta, Samuelsson, 444 

Greschik, Ander & Daniel, 2012). Our study confirmed that the addition of 445 

nanocellulose from WT could improve paper properties. As compared to the 446 

nanocellulose from WT, the nanocellulose from the transgenic poplar hybrid displayed 447 

further improvements on the paper mechanical properties. Except paper stretch was 448 

reduced, and this reduction could be attributed to the shorter length of nanocellulose 449 

from GA transgenics. The major characteristic of the nanocellulose from the GA 450 

transgenics was the larger diameter, which may be the reason for the improved tensile 451 

strength of paper upon the addition of 5% nanocellulose. Further experiments will be 452 

carried out to investigate how paper mechanical properties are improved when we use 453 

pulp made from transgenic wood in papermaking. Considering the wide ranging 454 

applications, the nanocellulose from these transgenics is promising for nanocellulose-455 

based products, such as in biomedicine. 456 

5. Conclusions 457 

In this study, we observed that cellulose in AtGA20ox1 overexpression transgenic 458 

wood had increased cellulose crystal size but with decreased overall crystallinity, 459 

demonstrating novel effects of GA on the structural properties of wood cellulose, and 460 

providing evidence to support our hypothesis that hormone GA regulate the formation 461 

of cellulose structure. Engineering of GA biosynthesis in poplar resulted in an increased 462 

diameter of isolated nanocellulose, which could provide the extra mechanical properties 463 

of the obtained paper, further expanding the application of cellulose as high-value 464 

additives. Overexpression of GA oxidase in differentiating xylem also resulted in 465 

increases in lignin content, the S/G ratio and in β–O–4 and β–β linkages. Further 466 

investigations are needed to elucidate the mechanism on how GAs control cellulose 467 

structures, such as crystallinity, and to assess the feasibility of different nanocellulose 468 

as composite materials in various nanocellulose-based products.  469 
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Figure legends 

Fig. 1. Increased gibberellin biosynthesis by AtGA20ox1 overexpression in the 

differentiating xylem of poplar. (a) Gibberellin biosynthetic pathway. The pathway for 

biosynthesis of some active GAs, and their catabolic fates, are shown. GA34, GA51, 

GA29, and GA8 are catabolic products of GA. The basic structure of ent-gibberellane 

with the numbering system of the carbons is shown at the top. GGPP, geranylgeranyl 

diphosphate; CPP, ent-copalyl diphosphate. (b) Quantification of GAs in the 

differentiating xylem of wildtype (WT) and transgenic poplar lines 16 (8D1-16) and 17 

(8D1-17), in which AtGA2ox1 was driven by a xylem-specific PtrGT8D1 promoter. 

Asterisks indicate significant differences by Dunnett’s multiple comparisons test (***, P 

< 0.001, ****, P < 0.0001). 

Fig. 2. Structural analysis of cellulose in stems of WT, 8D1-7, 8D1-16, and 8D1-17. (a) 

X-ray diffractograms of stem powders. The crystal size and crystallinity calculated from 

Rietveld refining (fig. S4) are shown in the inset table. (b) SFG spectra of cellulose in 

cell walls. The SFG spectra were obtained by averaging hyperspectral image of 7 

random areas (~50 µm ´~50 µm) of xylem fiber cell walls at per each line. The inset 

compares the relative area of the 2944 cm-1 peak, which is the characteristic mode of 



crystalline cellulose. Note that the XRD crystallinity and SFG intensity of cellulose do 

not measure the absolute amount of crystalline cellulose in the sample, but they can still 

be compared for qualitative trends among samples (Lee et al., 2015). 

Fig. 3. Images of nanocellulose under SEM and AFM. (a) SEM images of nanocellulose 

from WT, 8D1-16 and 8D1-17. (b) Statistical analysis of nanocellulose diameter. (c) 

AMF image of nanocellulose (first layer) and their size distribution of diameter (second 

layer). WT: wild type; 8D1-16: Transgenic poplar line 16 of overexpression of 

AtGA20ox1 using PtrGT8D1 promoter. 8D1-17: Transgenic poplar line 17 of 

overexpression of AtGA20ox1 using PtrGT8D1 promoter. Note that in c, the diameters 

were measured from the lateral line profiles obtained with the same tip; thus the degree 

of tip radius artifact is the same in all three data sets. 
 

 
 



Table 1. Wood composition of AtGA20ox1 overexpression transgenic P. alba × P. glandulosa 

Lines Cellulose 
Hemicelluloses Lignin 

Arabinan Galactan Xylan Mannan Galacturonic 
acid 

Glucuronic 
acid 

Acid 
soluble 

Acid 
insoluble 

Total 
lignin 

WT 44.38±0.44 1.15±0.02 1.28±0.01 11.58±0.10 0.19±0.01 1.60±0.02 2.15±0.02 5.44±0.36 16.25±0.97 21.69±0.60 

8D1-7 40.93±1.45* 1.08±0.02** 1.18±0.05* 12.19±0.23* 0.23±0.01** 1.63±0.02 2.09±0.02* 6.26±0.02* 17.80±0.23 24.06±0.24** 

8D1-16 40.33±0.21*** 1.09±0.01** 1.14±0.01*** 12.53±0.06*** 0.25±0.01*** 1.67±0.01** 2.08±0.01** 6.23±0.03* 18.27±0.01* 24.50±0.04** 

8D1-17 40.85±0.20*** 1.09±0.01** 1.15±0.01*** 12.83±0.20*** 0.26±0.01*** 1.69±0.02** 2.09±0.02* 6.23±0.01* 18.46±0.36* 24.69±0.36** 
Results are represented as value means (w/w) ± standard errors (SE). SE is based on three biological replicates. Values are expressed 
as weight percent based on vacuum-dried extractive free wood weight. Asterisks show significant differences by the Student’s test 
(*, P < 0.05; **, P < 0.01; ***, P < 0.001). WT: wild type; 8D1-16: Transgenic poplar line 16 of overexpression of AtGA20ox1 using 
the PtrGT8D1 promoter. 8D1-17: Transgenic poplar line 17 showing overexpression of AtGA20ox1 using the PtrGT8D1 promoter. 
 

 

 

 

 

 

 

 

 

 



Table 2. Sheet properties 

 

 Without adding 
CNC 

Adding CNC 
from WT1 

Adding CNC 
from WT2 

Adding CNC 
from 8D1-16 

Adding CNC 
from 8D1-17 

Batch 1 
Using 
spruce 
pulp 

Folding endurance (time) 161±11.55 210±7.80 170±7.20 228.2±9.50* 242±7.07** 
Tensile index (Nm/g) 60.1±0.78 64.52±0.49 64.3±0.69 70.28±1.01**** 72.3±0.62**** 
Stretch (mm) 2.92±0.10 3.47±0.06 3.34±0.17 2.75±0.07*** 2.92±0.04* 
Bursting strength (Kpa) 234.50 242.00 241.10 255.20 251.40 

Batch 2 
Using 
recycled 
pulp 

Folding endurance (time) 6.85±0.03 n/m 9.90±0.01 13.70±0.18**** 13.29±0.15**** 
Tensile index (Nm/g) 0.46±0.00 n/m 0.67±0.00 0.91±0.01** 0.89±0.00**** 
Bursting strength (Kpa) 240.00 n/m 243.50 261.70 256.20 

Results are represented as value means (w/w) ± standard errors (SE). SE represents at least three independent analyses, except 
bursting strength. Significant difference between two transgenic lines and WT was determined by Tukey’s multiple 
comparisons test (*, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001). Stretch is not measured in batch 2 because the paper 
made from recycled pulp always broke. WT1 and WT2: wild type; 8D1-16: Transgenic poplar line 16 of overexpression of 
AtGA20ox1 using PtrGT8D1 promoter. 8D1-17: Transgenic poplar line 17 of overexpression of AtGA20ox1 using PtrGT8D1 
promoter. n/m; not measured. The nanocellulose used for batches 1 and 2 were prepared independently. 
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