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Abstract  33 

The recalcitrant nature of lignocellulosic biomass is a combined effect of several factors such as high 34 

crystallinity and high degree of polymerization of cellulose, lignin content and structure, and the available 35 

surface area for enzymatic degradation (i.e., accessibility). Genetic improvement of feedstock cell wall 36 

properties is a path to reducing recalcitrance of lignocellulosic biomass and improving conversion to 37 

various biofuels. An advanced understanding of the cellulose biosynthesis pathway is essential to 38 

precisely modify cellulose properties of plant cell walls. Here we report on the impact of modified 39 

expression of candidate cellulose biosynthesis pathway genes on the ultra-structure of cellulose, a key 40 

carbohydrate polymer of Populus cell wall using advanced nuclear magnetic resonance approaches. 41 

Noteworthy changes were observed in the cell wall characteristics of downregulated KORRIGAN 1 42 

(KOR) and KOR 2 transgenic plants in comparison to the wild-type control. It was observed that all of the 43 

transgenic lines showed variation in cellulose ultrastructure, increase in cellulose crystallinity and 44 

decrease in the cellulose degree of polymerization. Additionally, the properties of cellulose allomorph 45 

abundance and accessibility were found to be variable. Application of such cellulose characterization 46 

techniques beyond the traditional measurement of cellulose abundance to comprehensive studies of 47 

cellulose properties in larger transgenic and naturally variable populations is expected to provide deeper 48 

insights into the complex nature of lignocellulosic material, which can significantly contribute to the 49 

development of precisely tailored plants for enhanced biofuels production. 50 
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1. Introduction 59 

In recent years biofuels have emerged as a clean, domestic and sustainable energy resource to 60 

meet growing demands and to displace fossil fuel consumption [1, 2]. In addition to energy security, 61 

biofuels offer a large potential in mitigating issues related to climate change. Of the various competing 62 

biomass to biofuels technologies, the biochemical conversion of lignocellulosic biomass to biofuels is 63 

being widely developed. For second-generation biofuels, non-edible lignocellulosic materials are 64 

currently pursued as a favorable substrate for the production of biofuels and other specialty chemicals [3, 65 

4].  66 

Lignocellulosic biomass is primarily composed of cellulose, hemicellulose and lignin, which in 67 

combination comprise the complex plant cell wall [5]. Cellulose is a linear polymer of D-glucose units 68 

linked by β-1,4-glycosidic bonds, where the hydroxyl groups in each unit form intra- and inter-molecular 69 

hydrogen bonds that stiffen the chain and give it a rigid and partially crystalline structure. This 70 

crystallinity gives cellulose a more ordered structure that limits enzyme accessibility during 71 

saccharification[6, 7]. Hemicellulose, on the other hand, is a complex carbohydrate structure composed of 72 

various five and six carbon sugars such as xylose, arabinose, glucose, galactose and mannose. 73 

Hemicellulose essentially provides the entire cell wall with more rigidity by interacting with cellulose 74 

micro-fibrils and cross-linkages with lignin [8]. Lignin, the third primary component of the secondary 75 

plant cell wall, is a polyphenolic polymer attached to hemicelluloses [9] and is highly resistant to 76 
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enzymatic degradation. Lignin hinders plant cell wall deconstruction by inhibiting the accessibility of β-77 

glucosidases and other enzymes to cellulose [10]. Consequently, the bioconversion of complex 78 

carbohydrates derived from lignocellulosic biomass remains challenging. Recalcitrance then is the result 79 

of several factors including 1) high crystallinity and degree of polymerization (DP) for cellulose, 2) lignin 80 

content/structure and 3) the accessible surface area available to enzymatic hydrolysis [11].  81 

Recalcitrance can drive the cost of the entire cellulosic biofuels conversion process higher and 82 

thus pose challenging commercialization issues. One of the promising options to tailor the properties of 83 

feedstocks is via genetic modification of plant cell wall chemistry and structure [12]. Genetically 84 

modified plant biomass is expected to require milder pretreatment conditions and lower enzyme dosages 85 

for release of fermentable sugars. Such modifications are expected to substantially reduce the capital costs 86 

associated with the production of biofuels from lignocelluloses and thus pave a way for 87 

commercialization. Genetic manipulation of feedstocks, such as switchgrass [13], aspen [14], tobacco 88 

[15] and alfalfa [16], have been reported to significantly reduce recalcitrance. Several researchers have 89 

that shown manipulating cellulose biosynthesis in tobacco resulted in 30% enhancement in cellulose 90 

content and 20% increase in overall biomass yield [17, 18]. And, Guo et al. [16] reported a strong 91 

negative correlation between the lignin content and sugar release in transgenic alfalfa compared with 92 

wild-type controls. A recent study from Foston et al. reported a three-fold increase in the sugar release 93 

from Populus tension wood, which was in part due to the increase of cellulose accumulation in the G-94 

layer [19]. Further aspects of cellulose biosynthesis have been discussed in detail in numerous previous 95 

publications [20, 21]. 96 

While it is recognized that an advanced understanding of the cellulose biosynthesis pathway is essential to 97 

precisely modify the properties of usable fraction of plant cell walls, the use of traditional cellulose 98 

characterization, generally restricted to quantitation of cellulose, merits the develop and application of 99 

new characterization methods. Therefore, we focused on two KORRIGAN (KOR)-like candidate cellulose 100 

biosynthesis pathway genes, belonging to the endo-1,4-beta-D-glucanase gene family in order to evaluate 101 

the value of using advanced nuclear magnetic resonance (NMR) techniques. Cellulose substrate is from 102 
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Uridine 5ˈ-diphosphate (UDP)-glucose, which is derived from sucrose after hydrolysis by either invertase 103 

or sucrose synthase following phosphorylation through UDP-glucose pyrophosphorylase [UGPase, 22]. 104 

Using the proposed sitosterol β-glycosides as a primer, Cellulose synthase (CesA) along with other 105 

interacting proteins such as endo-1,4-β-glucanases (EGase) form cellulose chains [23, 24].  106 

KOR, a plasma-membrane-bound EGase has been found to be highly associated with cellulose 107 

synthesis and is required for normal cell wall assembly, cell elongation and proper xylem development 108 

[25], as well as maintenance of cellulose crystallinity [26]. Protein modeling suggests that KOR is an 109 

integral part of CesA complex; however, this has not been confirmed in the co-precipitations studies that 110 

alternatively suggest that KOR function in post deposition stages [25, 27] 111 

Substantial advances have recently been made in our understanding of the cellulose biosynthesis 112 

pathway and our ability to obtain value-added cellulose from biomass for production of second-113 

generation biofuel. Several properties of cellulose, such as crystallinity, allomorph distribution, micro-114 

fibril size and degree of polymerization have previously been reported to influence the biomass 115 

saccharification efficiency [28]. A recent study by Payyavula et al. [29] indicated that cellulose 116 

biosynthesis Populus RNAi transgenic lines of KORRIGAN (PdKOR1, and PdKOR2) showed important 117 

changes in xylem cell wall formation resulting in significantly reduced plant height, supporting the 118 

functional roles for PdKOR1, and PdKOR2 in cell wall formation and for altering biomass composition 119 

and differential carbon allocation in an entire plant.  120 

Using advanced NMR techniques, we investigated cellulose properties, such as cellulose quantity, 121 

crystallinity, degree of polymerization, allomorph abundance and accessibility, in the native and 122 

transgenic lines of model bioenergy plant, Populus. The results presented here provide valuable insights 123 

for developing improved biomass species with improved cell wall traits, which in turn, can be leveraged 124 

for development of precisely tailored plants for enhanced biofuels production. 125 

 126 

2. Methods 127 
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2.1 Generation of transgenic plants 128 

Roughly 200 bp 3`UTR region specific to each isoform, PdKOR1 (Poptri.003G151700; primer F: 129 

CACCCCCGGGGCTGCAATAGAGTTTGGACTT, 130 

R:TCTAGATACTAAGTATATCACAAAATCAGACAGA) and PdKOR2 (Poptri.001G078900, primer 131 

F: CACCCCCGGGGTAAAGATAATGCGACTCCA, R: 132 

TCTAGACATATCATACACATATACTATTTATATCAA), was amplified from Populus deltoids (and 133 

RNAi construct was developed in the pAGSM552 binary vector. Plant transformation was performed at 134 

ArborGen LLC, Ridgeville, SC using Agrobacterium method. More than 15 independent transgenic lines 135 

were analyzed in our preliminary study. Additional studies including estimation of cellulose structural 136 

differences were performed on two selected transgenic lines for each isoform (PdKOR1-1, PdKOR1-2, 137 

PdKOR2-1 and PdKOR2-2). Initially, plants were propagated in small tubes (0.5 L) until it reaches 40-50 138 

cm, after which they were moved to bigger pots (6 L). Five ramets of each clonally replicated transgenic 139 

line and control (i.e., empty vector transformed plants) were grown in a greenhouse at ORNL maintained 140 

at 25oC, 16 h light for approximately 180 days. Actively growing stems of transgenic and control Populus 141 

lines were destructively sampled, air dried and stored until used for further cellulose characterization 142 

studies. 143 

2.2 Sample preparation for cellulose analysis 144 

Stems of transgenic and control Populus were ground in a Wiley mill to pass through an 840 145 

micron sieve. The milled samples were stored at 20°C until needed. Samples were extracted with 146 

dichloromethane (6 x-70 mL) in Foss Soxtec unit (SoxtecTM 2050) at 80°C following a 4-step extraction 147 

procedure. 148 

2.3 Cellulose and hemicellulose isolation 149 

Delignification of Populus sample was performed using peracetic acid as reported earlier [30]. In 150 

brief, ground and extractive-free Populus samples (0.6 g) were mixed with peracetic acid (2.1 g) and 151 

deionized water (4.8 mL). This mixture was then stirred at 25°C for 24 h followed by repeated 152 

centrifugation and washing with deionized water to isolate the holocellulose samples. Cellulose was 153 
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isolated from the holocellulose (0.10 g) by extraction with a 17.5% NaOH solution (5 mL) at 25°C for 2 154 

h. The mixture was diluted to 8.75% NaOH solution by addition of 5 mL of deionized water and repeated 155 

stirring at 25°C for an additional 2 h. The isolated α-cellulose samples were then collected by 156 

centrifugation, washed with 50 mL of 1% acetic acid and an excess of deionized water and air-dried. For 157 

hemicellulose isolation, the supernatant obtained above, was poured into a mixture of ethanol:acetic acid 158 

(70:30, v:v). The supernatant was removed by centrifugation and the precipitated hemicellulose was again 159 

washed with a mixture of ethanol: acetic acid (70:30, v: v) and air-dried for analysis. 160 

Sample preparation for solid-state nuclear magnetic resonance  161 

The cellulose samples for NMR were prepared from the transgenic and control Populus lines 162 

from the holocellulose sample (1.0 g) by hydrolysis for 4 h in HCl (100 mL of 2.5 M) at reflux. The 163 

isolated α-cellulose samples were then collected by filtration rinsed with an excess of deionized water and 164 

dried in a fume hood. 165 

2.4 Solid-state NMR analysis  166 

For NMR analysis, 4-mm cylindrical ceramic MAS rotors were filled with the isolated α-167 

cellulose. Solid-state NMR measurements were carried out on a Bruker Avance-400 spectrometer 168 

operating at a frequency of 100.55 MHz for 13C in a Bruker double-resonance MAS probe at spinning 169 

speeds of 10 kHz. CP/MAS experiments utilizing a 5 ms (90°) proton pulse, 1.5 ms contact pulse, 4 s 170 

recycle delay and 4-8 K scans. All spectra were recorded on equilibrated moisture samples (~35% water 171 

content). The line-fitting analysis of spectra was performed using NUTS NMR Data Processing software 172 

(Acorn NMR, Inc.).  173 

2.5 Gel Permeation Chromatography analysis of cellulose 174 

The weight-average molecular weight were determined by gel permeation chromatography (GPC)  175 

after tricarbanilation of cellulose [31]. Cellulose (15 mg) from each sample was placed in separate test 176 

tubes equipped with micro stir bars and dried overnight under vacuum at 40°C. Each test tube was capped 177 

with rubber septa, anhydrous pyridine (4 mL) and phenyl isocyanate (0.5 mL) were added sequentially 178 

via syringe and the test tubes were placed in an oil bath at 70°C and allowed to stir for 48 h. Methanol (1 179 
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mL) was then added to quench the phenyl isocyanate. The contents of each test tube were then added 180 

dropwise to 7:3 (v:v) methanol:water mixture (100 mL) to precipitate the derivatized cellulose. The solids 181 

were collected by filtration and then washed with the same methanol:water mixture (1x50 mL) followed 182 

by deionized water (2x50 mL). The derivatized cellulose was then dried overnight under vacuum at 40°C. 183 

Prior to GPC analysis, the derivatized cellulose was dissolved in tetrahydrofuran (THF) (1 mg/mL), 184 

filtered through a 0.45 mm filter and placed in a 2-mL auto-sampler vial. The molecular weight 185 

distributions of the cellulose tricarbanilate samples were analyzed on an Agilent GPC Security 1200 186 

system equipped with four Waters Styragel columns (HR1, HR2, HR4, HR5), Agilent refractive index 187 

(RI) detector and Agilent UV detector (270 nm) using THF as the mobile phase (1 mL/min) with injection 188 

volumes of 0.02 ml. A calibration curve was constructed based on eight narrow polystyrene standards 189 

ranging in molecular weight from 1.5x103 to 3.6x106 g/mol. Data collection and processing were 190 

performed using Polymer Standards Service WinGPC Unity software (Build 6807). Molecular weights 191 

were calculated by the software relative to the universal polystyrene calibration curve and weight-average 192 

degree of polymerization (DPw) were obtained by dividing Mw by 519 g/mol, the molecular weight of the 193 

tricarbanilated cellulose repeat unit.  194 

2.6 GPC analysis of hemicellulose 195 

The GPC analyses were carried out using an Agilent 1200 series HPLC system consisting of an 196 

on-line degasser and an auto-sampler, a RI detector and three columns of Ultrahydrogel 120, 250 and 500 197 

(Waters Inc., USA) linked in series. The RI detector was set at 35°C. The mobile phase was an alkaline 198 

sodium hydroxide/acetate solution (0.2 M sodium hydroxide, 0.1 M sodium acetate, pH 12-13) and the 199 

flow rate was 0.5 mL/min. The hemicellulose samples were dissolved in mobile phase (~1 mg/mL) and 200 

the solution was then filtered with a 0.2 µm filter. The filtered sample (25 µL) was injected into the GPC 201 

column system for analysis. Pullulan standard samples were used for the calibration [32]. 202 

2.7 Lignin characterization by heteronuclear single-quantum correlation 1H-13C NMR analysis  203 

Prior to the NMR analysis, Populus samples were subjected to a cellulysin-cellulase treatment for 204 

the partial removal of polysaccharides using a modified procedure described earlier [33, 34]. The lignin-205 
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rich sample was dissolved in anhydrous perdeuterated pyridinium chloride-DMSO-d6 (1:4, v:v) solvent 206 

system. The 13C-1H 2D heteronuclear single-quantum correlation (HSQC) NMR experiments were carried 207 

out at 55°C in a Bruker Avance 400 MHz spectrometer equipped with a z-gradient triple-resonance probe. 208 

The HSQC analysis was performed using a standard Bruker pulse sequence with a 90ºC pulse, 0.11 s 209 

acquisition time, a 0.5 s pulse delay, a 1J C–H of 145 Hz and acquisition of 256 data points. 210 

 211 

 212 

2.8 Error analysis 213 

For cellulose and hemicellulose analysis, 3 ramets per transgenic line (n=3) and 5 ramets for 214 

control (n=5) were measured. The values for degree of polymerization (DP) and cellulose crystallinity 215 

(CrI) in transgenic and control lines were summarized as mean ± standard error across the ramets. The 216 

errors associated with paracrystalline, Iα, Iβ, Iα+β and the amorphous domains in the line fitting were found 217 

to be ±3.0, ±1.5, ±1.3, ±2.0 and ±3.1%, respectively. Student t-tests were performed to determine 218 

significance between experimental values, where p≤0.05 is 95% significance (*) and p≤ 0.01 is 99% 219 

significance (**). 220 

 221 

3. Results and Discussion 222 

3.1 Cellulose crystallinity and ultra-structural characterization 223 

13C CP/MAS NMR spectroscopy was used to determine the crystallinity and the ultra-structural 224 

components of cellulose in transgenic and control plants (Fig. 1a, 1b and 1c). The crystallinity index (CrI) 225 

was determined by using the ratio of the peak integration of C-4 crystalline carbon region (δ 85-92 ppm) 226 

to the integral of the entire C-4 region (δ 80-92 ppm) [35, 36] and were between 55.0-58.6 % for selected 227 

transgenic lines in comparison to control (Fig. 2). Compared with the control, PdKOR1 and PdKOR2 228 

plants exhibited ~3-7% of increase in cellulose crystallinity. The increase in cellulose crystallinity in 229 

transgenic samples is in agreement with the previous studies where down regulated or knock down 230 

cellulose biosynthesis variants also exhibited higher crystalline cellulose [25, 37] 231 
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A two peak fit analysis showed essentially the low ordered amorphous and high ordered 232 

crystalline regions in isolated cellulose samples, where the relative quantities of these two regions 233 

determines the crystallinity of cellulose. However, as it is also known that cellulose can exist in several 234 

other crystallographic forms or allomorphs. Estimation of these amorphous regions is required to 235 

determine its supra molecular structure comprising the various crystalline and non-crystalline domains 236 

within individual RNAi transgenics of PdKOR1 and PdKOR2. Therefore, we used the seven line-fit 237 

analysis of 13C CPMAS spectrum to measure the relative proportions of cellulose ultra-structural 238 

components, namely Iα, Iβ, Iα+β and para-crystalline, as well as cellulose accessible and inaccessible fibril 239 

surfaces as described by Larsson et al. [36].  240 

Lorentzian and Gaussian lines with fixed center position and width were applied for the 241 

crystalline and amorphous region, respectively as reported previously [35, 38]. The spectral fitting for the 242 

C-4 region of the CP/MAS 13C NMR spectrum of the isolated cellulose from one transgenic and control 243 

line is shown in Fig. 1b and 1c, where the signal assignment shows the separate lines for crystalline 244 

cellulose Iα, Iβ, and mixed cellulose Iα+β peak, a para-crystalline signal, as well as resonances attributed to 245 

the accessible and inaccessible fibril surfaces. The average lateral fibril dimension (LFD) and lateral fibril 246 

aggregate dimensions (LFAD) [39, 40] were also estimated for transgenic and control samples and the 247 

results are displayed in Table 1. The line fit analysis revealed substantial differences in the relative 248 

abundance of crystalline cellulose and micro-fibrils size in transgenic lines compared to the control plants 249 

(Fig. 3 & Table1). In both PdKOR1 lines, there was a decrease in the relative amount of Iα (~10-17%) 250 

allomorph, which is accompanied by subsequent increase (~6-13%) in cellulose Iβ and also Iα+β cellulose 251 

(~12%), the domain shared by both Iα and Iβ types of cellulose. In contrast, PdKOR2 lines exhibited lower 252 

Iα+β cellulose content but subsequent increase was observed in the resonances dominated by crystalline Iα 253 

and Iβ domain. The amount of para-crystalline cellulose was found to be increased in both RNAi 254 

constructs in the range of ~3-10% when compared with control (Fig. 3a), with maximum increase was 255 

detected for the PdKOR2-1. A relatively higher amount of the crystalline and para-crystalline cellulose in 256 

the transgenic lines thus resulted in the overall increase of cellulose percent crystallinity within the 257 
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transgenic samples, which further revealed that the KOR regulation or expression may have affected the 258 

orientation of micro-fibril deposition or may have altered the fibril diameters. The para-crystalline signal 259 

that originated in the crystalline region of 88.6-88.4 ppm is mostly assumed as a well-ordered structure 260 

and relatively considered as inaccessible to solvents  [41]. Nonetheless, this region also provides a slow 261 

transition between fully amorphous and fully crystalline phases along the cellulose fibrils.  262 

A combined CPMAS-line fit study by Sannigarhi et al. [42]  showed that the relative proportions 263 

of para-crystalline and amorphous cellulose decreased after enzymatic hydrolysis of pretreated pine, 264 

indicating the preferential degradation of these forms by cellulose enzyme. Thus, the higher amount of 265 

para-crystalline cellulose in the sample is expected to exhibit enhanced enzymatic hydrolysis conversion 266 

as also described in another study by Pu et al. [43]. Apart from crystalline cellulose peaks in 13C CPMAS, 267 

a broad amorphous peak at 84.0 ppm (Fig. 1b) essentially consists of two main overlapped peaks from 268 

solvent accessible (accessible fibril surfaces in contact with water or solvent) and solvent inaccessible 269 

cellulose fibril surfaces (fibril-fibril contact surfaces resulting from fibril distortion). The relative 270 

proportion of cellulose at accessible and inaccessible fibril surfaces is also shown in Figure 3b. The 271 

relative amount of accessible cellulose surface decreased noticeably in all transgenic lines when 272 

compared to control. PdKOR1-1 showed ~ 66%, decrease in accessible surface and PdKOR2-1 and 273 

PdKOR2-2 lines displayed ~17% and ~40% decrease in accessible surface, respectively  (Fig. 3b). 274 

Solvent inaccessible surfaces are the fibril-fibril contact surfaces and the surfaces created from the 275 

distortions in the fibril interior. The inaccessible surface area was observed to increase from 3-7% in all 276 

the transgenic lines in comparison to control, which has been attributed to fibril distortions or dislocation 277 

[28]. Consistent with the crystallinity results, the transgenic lines also showed increase in the LFD 278 

(Table1), which is directly correlated with the relative amount of accessible fibril surfaces [44].  279 

KOR has been proposed to have several roles in cell wall synthesis, including 1) cleavage of the 280 

steryol glycosides, the proposed precursors [45], 2) assembly of the glucan chains in cellulose micro-281 

fibrils and maintenance of the degree of polymerization [27] and 3) release of stress around the cellulose -282 

fibril and maintenance of micro-fibril angle [26]. Furthermore, KOR down-regulation possibly affected 283 
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the size of cellulose fibrils in the cell wall by relaxing the micro-fibril chains under tension, controlling 284 

the fibril distortions and therefore possibly increased the interior order and fibril dimensions. The increase 285 

in LFD of cellulose micro-fibrils in PdKOR transgenic lines appears to be related with the increased 286 

amount of crystalline cellulose through alterations in micro-fibril angle or via biosynthesis as also shown 287 

earlier by Taylor et al. [46]. However, in contrast, the LAFD characterizing the thicker cellulose fibrils in 288 

the cellulose crystallites were reduced in all lines. Ding and Himmel [47] have proposed a cellulose 289 

micro-fibril model where several single cellulose micro-fibrils in cellulose synthase complex (CSC) 290 

coalescence to form larger macro-fibrils bundles or aggregates which later split into smaller cellulose 291 

fibrils. Based on this model, it is likely that the transgenic lines that exhibited decreased LFAD were a 292 

direct outcome of KOR down regulation that produced comparatively lower amounts of cellulose and 293 

subsequently lower cellulose micro-fibril aggregates. In addition, the altered hemicellulose and lignin 294 

content could also possibly affect the fibril aggregation. Nevertheless, our results indicated that the KOR 295 

transgenic studied here have a comparatively higher crystallinity and varied cellulose ultrastructure, 296 

suggesting that manipulation of a single gene in the cellulose pathway may impact on cellulose micro-297 

fibril production, deposition and organization during plant secondary cell wall growth.” 298 

3.2 Gel permeation chromatography 299 

The weight average degree of polymerization (DPw) of cellulosic material determines the relative 300 

abundance of terminal and interior β-glucosidic bonds [48] and is an important rate-determining factor 301 

associated with the enzymatic hydrolysis. It has been reported earlier [49] that substrates with low DPw 302 

values have readily accessible glucan chain for the enzyme degradation during the hydrolysis. Therefore, 303 

it is important to understand the change in the molecular weight and DPw of cellulose in genetically 304 

modified plants. In the present study, all the transgenic lines exhibited lower degree of polymerization in 305 

comparison with control (Fig. 4a). For the PdKOR1-2 exhibited a ~47 % reduction in DPw (P=0.04), 306 

followed by line PdKOR2-1 (~30%). The transgenic PdKOR1-1 also showed a decrease in DPw, ~12%. 307 

These observations are consistent with the previous studies that have proposed an editing role for KOR 308 

involving cleaving and removing defective micro-fibrils from well-developed cellulose chain. According 309 
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to Molhoj et al. [50], in such modified cellulose pathways, some genes may act as a cellulase that 310 

hydrolyzes longer polysaccharides such as β,1-4-linked glucan chain and produces non-crystalline 311 

cellulose. Interestingly, Maloney [14], in another study, indicated that an altered modified cellulose 312 

pathway did not affect the molecular weight distribution of cellulose in Populus. The variation in our 313 

molecular weight results, however, clearly demonstrated that the alteration in cellulose pathways by 314 

specific genetic modification has resulted in lower DP values in transgenic plants in comparison to 315 

control.  316 

We also characterized hemicellulose molecular weights in order to understand the effect of 317 

cellulose biosynthesis on the growth of hemicellulose chain scissions. There was no major change in the 318 

DPw of hemicellulose for either PdKOR1 and PdKOR2 transgenics, which implies that cellulose 319 

biosynthesis may have little effect on the hemicellulose properties.  320 

3.3 Lignin Structural Characterization 321 

 In order to understand the impact of genetic manipulation of cellulose biosynthesis on lignin 322 

structure, the control and transgenic Populus lines were subjected to partial removal of polysaccharides 323 

by repeated cellulysin-cellulase treatment  and the 13C-1H HSQC NMR spectra (Fig 5) were obtained on 324 

the resultant lignin-rich Populus samples. The majority of the observed lignin side-chain units were β-325 

ether (A); however, traces of phenylcoumaran (B) and resinol (C) were also detected as indicated by the 326 

presence of α and β cross signals at δC/δH 71.5/4.80 (Aα), 86.0/4.1(Aβ), 87.5/5.5(Bα), 54.0/3.5 (Bβ) and 327 

83.4/4.6 (Cα) and 53.0/3.1 (Cβ) ppm [51, 52] (Fig. 5). The relative amount of the side chain sub-units were 328 

estimated from the volume integration of Aα, Bα and Cα cross peaks and was determined to be 80:3:17 329 

A:B:C, respectively. The major correlations at δC/δH 55.0/3.8 and 20.5/1.9 ppm confirm the presence of 330 

methoxyl and acetyl groups, respectively. The lignin aromatic units syringyl (S) and guaiacyl (G) units 331 

were identified based on the correlations at δC/δH 103.3/6.8 (S2,6), 111.4/7.0 (G2), 115/6.7 (G5) and 332 

119.5/6.9 (G6) ppm (Fig. 5). The HSQC analysis demonstrated that control Populus lignin is syringyl rich 333 

with β-ether, phenylcoumaran and resinol side chain units. For the various transgenic lines, the relative 334 

amount of lignin side-chain and aromatic units did not vary significantly from those values described 335 
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above for the control plants. Surprisingly, the p-hydroxy benzoyl units, typically observed in Populus 336 

were not detected in this sample. 337 

4. Conclusions 338 

The results presented here provide insight into the key molecular features of biomass recalcitrance 339 

specifically those associated with cellulose and hemicellulose ultra-structure that are modified as a result 340 

of modified expression of a single candidate cellulose biosynthesis pathway gene. The ultra-structural 341 

analyses showed that the cellulose pathway Populus variants had altered cell wall characteristics 342 

specifically related to the cellulose biopolymer. The transgenic lines demonstrated important variation in 343 

cellulose crystallinity, allomorph distribution, and cellulose degree of polymerization compared to the 344 

empty vector control plants. Additionally, the properties of cellulose allomorph abundance and 345 

accessibility were found to be variable. Further application of the cellulose characterization techniques 346 

beyond the traditional measurement of cellulose abundance to comprehensive studies of cellulose 347 

properties in larger transgenic and naturally variable populations is expected to provide deeper insights. 348 

Studying cell wall structure and genetically modified traits may help to understand the complex nature of 349 

lignocellulosic material and better predict the sugar release efficiency of such samples. Such insights will 350 

contribute to the design and development of precisely tailored plants for enhanced biofuels production. 351 
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 481 

Fig. 1a. 13C-CPMAS spectra of transgenic (top) and control (bottom) lines of Populus. 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 



21 
 

 494 

 495 

Fig. 1b(Top). Spectral fitting for the C-4 region of the 13C CP/MAS spectrum of cellulose isolated from 496 

transgenic Populus. Blue: Line shape of C-4 region in CP/MAS 13CNMR spectrum of cellulose sample 497 

before line fitting; Red:  Line shape of the C-4 region of the CP/MAS 13CNMR spectrum of cellulose 498 

after line fitting, whose parameters of relative intensity and line width were applied to the carbon signals 499 

attributed to cellulose Iα, Iβ, Iα+β, paracrystalline cellulose, inaccessible, and accessible fibril surfaces 500 

(Samuel et al. 2010); Green: The carbon signals attributed to domains of cellulose Iα, Iβ, Iα+β, 501 

paracrystalline cellulose, inaccessible, and accessible fibril surfaces. 502 

Fig.1c(bottom). Spectral fitting for the C-4 region of the 13C CP/MAS spectrum of cellulose isolated 503 

from control Populus.  504 
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 513 

Fig. 2. Cellulose crystallinity of selected lines, as measured by 13C-514 

n=3 (Transgenic) or n=5 (control).*P≤ 0.05 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 



23 
 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

Fig. 3. Relative cellulose allomorphs abundance in control and transgenic Populus lines; a. crystalline 535 

allomorphs, b. amorphous region. The errors associated with paracrystalline, Iα, Iβ, Iα+β and the amorphous 536 

domains in the line fitting were found to be ±3.0, ±1.5, ±1.3, ±2.0 and ±3.1%, respectively.  537 
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 553 

 554 

Fig. 4. a. Weight average degree of polymerization (DPw) of cellulose b. hemicellulose isolated from 555 

transgenic and control plants in Populus. 556 
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 Fig. 5a. epresentative 13C-1H 2D HSQC spectra of enzyme treated control Populus in perdeuterated 562 

pyridinium chloride-DMSO d6 system  563 
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 570 

Fig. 5b. Identified Populus lignin sub-units 571 
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