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Vessel and fiber properties, diameter growth, and chemical compositions 
were investigated for transgenic Populus trichocarpa (black cottonwood) 
trees harvested after six months of growth in a greenhouse. Genetic 
modifications were cinnamyl alcohol dehydrogenase (CAD), cinnamate 3-
hydroxylase (C3H), or cinnamate 4-hydroxylase (C4H), which resulted in 
modified lignin composition or content, and changed the syringyl-to-
guaiacyl ratio. Comparing the genetic groups to the wild-type as the 
control, trees with reduced lignin content showed different results for 
vessel and fiber properties measured. Genetic groups with reduced 
PtrC3H3 and PtrC4H1&2 (with lower lignin content and higher S/G ratio 
than the control) exhibited splitting perpendicular to the rays, yet had the 
same fiber lumen diameter and the same fiber cell wall thickness as the 
control. Changes in lignin structure from modifications to PtrCAD resulted 
in reductions to the number of vessels, increases in vessel and fiber 
diameters, and had no consistent impact on stem diameter. 
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INTRODUCTION 
 

Wood is a composite material made up of cellulose, hemicelluloses, lignin, and 

extractives. The chemical composition of wood has been well known for decades (Pettersen 

1984); however the development of the tools that allow for some control over wood 

composition is a recent development (Van Doorsselaere et al. 1995; Baucher et al. 1996). 

The potential benefits, both economic and environmental, of using genetically-engineered 

trees for reducing the amount of chemicals and energy costs associated with pulp, paper, 

and bioethanol manufacturing are immense (Dinus et al. 2001; Chiang 2002; Talukder 

2006). Pulp and paper manufacturing prefers longer fibers that are easier to separate but 

also have good strength properties. Previous work had examined the effects of changing 

lignin structure and content on the growth (Hancock et al. 2008), as well as the chemical 

(Li et al. 2003), morphological (Horvath et al. 2010a), and mechanical (Horvath et al. 

2010b) properties of transgenic trees. An increase in knowledge of how chemical 

composition, with a particular focus on lignin (Hu et al. 1999), affects anatomical 

properties of wood could result in more efficient processing and more sustainable 

utilization of plantation-grown trees.    

Lignin occurs within the cell wall of plants and in the middle lamella between the  

cell walls. It is formed from lignin subunits that are polymerized from their respective 

monolignols: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) (Whetten et al. 1998). 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5730 

The monolignol biosynthetic pathways are complex, and research has recently focused on 

mapping these pathways (Shi et al. 2010; Shuford et al. 2012). The main steps have been 

investigated previously; however, modifications have generally been conducted with a 

focus on a single genetic modification for each tree. Cinnamate 3-hydroxylase (C3H) has 

been shown to significantly increase the proportion of H monolignols and increase the S/G 

ratio in alfalfa (Ralph et al. 2006) and in poplar (Coleman et al. 2008). Cinnamate 4-

hydroxylase (C4H) has also been found to decrease the S/G ratio in sense or antisense 

expression (Sewalt et al. 1997), as well as to lower total lignin content (Blount et al. 2000). 

Cinnamyl alcohol dehydrogenase (CAD) is involved in the last step of monolignol 

biosynthesis; it reduces aldehyde compounds into their corresponding alcohols before 

polymerization (Sibout et al. 2005). In previous studies by Halpin et al. (1994), Baucher et 

al. (1996), and Lapierre et al. (1999), CAD-reduced trees showed no difference in tree 

growth, and had increased aldehyde content. These changes resulted in a pink-red color in 

the xylem. 

In poplar trees, two major longitudinal cell types can be found: fibers and vessel 

elements. Fibers are responsible for the strength of wood, while vessels are utilized for 

water transport (Bailey 1953). Many studies have looked at the importance of anatomical 

properties on wood quality, wherein fiber wall thickness, fiber lumen diameter, and fiber 

length have been recognized as important traits (Kayama 1968; O’Neill et al. 1996). In 

general, cell wall thickness and cellulose microfibril angle are the determining factors of 

axial fiber properties (Salmén 2004; Salmén and de Ruvo 2007; Salmén et al. 2012). 

Several studies have quantitatively investigated anatomical elements in Populus spp. 

(Peszlen 1994; Mátyás and Peszlen 1997; Pliura et al. 2007; Huda et al. 2011, 2012); 

however, limited studies have been conducted on genetically modified trees.  

Morphological changes are thought to occur frequently in transgenic trees, even 

though few studies have investigated this relationship. Grunwald et al. (2001) found 

stunted tree growth and thinner fiber cell walls in 35S-rolC transgenic aspen. Horvath et 

al. (2010a) reported reduced S/G ratio with aspen trees, which had smaller and more 

numerous vessels. Voelker et al. (2011) observed similar size but less numerous vessels in 

4CL transgenic aspen. Li et al. (2011) described brittle stems with similar sized fibers and 

larger vessels in xylan reduced transgenic black cottonwood. Joshi et al. (2011) reported 

abnormal growth of cells when cellulose biosynthesis was targeted. Awad et al. (2012) 

observed that the vessel diameters were unchanged in lignin-modified poplars. Resistance 

to vessel cavitation is thought to be governed by wood density and by the strength of fibers 

surrounding the vessels (Hacke et al. 2001). It has been hypothesized that there is a trade-

off between cavitation resistance and mechanical properties (Jacobsen et al. 2005). This 

was later disputed by Awad et al. (2012), who found little to no evidence of a trade-off 

between these phenomena. 

In order to explore the relationship between the fiber cell wall anatomy and its 

chemical properties, a wider array of transgenic trees with specific modifications to the 

monolignol biosynthetic pathways are needed. The objective of this study was to 

investigate chemical composition, vessel and fiber properties, diameter growth, and 

relationships between these parameters in wild-type and transgenic six-month-old black 

cottonwood trees grown in a greenhouse.  

 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5731 

EXPERIMENTAL 
 
Materials 

Young Populus trichocarpa (Nisqually-1) trees were used for this investigation. 

Populus trichocarpa is a model tree species because of its sequenced genome, fast growth, 

and ease of propagation. One non-transformed wild-type line (PtrWT-1) was used as a 

control. Seven different transgenic groups as described by Wang et al. (2018) were used in 

this study. Specifically, 12 transgenic lines were prepared with varying levels of expression 

denoted as low (L), medium (M) and high (H), namely:  

 

• PtrC3H3-05(L): Reduced PtrC3H3 

• PtrC3H3-10(M): Reduced PtrC3H3 

 

• PtrCAD1-05(L): Reduced PtrCAD1 

 

• PtrCAD2-19(H): Reduced PtrCAD2 

 

• PtrCAD1&2-01(L): Reduced both PtrCAD1 and PtrCAD2 

• PtrCAD1&2-07(M): Reduced both PtrCAD1 and PtrCAD2 

 

• PtrCAD1/CAD2/OMT-11(M): Reduced PtrCAD1 and increased PtrCAD2 (using 

a stem-regulated promoter) 

• PtrCAD1/CAD2/OMT-16(L): Reduced PtrCAD1 and increased PtrCAD2 (using 

a stem-regulated promoter) 

 

• PtrCAD1/CAD2/4CL-07(H): Reduced PtrCAD1 and increased PtrCAD2 (using a 

xylem specific promoter) 

• PtrCAD1/CAD2/4CL-21(M): Reduced PtrCAD1 and increased PtrCAD2 (using a 

xylem specific promoter) 

• PtrC3H3/C4H1&2-04(L): Reduced PtrC3H3, PtrC4H1 and PtrC4H2 

• PtrC3H3/C4H1&2-13(M): Reduced PtrC3H3, PtrC4H1 and PtrC4H2 

 

Sample trees were propagated through rooted cuttings and grown in the greenhouse 

of the Forest Biotechnology Group at North Carolina State University (Song et al. 2006). 

Nine stems from each line were harvested as biological replicates after 6 months of growth 

between January and July 2012, and the lower 20 to 30 cm cut from the base of the stem 

was used. Stem diameter and height were measured at the time of harvest and stem 

slenderness was calculated as stem height/stem diameter (mm/mm). To maintain the green 

condition and to prevent fungal degradation, the specimens were placed in plastic bags and 

kept in a freezer until analyzed. 

 
Quantitative Wood Anatomy 

Key vessel characteristics that were measured included: vessel number (number per 

area measured), vessel lumen diameter (μm), and vessel lumen area as a percentage of the 

whole area (%). Key fiber properties were measured between two rays containing only 

fibers, and included fiber lumen diameter (μm) and fiber double cell wall thickness (μm). 
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For this part of the study, one to two representative stems from each line were 

selected for analysis for a total of 15 stems. Selection was based on the stem that was most 

representative of the mean modulus of elasticity for that line, as measured in a previous 

study (Miller 2013). All transgenic lines selected had severely reduced modulus of 

elasticity (MOE) (Miller et al. 2018). From each stem, five transverse microtome sections 

with a thickness of 20 μm were used for image analysis. Samples of PtrC3H3-05(L), 

PtrC3H3-10(M), PtrC3H3/C4H1&2-04(L), and PtrC3H3/C4H1&2-13(M) were observed 

to be spongy and disintegrated when sections were cut.  

The sections were stained with 1% aqueous safranin solution to enhance contrast 

and washed with deionized water. Sections were placed on separate glass slides, and 

anatomical properties were measured using an image analyzer system, which consisted of 

a light microscope (Nikon E200; Nikon Instruments Inc., Melville, NY), 3CCD color video 

camera (Sony DXC-390; Sony Electronics, San Diego, CA), and Image-Pro Plus 4.5 

software (version 2009; Media Cybernetics, Rockville, MD). From different sections, five 

to eight 546 μm x 410 μm size images at 100x magnification for vessel measurements 

(~100 measured vessel/image), and five to eight 273 μm x 205 μm size images at 400x 

magnification for fiber analysis (~30 fibers/image measured) were taken randomly at 1280 

x 960 pixel resolution. Images were inspected to be free of tension wood and other growth 

irregularities, and all intact cells were measured per image. 

 
Chemical Composition Analysis 

Lignin, glucose, and xylose contents were determined by Wang et al. (2018). Wood 

specimens were extracted with 90% acetone for 48 h, followed by three additional 

extractions (each 48 h) using 100% acetone, and air-dried. From each line, nine stems were 

used to create three biological replicates with three stems in each. Stems of each biological 

replicate were milled together to create a single sample, which was then partitioned into 

three technical replicate samples. Each sample was subsequently screened through 40 to 

60 mesh sieves and vacuum dried under P2O5. In all, 0.1 g of extracted sawdust was 

hydrolyzed with 1.5 mL of 72% (w/w) H2SO4 at room temperature for 1.5 h. The mixture 

was then diluted with 56 mL of deionized water and autoclaved at 121 °C for 1.5 h. The 

hydrolysate was filtered through a fine coarseness crucible, and the acid-insoluble lignin 

was determined gravimetrically (Sluiter et al. 2011). The filtrate was used to determine the 

acid-soluble lignin content by UV-VIS absorption at 205 nm wavelength (HP 8453E UV-

VIS spectrophotometer; Agilent Technologies, Palo Alto, CA) using a lignin absorptivity 

value of 110 L/(g•cm) (Sluiter et al. 2011). The concentration of sugars (glucose and 

xylose) in the filtrate was quantified by HPLC, which was equipped with a refractive index 

(RI) detector (Sluiter et al. 2011). Prior to injection, samples were filtered through 0.2 μm 

nylon Millipore filters; an injected volume of 20 μL was used. Milli-Q purified water was 

used as the mobile phase, at an elution flowrate of 0.5 mL/min. 

 

Experimental Data Analysis 

Analysis of variance (ANOVA) was used to test the effect of the transgenic 

modifications on the chemical and anatomical properties of transgenic black cottonwood. 

The analysis was performed using SAS software (SAS 2009) and Dunnett’s multiple range 

test. An alpha () of 0.05 was used to compare the chemical and anatomical properties of 

each transgenic line to those of the wild-type.  
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NMR Spectroscopy 
The S/G ratio of lignin was determined (Wang et al. 2018). 2D NMR spectra were 

acquired with a Bruker DRX-360 (Bruker AXS, Inc., Madison, WI) instrument. Acetylated 

lignins were dissolved in acetone; unacetylated lignins were dissolved in acetone and 

deuterium oxide. The central acetone solvent peak was used as the internal reference. 

 
 
RESULTS AND DISCUSSION 
 

Anatomical Properties 
Anatomical differences were seen for a majority of the genetic groups when they 

were compared to the wild-type. The use of image analysis software allowed for a large 

number of cells to be measured on sample cross sections with high accuracy. The 

differences in wood anatomy were sometimes small but were statistically significant 

between the wild-type and the transgenics.  

Mean vessels per measured area ranged from 60.8 for PtrCAD1/CAD2/OMT-11(M) 

to 119.5 for the wild-type, which are equivalent to 105.7 and 207.7 vessels per mm2, 

respectively (Fig. 1). Microscopic images of wild-type and several transgenics also showed 

differences in vessel properties (Fig. 2 a to d). All of the transgenic lines had significantly 

fewer vessels per area measured except for PtrC3H3-05(L). The vessel numbers measured 

in the present study were higher than what Horvath et al. (2010a) reported for one-year old 

wild-type (72.1) and transgenic (58.8 to 82.5) aspen trees. Xiang (2011) observed lower 

vessel numbers of 93 in the wild-type, as well as a wide range of 70.1 to 198.8 for 8-month-

old cellulose-modified P. trichocarpa trees. Mean vessel lumen diameter values ranged 

from 32.2 µm for the wild-type to 49.3 µm for PtrCAD2-19(H) (Fig. 1).  
 

 
Fig. 1. Mean number of vessels measured per unit area, mean vessel lumen diameter and mean 
vessel lumen area fraction of wild-type (PtrWT-01) and transgenic black cottonwood trees with 
different genetic modifications to lignin. Measurements were taken on images with 100x 
magnification with 546 μm x 410 μm image area. Whiskers represent the standard deviation 
measured from five images. Asterisks (*) represent significant differences in properties of 

transgenic lines compared to the wild-type using Dunnett’s comparison test at = 0.05 
significance level. 
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Most of the transgenic lines had significantly larger vessel diameters than the wild-

type, except for PtrC3H3-05(L), PtrC3H3/C4H1&2-04(L), and PtrC3H3/C4H1&2-13(M). 

These observations are consistent with the work of Horvath et al. (2010a) for one-year-old 

P. tremuloides with modifications to lignin, and the work of Li et al. (2011) for 5-month-

old xylose-modified P. trichocarpa. Voelker et al. (2011) reported larger vessel diameters 

for the wild-type (39.3 µm) than this study, but a smaller range (34.2 µm to 43.0 µm) for 

lignin-modified two-year-old staked P. tremula x P. alba trees. Xiang (2011) observed 

larger mean vessel diameters for young wild-type P. trichocarpa (47.7 µm). In cellulose 

modified transgenic trees, Xiang (2011) found that vessel diameters were either smaller 

(27.9 µm) or much larger (57.1 µm) than those found in this study. Wang et al. (2016) 

measured larger vessel diameters in 2-year old hybrid P. deltoides x P. trichocarpa (51.6 

µm) compared to pure P. deltoides (64.8 µm). Irregularly shaped and collapsed vessels 

were reported by both Xiang (2011) and Joshi et al. (2011); however, abnormal vessels 

were not observed in this study. 

Mean vessel lumen area fraction of the wild-type was about 18.7% and ranged from 

16.5% for PtrC3H3-05(L) to 24.0% for PtrCAD1-05(L) (Fig. 1). Most of the transgenic 

lines had similar vessel lumen area fractions to the wild-type, except for PtrCAD1-05(L), 

PtrCAD2-19(H), PtrCAD1/CAD2/OMT-16(L), and PtrCAD1/CAD2/4CL-07(H), which all 

had significantly greater vessel lumen area fractions. Similarly, Horvath et al. (2010a) 

described vessel lumen area fractions that were larger in the transgenic trees when 

compared to the wild-type. On the other hand, Xiang (2011) found complex trends of both 

smaller and larger area fractions for transgenics and Li et al. (2011) observed no difference 

in vessel lumen area fractions between wild-type (19.6%) and xylose-reduced specimens 

(20.3%).  

Mean fiber lumen diameter values ranged from 7.8 µm for PtrC3H3/C4H1&2-

04(L) to 13.6 µm for PtrCAD1/CAD2/OMT-11(M) (Fig. 3). Microscopic images of wild-

type and transgenics showed differences in fiber properties (Fig. 4a to d). Most of the 

transgenic lines had similar fiber diameters to the wild-type, except PtrCAD2-19(H), 

PtrCAD1/CAD2/OMT-11(M), PtrCAD1/CAD2/OMT-16(L), and PtrCAD1/CAD2/4CL-

21(M) all had significantly larger, and PtrC3H3/C4H1&2-04(L) had significantly smaller 

fiber diameters when compared to the wild-type. Transgenics with either similar or larger 

fiber diameters when compared to the wild-type were reported by Horvath et al. (2010a) 

and by Xiang (2011). Jourez et al. (2001) analyzed the fiber diameters of 4-month old 

poplar stems and found much larger fiber diameters (14.5 µm to 15.2 µm) than observed 

in this study (7.8 µm to 13.6 µm). Fiber widths of fast-growing Populus x Euramericana 

were found to be 21.1 µm for the first growth ring, which increased with tree age (Zhong 

et al. 2014). Wang et al. (2016) reported hybrid P. deltoides x P. trichocarpa with smaller 

fiber lumen diameters (13.0 µm) when compared to pure P. deltoides (16.7 µm).  

Mean fiber double cell wall thickness ranged from 2.6 µm for PtrCAD1&2-07(M) 

to 4.3 µm for PtrCAD2-19(H) (Fig. 3) with 3.9 µm in the wild-type. Transgenic lines with 

thinner fiber double cell wall thicknesses included PtrCAD1-05(L), PtrCAD1&2-07(M), 

PtrCAD1/CAD2/OMT-11(M), PtrCAD1/CAD2/OMT-16(L), and PtrC3H3/C4H1&2-

04(L). Interestingly, PtrCAD2-19(H) had significantly greater fiber double cell wall 

thickness when compared to the wild-type. Both Xiang (2011) and Li et al. (2011) 

measured larger double cell wall thicknesses for wild-type (4.4 µm and 1.5 µm, 

respectively) than for transgenic specimens (1.4 µm and 0.9 µm, respectively). Zhong et 

al. (2014) analyzed fiber cell wall thicknesses in the first year of growth of Populus x 

euramericana to be 5.0 µm.  



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5735 

 
Fig. 2. Examples of transverse sections of wild-type (a) PtrWT-01 and transgenic trees (b) 
PtrC3H3/C4H1&2-04(L) having similar vessel lumen diameter and vessel number. (c) PtrCAD2-
19(H) and (d) PtrCAD1/CAD2/OMT-11(M) have significantly larger vessel lumen diameters, lower 
vessel numbers, and smaller vessel lumen area fractions. Scale bars = 100 µm. 
 

 
Fig. 3. Mean fiber diameter values and mean fiber double cell wall thickness values of wild-type 
(PtrWT-01) and transgenic black cottonwood trees with different genetic modifications to lignin. 
Measurements were taken on images with 400x magnification with 273 μm x 205 μm image area. 
Whiskers represent the standard deviation. Asterisks (*) represent significant differences of the 

expression levels compared to the wild-type using Dunnett’s comparison test at  = 0.05 
significance level. 
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Sandquist et al. (2015) measured both radial and tangential double cell wall 

thickness of 3-month-old hybrid aspen and reported thinner cell walls (1.4 µm and 2.5 µm) 

than those found in this study. Wang et al. (2016) observed larger double cell wall 

thicknesses in hybrid P. deltoides x P. trichocarpa (5.2 µm) when compared to pure P. 

deltoides.  

In this study, tension wood (i.e., the reaction wood found in angiosperms that can 

be identified by a thick, loosely attached gelatinous layer in the inner cell walls) was found 

in almost all specimens. In general, tension wood forms on the upper side of leaning stems 

or branches, and it exhibits eccentric growth in response to the reorientation of the stem 

axis from its original position (Timell 1986). However, in some species, particularly in 

Populus spp., tension wood has been observed even in non-leaning stems (Kaeiser 1955), 

such as in this study. Tension wood can also be associated with fast growth (Berlyn 1961). 

It has been suggested that in transgenic trees, decreases in lignin are associated with 

increases in tension wood by as much as threefold in field-grown poplar (Voelker 2009).  

Stem height values ranged from 168 cm for PtrCAD1&2-07(M) to 327 cm for 

PtrCAD1/CAD2/4CL-21(M). Most of the transgenic stems exhibited stunted axial growth 

except for Stem diameter values of individual trees ranged from 8.3 mm for PtrCAD1&2-

07(M) to 12.1 mm for PtrCAD1/CAD2/4CL-21(M) (Table 1).  
 

Table 1. Mean (± COV) Stem Height, Stem Diameter and Stem Slenderness 

Ratios (Height/Diameter) of Wild-type (PtrWT-01) and Transgenic Black 
Cottonwood Trees with Different Genetic Modifications to Lignin. COV represents 
the coefficient of variation (%).  
 

 Sample name Stem Height (mm) Stem Diameter (mm) 

Stem 
Slenderness ratio 
(mm/mm) 

PtrWT-01 320.00 (± 4.10) 11.04 (± 0.83) 289 (± 8) 

PtrC3H3-05(L) 200.33 (± 6.47) 9.51 (± 1.41) 211 (± 21) 

PtrC3H3-10(M) 285.56 (± 3.74) 10.89 (± 2.07) 238 (± 5) 

PtrCAD1-05(L) 290.56 (± 9.28) 11.53 (± 1.24) 244 (± 8) 

PtrCAD2-19(H) 249.50 (± 14.72) 10.66 (± 1.12) 235 (± 11) 

PtrCAD1&2-01(L) 234.67 (± 34.64) 9.51 (± 2.39) 240 (± 14) 

PtrCAD1&2-07(M) 168.33 (± 5.71) 8.26 (± 0.96) 177 (± 11) 

PtrC3H3/C4H1&2-04(L) 219.33 (± 10.89) 10.60 (± 1.08) 209 (± 21) 

PtrC3H3/C4H1&2-13(M) 227.11 (± 5.07) 11.54 (± 0.60) 197 (± 3) 

PtrCAD1/CAD2/OMT-11(M) 283.00 (± 17.43) 11.08 (± 1.78) 229 (± 14) 

PtrCAD1/CAD2/OMT-16(L) 293.33 (± 9.03) 10.77 (± 0.87) 267 (± 8) 

PtrCAD1/CAD2/4CL-07(H) 306.67 (± 3.31) 12.02 (± 0.38) 255 (± 3) 

PtrCAD1/CAD2/4CL-21(M) 327.11 (± 2.38) 12.06 (± 0.85) 267 (± 6) 

 

Most of the transgenic specimens exhibited the same diameter growth except for 

PtrCAD1&2-07(M), PtrCAD1&2-01(L) and PtrC3H3-05(L). Stem slenderness ratios 

ranged from 177 (mm/mm) for PtrCAD1&2-07(M) to 289 (mm/mm) for the wild-type. 

Transgenic line PtrCAD1&2-07(M) had the smallest stem height, diameter, and 

slenderness ratio and it also had poor survival rate in the greenhouse. Trees can be regarded 

as upright and free-standing columns that are fixed at the base, and those with stem 

slenderness values greater than 200 (mm/mm) are considered unstable (Wang et al. 1998). 

Most of the lines including the wild-type had slenderness ratios above 200 (mm/mm) other 

than PtrCAD1&2-07(M) and PtrC3H3/C4H1&2-13(M) indicating slender growth. 

However, these stems were grown in the greenhouse and supported with stakes, which 

could explain their slenderness.  In comparison, Debell et al. (1997) analyzed two-years-
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old Populus clones grown in a seed orchard and found smaller slenderness ratios ranging 

from 117 to 146 (mm/mm). In one of the first studies on transgenic poplars, Hu et al. (1999) 

reported larger diameter growth for reduced lignin transgenics; however, this was not 

observed by others (Pilate et al. 2002; Li et al. 2003; Hancock et al. 2007; Horvath et al. 

2010a). Xiang (2011) studied cellulose-reduced transgenics and noted decreased diameter 

growth when compared with wild-type, while xylose-reduced transgenics were observed 

to have no change in diameter. Some works (Hancock et al. 2007, Horvath et al. 2010a) 

have also showed that increasing the S/G ratio in transgenics decreased the stem diameter 

growth when compared to the wild-type.  
 
 

 
Fig. 4. Examples for transverse sections of wild-type (a) PtrWT-01 and transgenic trees (b) 
PtrCAD2-19(H) with larger fiber lumen diameter and thicker double cell wall, (c) PtrCAD1&2-
07(M) with similar fiber diameters but thinner cell walls, and (d) PtrCAD1/CAD2/OMT-11(M) with 
significantly larger fiber diameters and thinner double cell walls. Scale bars = 25 µm. 
 

Chemical Properties  
The results of the chemical analyses are shown in Fig. 5.  

 

Lignin content  

Across all the samples examined, the lignin contents ranged from 9.9% for 

PtrC3H3-05(L) to 23.2% for wild-type. Lignin levels were significantly lower in PtrC3H3-

05(L) (9.9%) and PtrC3H3-10(M) (13.5%), PtrC3H3/C4H1&2-04(L) (11.7%), and 

PtrC3H3/C4H1&2-13(M) (13.4%), and PtrCAD1&2-07(M) (15.8%), which represented 

58%, 42%, 50%, 43% and 32% decreases in lignin content when compared to the wild-
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type, respectively. Genetic lines with low expression level of PtrC3H3 and 

PtrC3H3/C4H1&2 had lower lignin levels than the medium expression for the same 

transformation. PtrCAD1&2-07(M) had lower lignin content than PtrCAD1&2-01(L) even 

though it was anticipated that the lower expression level of PtrCAD1&2 would have 

yielded lower lignin levels. 

 

Lignin S/G ratios 

The S/G ratios for the lignin ranged from 1.9 for PtrCAD1/CAD2/OMT-16(L) to 

9.9 for PtrC3H3-05(L) (Fig. 6), with the wild-type having a S/G ratio of 2.6. The S/G ratio 

values were larger for both lines with the PtrC3H3 transformation. 

 

Glucose content 

The glucose content ranged between 41% in PtrCAD1-05(L) to 54% in PtrC3H3-

05(L) with the wild-type having glucose values near 46% (Fig. 6). Glucose was 

significantly higher in the PtrC3H3-05(L), and PtrC3H3/C4H1&2-04(L); however, no 

lines had significant reductions in glucose when compared to the wild-type.  

 

Xylose content  

The xylose content ranged between 14% in PtrCAD2-19(H) to 20% in PtrC3H3-

05(L) with the wild-type having values of 16% (Fig. 6). Xylose values were significantly 

higher in genetic groups PtrC3H3-05(L), PtrCAD1&2-01(L), PtrCAD1&2-07(M), and 

PtrCAD1/CAD2/4CL-21(M) when compared to the wild-type. There were no lines with 

significant reductions in xylose.  

 
Fig. 5. Mean values for lignin content, glucose content, xylose content and S/G ratio of wild-type 
PtrWT and transgenic black cottonwood trees. Whiskers represent the standard deviation of three 
technical replicates. Asterisks (*) represent significant differences of the expression levels 

compared to the wild-type using Dunnett’s comparison test at  = 0.05 significance level. 
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Discussion of chemical properties 

Swan and Kellogg (1986) reported lignin content values for 30 non-transformed P. 

trichocarpa trees harvested from three separate sites in British Columbia, which were 

between 21.8% to 23.2%. Studer et al. (2011) analyzed 1,100 natural P. trichocarpa trees 

in a population from a large geographical distribution and found lignin contents ranging 

from 16% to 28%. For transgenic trees, Li et al. (2011) studied P. trichocarpa trees with 

significantly decreased xylose values of 9 to 11% and increased lignin of up to 30% when 

compared to the wild-type trees, which had lignin values around 21% to 24%, glucose 

values ranging from 43% to 45%, and xylose values around 16%. Lu et al. (2013) explored 

the effects of a laccase gene, which was thought to be involved in monolignol 

polymerization, and they observed lignin contents of 20.1% with increases in xylose 

contents of 18.1%. Porth et al. (2013) investigated natural variation in 9-year-old Populus 

trichocarpa and found large ranges in lignin (14.7% to 25.7%), glucose content (40.7% to 

61.7%) and xylose content (13.9% to 24.2%). Min et al. (2014) tested wild-type P. 

trichocarpa, which had lignin content of 21%, glucose content of 40% and xylose content 

of 15%. For field grown P. trichocarpa, Xiang et al. (2015) examined transgenic trees that 

had increased lignin content when compared with earlier measurements when the trees 

were grown in the greenhouse. Upregulation of lignin has been observed for transgenic P. 

trichocarpa grown in the field in response to environmental stresses (Stout et al. 2014). 

Changes in chemical properties either resulted in no changes or induced 

modifications in the vessel and fiber properties of the transgenic lines. When compared to 

the wild-type, the three genetic lines, PtrC3H3-05(L), PtrC3H3/C4H1&2-04(L), and 

PtrC3H3/C4H1&2-13(M), had significantly reduced lignin contents and had no changes in 

vessel and fiber diameter. Besides the lower lignin levels, PtrC3H3-05(L) and 

PtrC3H3/C4H1&2-04(L) also had increases in glucose levels. Two other lines also with 

reduced lignin contents, PtrC3H3-10(M) and PtrCAD1&2-01(L), had larger vessel 

diameters, but no changes in fiber diameter. Genetic lines with modifications to PtrCAD1, 

PtrCAD2, and PtrCAD1&2, had no change in lignin contents, except for PtrCAD1&2-07, 

which had lower lignin levels and had larger vessel diameters. In addition to larger vessel 

diameters, PtrCAD2-19(H) and PtrCAD1/CAD2/OMT-11(M) also had larger fiber 

diameters with no significant chemical changes when compared to the wild-type. Lo Gullo 

et al. (1995) showed that water transport in 1 to 3-year-old twigs of oak with smaller 

diameter vessels (~20 µm) is much less efficient than with plants containing large diameter 

vessels (~64 µm); however, large vessels are more vulnerable to embolism, which 

negatively impacts survival rate (Tyree and Sperry 1989). In fact, survival rates of some 

genetic groups were very low, possibly due to lack of protection against embolization. 

Awad et al. (2012) hypothesized that alterations may reduce resistance to cavitation due to 

modifications in the lignification of vessel pit structure. Kitin et al. (2010) found a 

reduction in xylem-specific conductivity, which was attributed to tyloses and phenolic 

deposits in vessels of transgenic poplars with 40% reduction in lignin when compared to 

the wild-type. There is some evidence that carbon availability during the growth processes 

is affected by modifications to lignin biosynthesis, which can compromise vascular 

integrity (Hu et al. 1999, Kitin et al. 2010). Indeed, specific morphological and anatomical 

properties may relate to vascular efficiency and water transport; thus, any structural 

alterations could affect whole plant-water interactions (De Micco and Aronne 2009). 

Genetic line PtrC3H3-05(L) had a very high S/G ratio (9.9), but no changes to 

vessel diameter or vessel number values, which is in contrast with the observations reported 

by Horvath et al. (2010a), who noted more numerous vessels but similar vessel diameter 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5740 

for transgenic aspen with high S/G ratio (5.2) although the authors used a different sense 

CAld5H transformation. The type of lignin in vessel cell walls has been characterized and 

been found to be abundant in guaiacyl content (Musha and Goring 1975); hence, 

adjustments in the biosynthesis of guaiacyl lignin could result in smaller vessel lumen 

diameter.  

 

Fig. 6. Transverse sections taken with light microscope displaying cell walls splitting along middle 
lamella perpendicular to the rays in PtrC3H3/C4H1&2-04(L). Scale bar = 20 µm. 

 

Genetic lines PtrC3H3-05(L), PtrC3H3-10(M), PtrC3H3/C4H1&2-04(L), and 

PtrC3H3/C4H1&2-13(M) with low lignin content exhibited splitting perpendicular to the 

rays (Fig. 6). Splitting on the tangential cell walls could be an indication of the possible 

weakness of the middle lamella that may be related to the severe reductions of 45 to 58% 

in lignin content, increases in S/G ratio, and increases in glucose content in these 

transgenics. However, fiber properties in the transverse direction are thought to be most 

influenced by hemicelluloses and lignin (Bergander and Salmén 2002). Resistance to 

splitting of cells is thought to be influenced by the lignification of the pectin-rich middle 

lamella (Hafren et al. 2000). In the current study, six transgenic trees had no change in cell 

wall thickness.  

 

 

CONCLUSIONS 
 

In this study, chemical composition, vessel and fiber properties, and diameter 

growth of several transgenic lines with modifications to the lignin pathways through 

altering CAD, C3H, and C4H were investigated for six-month-old poplar trees grown in a 

greenhouse. The following conclusions were drawn from the observations made in this 

work: 

1. All PtrC3H3 transformations (with lower lignin content and higher S/G ratio than 

the control) had spongy phenotype, were difficult to cut, and exhibited splitting 

perpendicular to the rays, yet had the same fiber lumen diameter and the same 

fiber cell wall thickness as the control. 
 

2. Changes in lignin structure through modification of the CAD genes corresponded 

to an increase in vessel and fiber lumen diameter.  This was especially true when 

simultaneous modifications were made to CAD1 and CAD2. The stem diameter 
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trend was unclear; trees with CAD modification had the lowest growth and the 

highest growth. PtrCAD1&2-07 (M) had lower lignin content, high S/G ratio, but 

it was the only one that had lower cell wall thickness than the control. 

3. There was a complex relationship between changes in the chemical composition of 

the transgenic wood and the vessel and fiber properties. More research is needed to 

elucidate these relationships in genetically modified trees.  

 

 

ACKNOWLEDGMENTS 
 

The authors would like to acknowledge the funding of the USDA National Needs 

Fellowship (Award No. 2012-38420-30206) and the National Science Foundation funded 

Regulation and Modeling of Lignin Biosynthesis Project (DBI-0922391). 

 

 
REFERENCES CITED 
 

Awad, H., Herbette, S., Brunel, N., Tixier, A., Pilate, G., Cochard, H., and Badel, E. 

(2012). “No trade-off between hydraulic and mechanical properties in several 

transgenic poplars modified for lignin metabolism,” Environmental and Experimental 

Botany 77, 185-195. DOI: 10.1016/j.envexpbot.2011.11.023 

Bailey, I. W. (1953). “Evolution of the tracheary tissue of land plants,” American Journal 

of Botany 40(1), 4-8. DOI: 10.1002/j.1537-2197.1953.tb06441.x 

Baucher, M., Chabbert, B., Pilate , G., Van Doorsselaere, J., Tollier, M. T., Petit-Conli, 

M., Cornu, D., Monties, B., Van Montagu, M., Inze, D., Jouanin, L. and Boerjan, W. 

(1996). “Red xylem and higher lignin extractability by down-regulating a cinnamyl 

alcohol dehydrogenase in poplar (Populus tremula x P. alba),” Plant Physiology 112, 

1479-1490. DOI: 10.1104/pp.112.4.1479 

Bergander, A., and Salmen, L. (2002). “Cell wall properties and their effects on the 

mechanical properties of fibers,” Journal of Material Science 37(1), 151-156. DOI: 

10.1023/A:1013115925679 

Blount, J. W., Korth, K. L., Masoud, S. A., Rasmussen, S., Lamb, C., and Dixon, R. A. 

(2000). “Altering expression of cinnamic acid 4-hydroxylase in transgenic plants 

provides evidence for a feedback loop at the entry point into the phenylpropanoid 

pathway. Plant Physiology 122(1), 107-116. DOI: 10.1104/pp.122.1.107 

Chiang, V. L. (2002). “From rags to riches,” Nature Biotechnology 20, 557-558. DOI: 

10.1038/nbt0602-557 

Coleman, H. D., Park, J. Y., Nair, R., Chapple, C., and Mansfield, S. D. (2008). “RNAi-

mediated suppression of p-coumaroyl-CoA 3’-hydroxylase in hybrid poplar impacts 

lignin deposition and soluble secondary metabolism,” P. Natl. Acad. Sci. USA 

105(11), 4501-4506. DOI: 10.1073/pnas.0706537105 

De Micco, V. and Aronne, G. (2009). “Seasonal dimorphism in wood anatomy of the 

Mediterranean Cistus incanus L. subsp. Incanus,” Trees 23(5), 981-989. DOI: 

10.1007/s00468-009-0340-1 

DeBell, D. S., Harrington, C. A., Clendenen, G. W., and Zasada, J. C. (1997). “Tree 

growth and stand development of four Populus clones in large monoclonal plots.” 

New Forests, 14(1), 1-18. DOI: 10.1023/A:1006501229936 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5742 

Dinus, R. J., Payne, P., Sewell, M. M., Chiang, V. L., and Tuskan, G. A. (2001). “Genetic 

modification of short rotation popular wood: properties for ethanol fuel and fiber 

productions,” Critical Reviews in Plant Sciences 20(1), 51-69. DOI: 

10.1080/20013591099182 

Grünwald, C., Ruel, K., Joselau, J. P., and Fladung, M. (2001). “Morphology, wood 

structure and cell wall composition of rolC transgenic and non-transformed aspen 

trees,” Trees 15, 503-517. 

Hacke, U. G., Sperry, J. S., Pockman, W. T., Davis, S. D., and McCulloh, K. A. (2001). 

“Trends in wood density and structure are linked to prevention of xylem implosion by 

negative pressure,” Oecologia 126, 457-461. 

Hafrén, J., Daniel, G., and Westermark, U. (2000). “The distribution of acidic and 

esterified pectin in cambium, developing xylem and mature xylem of Pinus 

sylvestris,” IAWA Journal 21(2), 157-168. DOI: 10.1163/22941932-90000242 

Halpin, C., Knight, M. E., Foxon, G. A., Campbell, M. M., Boudet, A. M., Boon, J. J., 

Chabbert, B., Tollier, M. T., and Schuch, W. (1994). “Manipulation of lignin quality 

by downregulation of cinnamyl alcohol dehydrogenase,” The Plant Journal 6(3), 339-

350. DOI: 10.1046/j.1365-313X.1994.06030339.x 

Hancock, J. E., Loya, W. M., Giardina, C. P., Li, L., Chiang, V. L., and Pregitzer, K. S. 

(2007). “Plant growth, biomass partitioning and soil carbon formation in response to 

altered lignin biosynthesis in Populus tremuloides,” New Phytol. 173, 732-742. 

Hancock, J. E., Bradley, K. L., Giardina, C. P., and Preitzer, K. S. (2008). “The influence 

of soil type and altered lignin biosynthesis on the growth and above and belowground 

biomass allocation of Populus tremuloides,” Plant and Soil 308(1-2), 239-253. DOI: 

10.1007/s11104-008-9624-2 

Horvath, B., Peszlen, I., Peralta, P., Kasal, B., and Li, L. (2010a). “Effect of lignin 

genetic modification on wood anatomy of aspen trees,” IAWA Journal 31(1), 29-38. 

DOI: 10.1163/22941932-90000003 

Horvath, B., Peszlen, I., Peralta, P., Kasal, B., and Li, L. (2010b). “Mechanical properties 

of genetically engineered young aspen with modified lignin content and/or structure,” 

Wood and Fiber Science 42(3), 310-317. 

Hu, W. J., Harding, S. A., Lung, J., Popko, J. L., Ralph, J., Stokke, D.D., Tsai, C. J., and 

Chiang, V. L. (1999). “Repression of lignin biosynthesis promotes cellulose 

accumulation and growth in transgenic trees,” Nature Biotechnology 17, 808-812. 

DOI: 10.1038/11758 

Huda, A. A. S. M., Koubaa, A., Cloutier, A., Hernandez, R. E., and Fortin, Y. (2011) 

“Wood quality of hybrid poplar clones: clonal variation and property 

interrelationships,” in: Proceedings of the 3rd International Scientific Conference on 

Hardwood Processing, Virginia Tech, VA, USA, pp. 281-289. DOI: 

Huda, A. A. S. M., Koubaa, A., Cloutier, A., Hernandez, R. E., and Perinet, P. (2012). 

“Anatomical properties of selected hybrid poplar clones grown in southern Quebec,” 

BioResources 7(3), 3779-3799. DOI: 10.15376/biores.7.3.3779-3799 

Jacobsen, A. L., Ewers, F. W., Pratt, R. B., Paddock III, W. A., and Davis, S. D. (2005). 

“Do xylem fibers affect vessel cavitation resistance?,” Plant Physiology 139, 546-

556. DOI: 10.1104/pp.104.058404 

Joshi, C. P., Thammannagowda, S., Fujino, T., Gou, J.-Q., Avci, U. M., Haigler, C. H., 

McDonnel, L. M., Mansfield, S. D., Mengesha, B., Carpita, N. C., Harris, D., DeBolt, 

S., and Peter, G. F. (2011). “Perturbation of wood cellulose synthesis causes 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5743 

pleiotropic effects in transgenic aspen,” Molecular Plant. 4(2), 331-345. DOI: 

10.1093/mp/ssq081 

Jourez, B., Riboux, A., and Leclercq, A. (2001). “Anatomical characteristics of tension 

wood and opposite wood in young inclined stems of poplar (Populus euramericana 

cv ‘Ghoy’),” IAWA Journal 22(2), 133-157. DOI: 10.1163/22941932-90000274 

Kaeiser, M. (1955). “Frequency and distribution of gelatinous fibers in eastern 

cottonwood,” American Journal of Botany 42(3), 331-334. DOI: 10.1002/j.1537-

2197.1955.tb11127.x 

Kitin, P., Voeker, S. L., Meinzer, F. C., Beeckman, H., Strauss, S. H., and Lachenbruch, 

B. (2010). “Tyloses and phenolic deposits in xylem vessels impede water transport in 

low-lignin transgenic poplars: a study by cryo-fluorescence microscopy,” Plant 

Physiology 154(2), 887-898. DOI: 10.1104/pp.110.156224 

Lapierre, C., Pollet, B., Petit-Conil, M., Toval, G., Romero, J., Pilate, G., Leple, J. C., 

Boerjan, W., Ferrat, V., Nadai, V. D., and Jouanin, L. (1999). “Structural alterations 

of lignins in transgenic poplars with depressed cinnamyl alcohol dehydrogenase or 

caffeic acid O-methyltransferase activity have an opposite impact on the efficiency of 

industrial kraft pulping,” Plant Physiology 119, 153-163. DOI: 10.1104/pp.119.1.153 

Li, L., Zhou, Y., Cheng, X. F., Sun, J., Marita, J. M., Ralph, J., and Chiang, V. L. (2003). 

“Combinatorial modification of multiple lignin traits in trees through multigene 

cotransformation,” P. Natl. Acad. Sci. USA 100, 4939-4944. DOI: 

10.1073/pnas.0831166100 

Li, Q., Min, D., Wang, J., Peszlen, I., Horvath, L., Horvath, B., Nishimura, Y., Jameel, 

H., Chang, H.-m., and Chiang, V. L. (2011). “Down-regulation of glycosyltransferase 

8D genes in Populus trichocarpa caused reduced mechanical strength and xylan 

content in wood,” Tree Physiology 31, 226-236. DOI: 10.1093/treephys/tpr008 

Lignin Systems, NCSU (2015). 

https://brcwebportal.cos.ncsu.edu/lignin/lignin_db_public/nmr_aromatics, accessed 

06/18/2015 

Lo Gullo, M. A., Salleo, S., Piaceri, E. C. and Rosso, R. (1995). “Relations between 

vulnerability to xylem embolism and xylem conduit dimensions in young trees of 

Quercus cerris,” Plant Cell and Environment 18, 661-669. DOI: 10.1111/j.1365-

3040.1995.tb00567.x 

Lu, S., Li, Q., Wei, H., Chang, M.-J., Tunlaya-Anukit, S., Kim, H., Liu, J., Song, J., Sun, 

Y.-H., Yuan, L., Yeh, T.-F., Peszlen, I., Ralph, J., Sederoff, R. R., and Chiang, V. L. 

(2013). “Ptr-miR397a is a negative regulator of laccase genes affecting lignin content 

in Populus trichocarpa,” P. Natl. Acad. Sci. USA 110, 10848-10853. DOI: 

10.1073/pnas.1308936110 

Mátyás, C., and Peszlen, I. (1997). “Effect of age on selected wood quality traits of 

poplar clones,” Silvae genetica 46 (2-3), 64-72. 

Miller, Z. M. (2013). Wood Properties of Genetically Modified Young Black Cottonwood 

Trees. M.S. Thesis, North Carolina State University, Raleigh, NC, 109 pp. 

http://www.lib.ncsu.edu/resolver/1840.16/9896 

Miller , Z. M., Peralta, P. N., Mitchell, P., Chiang, V. L., Edmunds, C. W., and Peszlen, I. 

M. (2018). “Altered lignin content and composition in transgenic Populus 

trichocarpa results in a decrease of modulus of elasticity,” BioResources 13(4), 7698-

7708. DOI: 10.15376/biores.13.4.7698-7708 

Min, D. Y., Li, Q., Chiang, V., Jameel, H., Chang, H.-m., and Lucia, L. (2014). “The 

influence of lignin–carbohydrate complexes on the cellulase-mediated 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5744 

saccharification I: Transgenic black cottonwood (western balsam poplar, California 

poplar) P. trichocarpa including the xylan down-regulated and the lignin down-

regulated lines,” Fuel 119, 207-213. DOI: 10.1016/j.fuel.2013.11.047 

Musha, Y., and Goring, D. A. (1975). “Distribution of syringyl and guaiacyl moieties in 

hardwoods as indicated by ultraviolet microscopy,” Wood Science and Technology 9, 

45-58. DOI: 10.1007/BF00351914 

Peszlen, I. (1994). “Influence of age on selected anatomical properties of Populus 

clones,” IAWA Journal 15, 311-321. DOI: 10.1163/22941932-90000613 

Pettersen, R. C. (1984). “The chemical composition of wood,” in: The Chemistry of Solid 

Wood, R. Rowell (ed.), American Chemical Society (ACS), Washington, DC, pp. 57-

126. DOI: 10.1021/ba-1984-0207.ch002 

Pilate, G., Guiney, E., Holt, K., Petit-Conil, M., Lapierre, C., Leple, J.-C., Pollet, B., 

Mila, I., Webster, E. A., Marstorp, H. G., Hopkins, D. W., Jouanin, L., Boerjan, W., 

Shuch, W., Cornu, D., and Halpin, C. (2002). “Field and pulping performances of 

transgenic trees with altered lignifications,” Nature Biotechnology 20(6), 607-612. 

DOI: 10.1038/nbt0602-607 

Porth, I., Klapste, J., Skyba, O., Lai, B., Geraldes, A., Muchero, W., Tuskan, G., Douglas, 

C., El-Kassaby, Y., and Mansfield, S. (2013). “Populus trichocarpa cell wall 

chemistry and ultrastructure trait variation, genetic control and genetic correlations,” 

New Phytologist 197(3), 777-790. DOI: 10.1111/nph.12014 

Ralph, J., Akiyama, T., Kim, H., Lu, F., Schatz, P. F., Marita, J. M., Ralph, S. A., 

Srinivasa Reddy, M. S., Chen, F., and Dixon, R. A. (2006). “Effects of coumarate 3-

hydroxylase down-regulation on lignin structure,” Journal of Biological Chemistry 

281(13), 8843-8853. DOI: 10.1074/jbc.M511598200 

Salmén, L. (2004). “Micromechanical understanding of the cell-wall structure,” Comptes 

Rendus Biologies 327, 873-880. DOI: 10.1016/j.crvi.2004.03.010 

Salmén, L. and De Ruvo, A. (2007). “A model for the prediction of fiber elasticity,” 

Wood and Fiber Science 17(3), 336-350. 

Salmén, L., Olsson, A. M., Stevanic, J. S., Simonovic, J., and Radotic, K. (2012). 

“Structural organization of the wood polymers in the wood fibre structure,” 

BioResources 7(1), 521-532. DOI: 10.15376/biores.7.1.521-532 

Sandquist, D., Norell, L., and Daniel, G. (2015). “Quantitative evaluation of hybrid aspen 

xylem and immunolabeling patterns using image analysis and multivariate statistics,” 

BioResources 10(3), 4997-5015. DOI: 10.15376/biores.10.3.4997-5015 

SAS Institute, Inc. (2009). SAS Enterprise Guide 4.2., SAS Institute Inc., Cary, NC. 

Sewalt, V. J. H., Ni, W., Blount, J. W., Jung, H. G., Masoud, S. A., Howles, P. A., Lamb, 

C., and Dixon, R. A. (1997). “Reduced lignin content and altered lignin composition 

in transgenic tobacco down-regulated in expression of L-phenylalanine ammonia-

lyase or cinnamate 4-hydroxylase,” Plant and Cell Physiology 115, 41-50. DOI: 

10.1104/pp.115.1.41 

Shi, R., Sun, Y.-H., Li, Q., Heber, S., Sederoff, R. and Chiang, V. L. (2010). “Towards a 

systems approach for lignin biosynthesis in Populus trichocarpa: Transcript 

abundance and specificity of the monolignol biosynthetic genes,” Plant and Cell 

Physiology 51(1), 144-163. DOI: 10.1093/pcp/pcp175 

Shuford, C. M., Li, Q., Sun, Y.-H., Chen, H.-C., Wang, J., Shi, R., Sederoff, R. R., 

Chiang, V. L., and Muddiman, D. C. (2012). “Comprehensive quantification of 

monolignol-pathway enzymes in Populus trichocarpa by protein cleavage isotope 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5745 

dilution mass spectrometry,” Journal of Proteome Research 11, 3390-3404. DOI: 

10.1021/pr300205a 

Sibout, R., Eudes, A., Mouille, G., Pollet, B., Lapierre, C., Jouanin, L., and Seguin, A. 

(2005). “Cinnamyl alcohol dehydrogenase-C and -D are the primary genes involved 

in lignin biosynthesis in the floral stem of Arabidopsis,” Plant Cell 17, 2059-2076. 

DOI: 10.1105/tpc.105.030767 

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluitter, J., Templeton, D., and Crocker, D. 

(2011). Determination of Structural Carbohydrates and Lignin in Biomass, 

Laboratory Analytical Procedure (LAP), Technical Report NREL/TP-510-42618, 

National Renewable Energy Laboratory (NREL), U.S. Dept. of Energy, Golden, CO, 

(http://www.nrel.gov/biomass/pdfs/42618.pdf). 

Song, J., Lu, S., Chen, Z.-Z., Lourenco, R., and Chiang, V. L. (2006). “Genetic 

transformation of Populus trichocarpa genotype Nisqually-1: A functional genomic 

tool for woody plants,” Plant Cell Physiology 47(11), 1582-1589. DOI: 

10.1093/pcp/pcl018 

Stout, A. T., Davis, A. A., Domec, J.-C., Yang, C., Shi, R., and King, J. S. (2014). 

“Growth under field conditions affects lignin content and productivity in transgenic 

Populus trichocarpa with altered lignin biosynthesis,” Biomass and Bioenergy 68, 

228-239. DOI: 10.1016/j.biombioe.2014.06.008 

Studer, M. H., DeMartini, J. D., Davis, M. F., Sykes, R. W., Davison, B., Keller, M., 

Tuskan, G. A., and Wyman, C. E. (2011). “Lignin content in natural Populus variants 

affects sugar release,” P. Natl. Acad. Sci. USA 108(15), 6300-6305. DOI: 

10.1073/pnas.1009252108 

Swan, E. P., and Kellogg, R. M. (1986). “Chemical properties of black cottonwood and 

balsam poplar,” Canadian Journal of Forest Research 16, 497-501. DOI: 

10.1139/x86-088 

Talukder, K. (2006). “Low-lignin wood—a case study,” Nature Biotechnology 24(4), 

395. DOI: 10.1038/nbt0406-395 

Timell, T. E. (1986). Compression Wood in Gymnosperms, Springer Verlag, Heidelberg, 

Germany. DOI: 10.1007/978-3-642-61616-7 

Tyree, M. T., and Sperry, J. S. (1989). “Vulnerability of xylem to cavitation and 

embolism,” Annual Review of Plant Biology 40(1), 19-36. DOI: 

10.1146/annurev.pp.40.060189.000315 

Van Doorsselaere, J., Baucher, M., Chognot, E., Chabbert, B., Tollier, M. T., Petit‐Conil, 

M., Leplé, J., Pilate, G., Cornu, D., Monties, B., Montagu, M., Inzé, D., Boerjan, W., 

and Jouanin, L. (1995). “A novel lignin in poplar trees with a reduced caffeic acid/5-

hydroxyferulic acid O-methyltransferase activity,” Plant Journal 8, 855-864. DOI: 

10.1046/j.1365-313X.1995.8060855.x 

Voelker, S. L., Lachencruch, B., Meinzer, F. C., Kitin, P., and Strauss, S. H. (2011). 

“Transgenic poplars with reduced lignin show impaired xylem conductivity, growth 

efficiency and survival,” Plant Cell and Environment 10, 1-14. DOI: 10.1111/j.1365-

3040.2010.02270.x 

Voelker, S. L. (2009). Functional Decreases in Hydraulic and Mechanical Properties of 

Field-Grown Transgenic Poplar Trees Caused by Modification of the Lignin 

Synthesis Pathway through Downregulation of the 4-Coumarate: Coenzyme A Ligase 

Gene, Ph.D. Dissertation, Oregon State University, Corvallis, OR, pp.127.  

Wang, J. P., Matthews, M. L., Williams, C. M., Shi, R., Yang, C., Tunlaya-Anukit, S., 

Chen, H.-C., Li, Q., Liu, J., Lin, C.-Y., Naik, P., Sun, Y.-H., Loziuk, P. L., Yeh, T.-



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Miller et al. (2019). “Populus with reduced lignin,” BioResources 14(3), 5729-5746.  5746 

F., Kim, H., Gjersing, E., Shollenberger, T., Shuford, C. M., Song, J., Miller, Z., 

Huang, Y.-Y., Edmunds, C. W., Liu, B., Sun, Y., Lin, Y.-C. J., Li, W., Chen, H., 

Peszlen, I., Ducoste, J. J., Ralph, J., Chang, H.-m., Muddiman, D. C., Davis, M. F., 

Smith, C., Isik, F., Sederoff, R., and Chiang, V. L. (2018). “A systems model of 

lignin biosynthesis predicts wood properties and wood utilization,” Nature 

Communications 9(1), 1579-1595. DOI: 10.1038/s41467-018-03863-z 

Wang, Y., Titus, S. J., and LeMay, V. M. (1998). “Relationships between tree 

slenderness coefficients and tree or stand characteristics for major species in boreal 

mixedwood forests,” Canadian Journal of Forest Research 28, 1171-1183. DOI: 

10.1139/x98-092 

Wang, Y., Liu, C., Zhao, R., McCord, J., and Rials, T. (2016). “Anatomical 

characteristics microfibril angle and micromechanical properties of cottonwood 

(Populus deltoids) and its hybrids,” Biomass and Bioenergy 93, 72-77. DOI: 

10.1016/j.biombioe.2016.06.011 

Whetten, R. W., MacKay, J. J., and Sederoff, R. R. (1998). “Recent advances in 

understanding lignin biosynthesis,” Annual Review of Plant Physiology and Plant 

Molecular Biology 49, 585-609. DOI: 10.1146/annurev.arplant.49.1.585 

Xiang, Z. (2011). Effects of Genetic Modification and Drying Stresses on Wood 

Properties, M.S. Thesis, North Carolina State University, Raleigh, NC, 100 pp. 

Xiang, Z., Sen, S. K., Roy, A., Min, D., Savithri, D., Jameel, H., Chiang, V., and Chang, 

H.-m. (2015). “Wood characteristics and enzymatic saccharification efficiency of 

field-grown transgenic black cottonwood with altered lignin content and structure,” 

Cellulose 22(1), 683-693. DOI: 10.1007/s10570-014-0541-7 

Zhong, R., Yao, C., Cheng, X., Lu, J., Fei, B., and Wang, Y. (2014). “Anatomical, 

chemical, and mechanical properties of fast-growing Populus x euramericana Cv. 

‘74/76’,” IAWA J. 35(2), 158-169. DOI: 10.1163/22941932-00000057 

 

Article submitted: November 14, 2018; Peer review completed: January 26, 2019; 

Revised version received: May 20, 2019; Accepted: May 27, 2019; Published:  June 4, 

2019. 

DOI: 10.15376/biores.14.3.5729-5746  


