
ABSTRACT 

MILLER, ZACHARY DAVID . Anatomical, Chemical, Physical and Mechanical 

Characterization of Genetically Modified Black Cottonwood Trees and Loblolly Pine Trees. 

(Under the Direction of Drs. Ilona Peszlen and Perry Peralta). 

 

Traditional tree improvement programs are making steady progress towards the 

enhancement of tree properties and have achieved superior phenotypes with improved traits 

(e.g., straightness, height, and volume). They are, however, usually limited in the time 

required to make genetic gains as we are only on the fourth generation of traditional tree 

breeding. Biotechnology has the potential for making significant genetic improvements to 

wood properties in a matter of years instead of decades. Genetic engineering typically 

focuses on those traits that are controlled by fewer genes such as disease resistance; however, 

recent progress has been focused on tailor-made trees for specific purposes, such as altered 

lignin content and structure, and improved density and specific gravity. Modifications of the 

genes controlling wood characteristics may have unintentional consequences, such as a 

reduction in solid wood properties, and need to be addressed. 

A study investigated wild-type and transgenic loblolly pine (Pinus taeda) clones 

modified for increased density in order to determine the modulus of elasticity (MOE), 

modulus of rupture (MOR) and density/specific gravity, and to analyze anatomical properties 

of selected clones. We then attempt to correlate the MOE, MOR and density with anatomical 

properties. 

A second study was conducted to investigate whether genetic modifications to lignin 

using traditional genetic techniques will lead to altered tree growth and changes in the 

molecular makeup of cell walls. This study showed that modification to specific genes in the 

lignin biosynthetic pathway either increased the number of vessels and their size or had no 



effect on cell morphology, which was especially pronounced in the PtrCAD1/CAD2 genetic 

group.  

A third study examined the effects on microfibril angle (MFA) that occurred from 

genetic modifications using specimens from the first two studies. We sent a number of 

specimens to be analyzed by Silviscan-2 to determine their density, MFA and dynamic MOE, 

and compared these results with the measurements we previously analyzed. A secondary aim 

was to develop a reliable and economically viable method for measuring MFA here at NC 

State University. We found that the two&three-year-old loblolly pine samples had little 

variation across the sample, whereas six-month-old black cottonwood (Populus trichocarpa) 

showed large MFA variation. As for the secondary objective, we found that mean MFA 

values across the samples were not significantly different, however, the trends didnôt agree, 

due to sensitivity to sample alignment. 

Our final study was conducted to evaluate the effects of genetic modifications to 

lignin using CRISPR/Cas9 technology targeting an optimum molecular design for tailored 

wood properties. This study focused on wood mechanics of genetically modified black 

cottonwood with several specific modifications at the major steps in the lignin biosynthesis 

pathway. In this study, CRISPR-modified six-month-old black cottonwood clones were 

characterized to determine diameter growth, MOE, and specific gravity. Fiber and vessel 

characteristics were also analyzed for PtrCAD1 genetic group for the second part of the 

study. We found that the majority of the PtrPAL2,4,5 genetic groups exhibited diameter 

growth, MOE, and specific gravity comparable to the wild-type. The growth of the PtrCAD1 

group was unaffected, however, MOE and specific gravity was severely reduced. 



The complexity of the genetic structure of trees and how it relates to wood properties 

are revealed in this research. Some genetic manipulations involved in lignin biosynthesis 

resulted in reduced mechanical properties but most did not result in any decrease. Therefore, 

further systematic investigation of mechanical properties of transgenic trees with modified 

cell wall composition and assembly is needed to improve our understanding of wood 

formation and how it relates to wood properties and utilization. 
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CHAPTER 1 

Anatomical, Physical and Mechanical Properties of Loblolly Pine Genetically Modified 

for Increased Density 

 

(This work was published in the Journal of Wood and Fiber Science: Miller, Z. D., Peralta, P. 

N., Mitchell, P. H., Kelley, S. S., Chiang, V. L., Pearson, L., & Peszlen, I. M. (2019). 

Anatomical, physical, and mechanical properties of transgenic loblolly pine (Pinus taeda L.) 

modified for increased density. Wood Fiber Sci, 51, 173-182).   
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Anatomy and Chemistry of Populus trichocarpa with Genetically Modified L ignin 

Content 

 

(This work was published in the Journal of Wood and Fiber Science: Miller, Z. D., Peralta, P. 

N., Mitchell, P., Chiang, V. L., Kelley, S. S., Edmunds, C. W., & Peszlen, I. M. (2019). 

Anatomy and chemistry of Populus trichocarpa with genetically modified lignin content. 
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Anatomy and Chemistry of Populus trichocarpa with 
Genetically Modified Lignin Content 
 

Zachary D. Miller,a Perry N. Peralta,a Phil Mitchell,a Vincent L. Chiang,a,b Stephen S.  

Kelley,a Charles W. Edmunds,a and Ilona M. Peszlen a,*  

 
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 
included 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. 

 

Keywords: Populus trichocarpa; Lignin content; Syringyl-to-guaiacyl (S/G) ratio; Stem diameter; CAD; C3H; 

C4H 

 

Contact information:  a: Department of Forest Biomaterials, North Carolina State University, Box 8005, 

Raleigh, NC 27695-8005 USA; b: Forest Biotechnology Group, North Carolina State University, Box 7247, 

Raleigh, NC 27695-8005 USA; *Corresponding author: impeszle@ncsu.edu 

 

 
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 (Petterson 

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; Talukdar 2006). Pulp and paper 

manufacturing prefers longer fibers that are easier to separate with 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), 
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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). 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 

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 poplars 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; OôNeill et al. 1996). In general, cell wall 

thickness and cellulose microfibril angle are the determining factors of axial fiber properties 

(Salmén and de Ruvo 2007; Salmén 2004; 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; Huda et al. 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 
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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.  

 

 

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:  

 

Å PtrC3H3-05(L): Reduced PtrC3H3 

Å PtrC3H3-10(M): Reduced PtrC3H3 

 

Å PtrCAD1-05(L): Reduced PtrCAD1 

 

Å PtrCAD2-19(H): Reduced PtrCAD2 

 

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

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

 

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

stem-regulated promoter) 

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

stem-regulated promoter) 

 

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

xylem specific promoter) 

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

xylem specific promoter) 

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

Å 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 
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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 (ɛm), 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 (ɛm) and fiber double cell wall thickness (ɛm). 

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 ɛm 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 ɛm x 410 

ɛm size images at 100x magnification for vessel measurements (~100 measured vessel/image), 

and five to eight 273 ɛm x 205 ɛm 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, that 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/(gÅcm) (Sluiter et al. 2011). The concentration of 

sugars (glucose and xylose) in the filtrate was quantified by HPLC, which was equipped with 
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a refractive index (RI) detector (Sluiter et al. 2011). Prior to injection, samples were filtered 

through 0.2 ɛm nylon Millipore filters; an injected volume of 20 ɛL 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 Dunnettôs multiple range test; 

an alpha (a) of 0.05 was used to compare the chemical and anatomical properties of each 

transgenic line to those of the wild-type.  

 

NMR spectroscopy 
The S/G ratio of lignin was determined by the method of Wang et al. (2018).2D NMR 

spectra were acquired using 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 vessel numbers per area measured 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 show 

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 

this 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). 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) 
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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. 

 

 
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 ɛm x 410 ɛm 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 Dunnettôs comparison test at a = 0.05 significance level. 
 

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. 4 a 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 
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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).  

 

 
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. 

 

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 
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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. 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 exhibits eccentric growth in response to the reorientation of the stem axis from 

its original position (Timell 1969). 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 as much as threefold in field-grown poplar (Voelker 2009).  

 

 
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 ɛm x 205 ɛm image area. 
Whiskers represent the standard deviation. Asterisks (*) represent significant differences of the 

expression levels compared to the wild-type using Dunnettôs comparison test at a = 0.05 significance 
level. 

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). Most of the transgenic specimens 
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have 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 which 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. (1995) analyzed two-years-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.  
 
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) 
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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-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 
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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 Dunnettôs comparison test at a = 0.05 significance level. 
 

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% 
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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 

thought to be involved in monolignol polymerization and 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 for 

transgenic aspen with high S/G ratio (5.2) although the authors used a different sense CAld5H 
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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, was 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 is especially true when simultaneous 
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modifications to CAD1 and CAD2. The stem diameter trend was unclear; trees with CAD 
modification had the lowest growth and the highest growth. PtrCAD1&2-07 (M) has lower 
lignin content, high S/G ratio and but it is the only one which has 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.  
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Chapter 3 

 

Microfibril angle of mature loblolly pine , transgenic loblolly pine, and transgenic black 

cottonwood 

 

Introduction  

 

Future timber supply is expected to come from improved hardwood and softwood 

trees grown on plantations or small diameter logs selected and removed during forest 

operations. Early research (Pearson and Gilmore, 1971; Boone and Chudnoff, 1972) has 

helped to bring attention to the drawbacks of fast-grown timber. Short age-rotation trees will 

contain higher proportions of juvenile wood compared to mature virgin timber. Microfibril 

angles (MFA) will be a key property to help the selection and utilization of the lumber 

harvested from these short rotation crops, which will be substantially different from lumber 

harvested in the past. Bendtsen and Senft (1986) and Megraw (1986) have shown that the 

MFA of the S2 layer is a critical factor in the mechanical properties of wood.  

 

In primary cell walls, the orientation of cellulose microfibrils is often random, 

however, secondary cell walls exhibit alternating layers of microfibrils in opposing 

orientations. There are usually three layers, an outer S1, a thick S2 and an inner S3 with an S-

Z-S microfibril helical organization. This crossed structure provides high stiffness along the 

tree axis through the S2 layer and high burst and collapse resistance from the S1 and S3 

layers, respectively. This allows the plant to grow erect while also allowing efficient water 

conduction up the stem. It is advantageous for trees with small diameter stems to be able to 
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bend in order to dissipate forces from the wind as rigid stems require a much higher stiffness 

and strength in order to resist failure.  

 

Microfibril angle, like other wood features, differs between softwoods and hardwoods 

due to their different anatomy. In softwoods, the MFA shows wide variation, usually with a 

larger MFA at the pith and smaller towards the outside of the tree (mature wood). Although 

the MFA is larger at the pith of hardwoods there is much less variation (Donaldson, 2008). 

More extensive studies have shown that MFA in conifer (softwood) trees is higher at the base 

and decreases up the tree. Unfortunately, hardwoods have not been studied as thoroughly as 

softwoods. The studies that have been done show a much lower variation in MFA within the 

tree. In the few studies on hardwood species oak has been shown to generally have MFA 

below 20° (Donaldson, 2008; Tabet and Aziz, 2013; Treacy et al., 2000). 

 

Studies on the variation of MFA from latewood to earlywood have also shown a 

difference between hardwoods and softwoods. Some softwood species, such as lodgepole 

pine, show a slow decline of MFA in earlywood and steeper in latewood with maturity, 

whereas spruces and hardwoods show a similar trend but much less variation (Tabet and 

Aziz, 2013; Donaldson, 2008; Treacy et al., 2000). Some studies have even shown a 

variation of MFA in one tracheid (Krauss et al., 2011; Khalili et al., 2001). 

 

All structural properties of wood are tied together in influencing the responses of 

many mechanical properties. MFA is inversely related to the longitudinal stiffness or 
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modulus of elasticity (MOE) of wood (Donaldson, 2008). MFA also is said to be one of the 

controlling factors in the shrinkage of wood, although not for wood of young cambial age in 

Sitka spruce (Leonardon et al. 2010). 

 

The microfibril angle varies within each tree due to a number of factors such as 

cambial age, growth rate, and height, as well as genetic characteristics (Treacy et al., 2000). 

Forestry can also influence wood properties such as MFA, which can potentially affect the 

woodôs value. The art of forestry, or silviculture, involves planting and in some cases 

thinning to provide the correct amount of space for each tree to get the required sunlight and 

nutrients needed for strong growth, as competition between trees can affect their growth 

(Berges et al., 2008).  

MFA is larger at the base of the tree for a certain ring number from the pith and 

decreases with height. In hardwoods, there is less variation and much smaller microfibril 

angles in juvenile wood and near the pith (Stuart and Evans 1995; Anagnost et al. 2005). Pith 

to bark variation in Populus clones showed MFA values near the pith of 28° in 11-year-old 

trees at breast height and generally 1-5° lower in latewood compared to earlywood (Fang et 

al. 2006). Among hardwood trees, variation at the pith is only slightly higher than variation at 

the bark in 15-year-old Eucalyptus nitens (Evans et al. 2000). MFA measurements have been 

characterized in softwoods much more than in hardwoods and the commercial importance of 

MFA in hardwoods is less clear. There is a need to extend the range of species investigated 

for MFA.  
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Most measurements of MFA are carried out on radial cell walls, but some studies 

have compared radial and tangential walls. MFA measured using soft rot cavity orientation 

was found to be greater in radial walls compared to tangential walls (Khalili et al. 2001). 

Anagnost et al. (2005) found MFA on the radial wall significantly larger than on the 

tangential wall, but Pinus taeda had similar MFA in radial and tangential walls (Anagnost et 

al. 2002). Stuart and Evans (1995) and Anagnost et al. (2005) found similar MFA in a radial 

and tangential wall. Conversely, Donaldson and Xu (2005) and Kretschmann et al., (1998) 

found differences among trees in radial and tangential walls. 

 

MFA of the S2 layer has been shown to influence longitudinal and transverse 

shrinkage in sawn lumber during drying operations which can substantially increase the 

proportion of defects when the MFA is large. MFA is an important factor for the strength of 

wood and elasticity (Mansfield et al. 2007) and explains a large portion of the variation of the 

longitudinal modulus of elasticity in Eucalyptus delegatensis (Evans and Ilic, 2001) and 

Pinus taeda (Cramer et al., 2005).  

 

The orientation of cellulose microfibril (MFA) in the cell wall along the fiber axis is 

known to play a major effect on wood stiffness (Cave 1968) and on drying shrinkage 

(Meylan 1967). MFA is thus of key importance for wood quality. For example, lumber with a 

large MFA has a low modulus of elasticity, which reduces its value as a raw material and its 

economic value (Walker and Butterfield 1995). According to Lichtenegger et al. (1999), a 

higher MFA results in a lower stiffness but also goes along with a higher toughness of wood 
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which makes young trees less prone to failure. This concern was not too serious in the past 

when the forest companies allowed the trees to reach their maturity before harvesting them 

(Barnett and Bonham 2004). 

 

Few studies have addressed this issue in hardwoods, so there is a need to extend the 

range of species that have been investigated (Donaldson 2008). Evans and Ilic (2001) and 

Yang and Evans (2003) have investigated the relationship between MFA, density, and 

modulus of elasticity in Eucalyptus (E. delegatensis, E. globulus, E. nitens, and E. regnans 

from trees between 15 and 31 years of age). They demonstrated that the density and MFA 

had significant and independent effects on the modulus of elasticity. MFA was the prime 

determinant, but the ratio of density/MFA was found to be linearly linked to MOE and better 

correlated. In the genus Populus however, the effects of microfibril angle on wood properties 

other than mechanical ones are rarely reported in the literature (Lima et al. 2004, Hein and 

Lima 2012).  

 

The strength and flexibility of microfibrils are remarkable; they stretch elastically to a 

small extent when a load is applied but thereafter the matrix polymers experience more 

permanent rearrangement allowing the microfibrils to slide past one another. The cell wall 

then shows what is known as plastic deformation (Burgert and Fratzl, 2009; Roszyk et al., 

2010). 
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It has been observed that the MFA correlates broadly with the mechanical stresses 

that are present in the different stages of the treeôs growth. For example, juvenile wood needs 

to be flexible and bend without breaking, which is made possible by it having a higher MFA 

than mature wood. Mature wood needs to have a lower MFA to be able to withstand the 

compression force exerted by the weight of the tree (Chaffey, 2000; Burgert, 2006). The 

higher MFA in juvenile wood leads to it being considered inferior to mature wood for many 

purposes. 

 

X-ray diffraction is the fastest and most modern method of measuring the MFA. This 

method enables large sample numbers to be measured in a short time. It has been used to 

determine MFA (Cave, 1966; Harris and Meylan, 1965; Meylan, 1967). Further studies using 

x-ray diffraction from the (002) as well as the (040) planes of cellulose in wood were carried 

out by Nomura and Yamada (1972). In this technique, a thin section of wood is irradiated 

perpendicular to the fiber length by an x-ray beam producing a set of diffraction patterns. 

This pattern consists of a series of arcs that are spaced apart by several well-defined 

concentric circles. The diameters of the concentric circles are indications of the spacing of 

the crystalline planes with the cellulose crystalline fibrils. Reflections of cellulose crystal 

planes of the type (0K0) give the MFA distribution directly, but generally, these reflections 

are too weak or too poorly resolved to be used and one is forced to use the very strong (002) 

reflection. Evaluation of the mean MFA then involves an assumption of the form of the 

microfibril distribution. The angular distance from the equator to the point where the tangent 
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at the point of inflection of the intensity curve cuts the zero-intensity axis is T (Cave, 1966). 

The width T has been shown to be correlated to the MFA (Meylan, 1967). 

 

In general, the width of the (002) diffraction arc reflects the magnitude of the mean 

MFA and most methods in use are based on a measure of the width of the arc (Cave, 1966). 

The width of the diffraction arc in the method presented here is determined by the angular 

separation, T, of the intercepts with the zero-intensity axis of the tangents at the points of 

inflection, of the outer slopes of the intensity curve of the diffraction arc. 

 

The theoretical relation between T and the mean MFA is obtained by considering the 

relationship between the shape of the angular distribution of the microfibrils in the plane of 

the cell wall and the shape of the intensity distribution of the (002) arc. The shape of the 

intensity distribution is also dependent to some degree on the cross-sectional shape of the 

cells. Tracheids may vary in shape from rectangular through irregular hexagonal to circular. 

The theory considers two extreme shapes, square and circular, in order to indicate the likely 

effect of cell cross-sectional shape on the diffraction diagram (Cave, 1966). Wherever 

possible, a general angular distribution of microfibrils has been assumed in the plane of the 

cell wall, subject to the following conditions (Meylan, 1972):  

 

i. The microfibril is essentially a single crystal.  

ii . All microfibrils are crystallographically identical  
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iii . The cell wall consists of a single homogeneous layer of microfibrils called the S2 

layer embedded in a noncrystalline matrix.  

iv. The microfibrils lie strictly in the plane of the cell wall (Cave, 1976). The angular 

distribution of microfibrils in the plane of the wall is taken to be approximately that 

of the normal probability function with a mean MFA, and standard deviation ů 

(provided ů Ò 30Á)  

 

The primary aim of this study was to generate a better understanding of the 

relationship between MFA and wood traits including density and MOE predicted by 

Silviscan-2 on small samples for mature (21+ years old) and 2&3-year-old Pinus taeda, and 

6-month-old Populus trichocarpa.  In addition, properties measured and predicted by 

Silviscan-2 were compared to those properties that were measured by traditional techniques. 

The secondary aim of the study was to develop a more reliable and economically viable 

method for measuring MFA using the existing XRD equipment at NC State University.  

 

Materials and Methods 

In this experiment, there were three sets of samples investigated: 

1. Mature pine densitometry samples (Pinus taeda) measured from pith to bark (two 

samples)  

2. Wild-type and transgenic specimens 2&3-year-old loblolly pine (Pinus taeda): (eight 

samples, 2 wild-type and 6 high-density transgenics (Miller et al. 2019a)  
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3. Wild-type and transgenic 6-month-old black cottonwood (Populus trichocarpa): (six 

samples, 3 wild-type and 3 low-lignin transgenics (Miller et al. 2018, Miller et al. 

2019b) 

The mature pine samples were chosen to give the greatest difference between young 

wood and mature wood to aid in testing the techniques of measuring the MFA. Samples for 

2&3-year-old loblolly pine and 6-month-old black cottonwood were selected based on the 

measured modulus of elasticity (MOE): Lowest and highest MOE specimens for the wild-

type group and each transgenic group. 

 

Silviscan techniques (from FPInnovations report) 

Using this technique, which is available in three locations worldwide and relatively 

expensive ($150/sample) all three types of samples were measured. Specimens were prepared 

and sent to FPInnovations to analyze using Silviscan-2. The samples were soaked in acetone 

for 12 hours and extracted for 8 hours at 70°C in a modified Soxhlet extraction system. The 

blocks/strips were sorted and conditioned at 40% relative humidity and 20°C temperature 

(SilviScan standard conditions) until equilibrium was reached (~8% moisture content, dry 

basis). The samples were then cut into strips of 2 x 7 mm (tangentially x longitudinally) 

using twin-blade saws. Each strip was scanned for wood density using x-ray densitometry, 

and microfibril angle (MFA) using x-ray diffractometry. Wood density was determined at a 

25- µm resolution whereas MFA was determined at a 1-mm resolution. 
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SilviScan exploits the relationship between the variance of the (002) azimuthal 

diffraction profile of cellulose I and microfibril orientation distribution to estimate MFA. The 

(002) diffraction patterns are obtained from the planes whose normal is perpendicular to the 

microfibril axis. The theory behind the measurement can be found in Evans (1999) and 

Evans et al. (1999). These papers showed that the variance (S2) of the (002) azimuthal 

diffraction profile is related to the MFA and the variance (ů2) of the microfibril orientation 

distribution.  

 

S2= µ2/2 + ů2 

 

In SilviScan, a focused x-ray beam (0.2 mm) goes through the sample in the 

tangential direction. The scattered beam is detected and recorded by a CCD x-ray detector. 

Once acquired, the diffraction image is mapped onto a spherical coordinate system in which 

azimuthal angles become horizontal and radial lines become vertical. The intensity profile is 

extracted for analysis by integrating it over the radial limits of the 002 peaks. The total 

variance of the profile includes the average MFA and the dispersion of microfibril 

orientation. This last quantity has been estimated using MFA data obtained by optical 

microscopy. 

 

Densitometric measurement is based on Beerôs Law which states that the intensity of 

an x-ray beam that passes through a sample falls off exponentially with sample thickness, 

and that extent of attenuation is related to the density of the sample:  
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I = I0 * e
-Ŭ

m
DT 

 

where I0 is the intensity of the incident x-ray beam, I is the intensity of the transmitted x-ray 

beam, D is the density of the sample, T is the thickness of the sample, i.e., the distance that x-

ray travels, and Ŭm is the mass absorption coefficient.  

In SilviScan, the amount of radiation that is transmitted through the wood strip is 

detected by a CCD (charge-coupled device) imaging camera that has a pixel size of 7 x 7 µm. 

The wood strip is mounted on a rotatable stage. When the strip is ready for scanning, a laser 

profilometer detects and measures the length of the strip by locating the bark ends. Density 

images and positions are acquired automatically across the entire length of the strip. The 

beam size when exiting the collimator is 13 mm in diameter, and 11 mm in diameter when 

getting in contact with the strip. The frame size of the detector is 8.64 x 6.39 mm. The 

rotatable stage of the densitometer rotates the mounted strip according to the isopycnic angle 

of each growth ring estimated from the image analysis. The purpose is to make the x-ray 

beam parallel to the growth ring being measured to obtain a sharper definition of ring 

boundaries. When running at a variable angle, the step size is controlled by the isopycnic 

angle which is less than 0.2 degrees in the window frame. Stage angle is fixed in case image 

analysis is not performed. 

 

When the scan is completed, all the images are merged to form a grey scale density 

image. Post-scan analysis converts the density image into nominal density using the 
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attenuation coefficient estimated from the cellulose acetate sheet during calibration of the 

densitometer. The nominal density profile is generated on a line 0.5 mm below the top 

surface (I.e., transverse surface) of the strip. This nominal density is then scaled to true 

density using the average density of the strip measured from its volume (micrometry) and 

mass. SilviScan measures density at 25 µm resolution in the radial direction, allowing the 

easy detection of annual growth ring features. It is worth mentioning that the density 

measured by SilviScan is the density at 8% moisture content (dry basis). If needed, this 

density can be converted to basic or dry density using the swelling or shrinkage coefficient 

for the species. The basic density (Db) is calculated using the following formula (Siau 1995):  

  

  Db = (1000* D8)/1080+0.22*D8 

 

Where D8 is the density at 8% moisture content (MC).  

 

Density (D) from x-ray densitometry and the coefficient of variation of the intensity 

of the x-ray diffraction profile (Icv) are combined to compute the fiber modulus of elasticity 

(MOE) (Evans 2005):  

 

MOE= A (Icv*D)B 

 

This includes the scattering from the S2 layer and the background scattering from 

other cell wall constituents such as the S1 and S3 layers, parenchyma, and amorphous 
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cellulose and lignin present in the fiber wall. The model contains two statistically determined 

calibration constants (A and B), that have been shown to be insensitive to species, and relate 

to the sonic resonance method used for calibration (Evans 2005). This means the MOE 

calculated by SilviScan is the dynamic MOE. Sonic testing historically produces higher 

values of modulus of elasticity than static bending tests.  

 

Molybdenum source Apex 2 XRD Technique 

 Using this technique, which is available onsite at NC State University and available 

for researchers (~$7/sample) one of the mature loblolly pine samples was measured. Samples 

were analyzed using a Bruker AXS, with Siemens KFF goniometer molybdenum x-ray 

source and an APEX II detector at the Department of Chemistry at NC State University. The 

X-ray diffractometer (MoKŬ source) was operated at a voltage of 50 Kv with a current 

density of 30 mA. For (002) crystalline cellulose plane for XRD, this equates to a Bragg 

angle 2ɗ equal to about 11.35°.  A diffraction image was generated which we then integrated 

over 2ɗ which generated an intensity versus azimuthal angle graph. Using the output of the 

XRD, we used MATLAB to fit a curve to the data. The point of inflection was calculated 

based on where 2nd derivative of the equation crosses the zero-intensity axis and Meylanôs 

equation was used to calculate the MFA. 

 

MFA= 0.6*T 
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Density 

Density for the 2&3-year-old loblolly pine trees was calculated based on the mass at 

~12% moisture content (MC) and caliper measurements to calculate volume. For the black 

cottonwood samples, density was measured using the green mass (>fiber saturation point) 

and mass of displaced water using Archimedes method to find the volume and the specimens 

were oven-dried at 103 ± 3 °C and weighed. Density at the given moisture content (Dmc) was 

calculated from the mass at MC (mmc) and volume at MC (Vmc). 

  

Dmc = mmc/Vmc 

 

Modulus of Elasticity 

A modified ASTM D143 standard (Kasal et al. 2007) was used to determine a static 

modulus of elasticity using a 3-point bending test on an MTS Alliance RF/300 mechanical 

testing machine with a crosshead speed of 1.27 mm/min.  An MTS Testworks 4 system was 

used to obtain the load-deflection curve. The supports of the 3-point bending mechanism 

consisted of fixed roller supports to allow for primarily vertical reaction forces at the ends of 

the specimens. The span was adjusted based on a span-to-diameter ratio of 15 and a specially 

designed bearing block was used to avoid surface crushing of the specimens.  As the pith 

contributes no significant mechanical properties to the stem, the diameter of the pith was 

measured at the point of loading and subtracted from the diameter of the specimen. 
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Results and Discussion 

Silviscan 

 In Figure 1, MFA, Density, and MOE values are presented for the two mature 

loblolly pine trees. MFA ranged from around 44° closest to the pith down to 9° near the bark 

and averaged around 31°. Density values for the mature pine trees ranged from 262 kg/m3 for 

the earlywood to 1198 kg/m3 for the latewood. Meanwhile, MOE values for the mature pine 

trees ranged from 1.6 GPa to 22 GPa. There was a large difference in measured properties 

within growth rings for earlywood and latewood and this variation can also be seen in the 

azimuthal intensity graphs, which indicate the orientation of microfibrils (Figure 2).   

MFA in 2&3-year-old loblolly pine trees measured from around 25° to 60° (Figure 

3). Two specimens (wild-type WVK147-3-7 and transgenic OX41-2-3) had large variation 

within each (24°-55° and 28°-60°, respectively), possibly due to the presence of compression 

wood or earlywood/latewood transition. Density, as measured by Silviscan, ranged from 368 

kg/m3 for a wild-type to 611 kg/m3 for OX55-5-1. MOE calculated from Silviscan ranged 

from 2.4 GPa for to 6.2 GPa. Based on measurements from a previous study (Miller et al. 

2019), loblolly pine specimens had a selected range of density values from 384-616 kg/m3, 

MOE values from 275.6-482.4 ksi, and MOR values from 5599-10005 psi (Table 1). 

Transgenic OX55-5-4 had the highest MOE and OX55-5-1 had the highest MOR and density 

values. 

Nonexistent correlations between the MFA and density values measured with 

Silviscan densitometry (R2 = 0.00) as well as density measured through the water 

displacement method (R2 = 0.01). Correlations between MFA and MOE were weak with both 
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dynamic MOE calculated with Silviscan (R2 = 0.20) and static MOE measured from 3-point 

bending correlated to the average MFA (R2 = 0.23). MOR and MFA were even less 

correlated (R2 = 0.10). MOE and densitometry density was correlated (R2 = 0.60 for static 

MOE and R2 = 0.65 for Silviscan MOE) and better correlated (R2 = 0.63) for MOR and 

density was strongly correlated (R2 = 0.67 for densitometry and R2 = 0.87 for immersion 

method) and MOR and MOE also showed strong correlation (R2 = 0.89 for static MOE and 

R2 = 0.68 for MOE from Silviscan). Good correlations were also found for similar 

measurements, static MOE and dynamic MOE (R2 = 0.89) and densitometry and immersion 

method density (R2 = 0.84). These good correlations could be attributed to the fact that the 

samples were cut along the growth rings of the trees and the samples were selected to avoid 

the pith. 

Compression wood typically has a larger MFA than normal wood (Timell 1986). 

Compression wood has been measured to be on average 5-8° and at most 17° higher than 

opposite wood in Pinus radiata (Donaldson et al. 2004). MFA values were comparable to 

those reported in the literature for first- through third-year growth rings and for young trees. 

MFA values measured on loblolly pine by Bendtsen and Senft (1986) using light microscopy, 

were from 36.5° for first-year growth rings and 39.3° for third-year growth rings. Utilizing 

Silviscan, Isik et al. (2008) reported an average MFA for the first-fifth year growth rings of 

31.9°; Jordan et al. (2005) found ranges from 8.1°-39.8° in 21-24 year-old, managed loblolly 

pine with only about 2° higher MFA in earlywood/latewood and in four-year-old radiata 

pine, Lindstrom et al. (2004) found comparable MFA values ranging from 26.7°-38.6°. 

Lichtenegger et al. (1999) determined a mean MFA for Scots pine near 29° using a wide x-
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ray scattering technique. Density measurements were within range of those reported in the 

literature. Pearson and Ross (1984) reported a density from 380 to 400 kg/m3 for the first two 

rings in a mature pine, Bendtsen and Senft (1986) found a density of around 399 kg/m3 for 

first through third-year growth rings. Biblis (2006) also tested mature pine found higher 

density values 450 to 480 but didnôt separately measure the first few rings.  

MFA in the black cottonwood trees had less variation than in the loblolly pine 

samples ranging from 6°-35° (Figure 4). Most of the specimens had a sharp decrease in MFA 

close to the pith, increasing the closer you get to the bark. WT-02 had two sharp falls in MFA 

down to 7° and 10° and then increased closer to the bark up to 30°. I69-13-1-4 had little 

variation in MFA ranging from 25°-35°.  Density measured by Silviscan ranged from 373 

kg/m3 for i69-13 to 435 kg/m3 for i69-10. MOE values calculated from Silviscan ranged from 

to 9.4 GPa for i69-13 to 12.7 GPa for i69-10. The i69-04 specimen had the lowest MOE and 

density. Based on a previous experiment (Miller et al. 2018), black cottonwood specimens 

were selected for a large range of MOE values 156850-738194 psi (Table 1). Green density 

values ranged from 801 kg/m3 - 935 kg/m3 at moisture contents ranging from 134% to 256%. 

These 6-month-old black cottonwood trees were grown in a greenhouse and havenôt 

even had one band of latewood formed and consist only of juvenile wood. Juvenile wood is 

notoriously variable because of the survivability of the tree against small loads caused by 

branching or staking, which may allow the tree multiple MFA arrangements to occur because 

of the lack of wind loads. Hardwood juvenile wood is also prone to develop tension wood or 

gelatinous fibers which are highly crystallized with a low microfibril angle (Norberg et al. 

1966). MFA of tension wood has been measured for Acacia species at around 10° (Hillis et 
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al. 2004) and even as low as 3.5° in Eucalyptus camaldulensis (Baba et al. 1996).  There was 

a very small negative correlation between the densities measured with densitometry and with 

the MFA (R2 = 0.16 with individual measurements, R2 = 0.36 with averages) as well as 

measured through the water displacement method (R2 = 0.24). Washusen et al. (2001) found 

indications in Eucalyptus that regions with severe tension wood were also regions with high 

density and a strong negative relationship between density and MFA thought to be affected 

by the thickening of the S2 layer in tension wood (Boyd 1980 and Evans et al. 1999). 

Correlations with MFA and MOE were better correlated with dynamic MOE calculated with 

Silviscan (R2 = 0.72). However, static MOE measured from 3-point bending had a low 

correlation with the average MFA (R2 = 0.22). As expected, the best correlation was found 

between the Silviscan measured density and the MOE calculated using Silviscan density. 

Comparing density measured with Silviscan to density measured with water displacement 

and MOE calculated by Silviscan to MOE from 3-pt bending, both correlations were very 

low (R2=0.49 and R2=0.24). These low correlations could be due to the fact that Silviscan 

analyzed thin sections of samples cut through the pith, whereas the traditional density and 

MOE methods measured much larger samples where the pith is a much smaller portion of the 

sample. In general, the narrow range of density values could also contribute to the lack of 

correlations between the other properties. 

MFA values in the literature for black cottonwood were measured to average around 

19.6° near the pith in 9-year-old trees by Porth et al. (2013) using XRD. Wang et al. (2016) 

measured 2-year-old hybrid poplar (Populus deltoides x P. trichocarpa) and found an 

average of around 11.5° using XRD. Fang et al. (2004) used 11- or 12-year-old hybrid 
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poplars to measure the MFA of first-year growth and found ranges from 14° to 26°. Average 

MFA values measured on eastern cottonwood by Bendtsen and Senft (1986) were around 

22.3° for first-year growth rings. The density values black cottonwood were in range of those 

reported in the literature, Beaudin et al. () measured average values around 349 kg/m3 in 

nine-year-old poplar trees and  Voelker et al. (2011) found a wide range of density values for 

two-year-old wild-type and transgenic poplar ranging from ~200 kg/m3 to over 600 kg/m3.   

   

Molybdenum source Apex 2 XRD Technique 

 For the mature pine sample, MFA values were measured at 21 separate points along 

the specimen and because the Bruker AXS - X8 machine had an APEX II camera attachment, 

we could see where irradiation occurred, in the latewood or earlywood (Figure 5). An 

example of the GADDS software used to integrate over 2ɗ is shown in Figure 6. The MFA 

ranged from 11.3° to 25.7° and averaged 17° over the length of the sample (Figure 7). The 

most intense and sharp peaks occurred in the latewood, alternating with the earlywood from 

1-21. The MFA values measured did not show a specific pattern from the pith to the bark, 

however, there were some asymmetries that were apparent from the graphs of the azimuthal 

intensities (Figure 8). This could indicate that the sample was not perfectly aligned 

perpendicularly with the x-ray beam. A better device setup would be more ideal for such 

measurements.  

 Comparing the MFA measured with Mo source XRD and MFA measured by 

Silviscan, the Mo XRD results gave lower overall values and a narrower range. 

Unfortunately, the Mo XRD needed to be perpendicularly aligned manually with the x-ray 
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source, meanwhile, Silviscan has a specially made sled that they can attach precut samples to 

and keep them perfectly aligned. Therefore, the development of a sled attachment for the 

XRD could be a viable solution economically and could improve the accuracy and 

repeatability of the XRD technique that could be implemented onsite at NC State University.  

 

Summary and Conclusions 

 

In this investigation, MFA and density were measured and MOE was predicted by 

Silviscan-2 and compared with density measured by water displacement, and MOE measured 

by 3-point bending in 2&3-year-old loblolly pine (Pinus taeda) and wild-type and transgenic 

specimens in 6-month-old wild-type and transgenic black cottonwood (Populus 

trichocarpa).  For the mature loblolly pine samples, MFA measured by Silvisan-2, and MFA 

measured by XRD using a Mo x-ray source were also compared. 

For the 2&3-year-old loblolly pine specimens, MFA was higher most likely due to 

the difference between high MFA for compression and normal wood, and also had a large 

range. Two specimens, in particular, had a large variation with very high MFA indicating the 

presence of compression wood. No correlation was found between density and MFA, and 

low correlations were found between MFA and MOE. Density and MOE were weakly 

correlated within the methods. Comparing MOE and density measured by Silviscan and 

MOE measured by 3-pt bending and density measured by wood immersion showed a good 

correlation.  
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For the black cottonwood specimens, MFA had a large range most likely due to the 

difference between the low MFA for tension wood compared to higher MFA for normal 

wood for such young trees. One transgenic specimen had little variation from bark to bark 

suggesting that the specimen was absent tension wood. There were low correlations between 

density and MFA, between density and density, between MOE and MOE, MOE and density, 

and between MOE and MFA, indicating a more reliable relationship for calculating MOE 

from MFA. The fact that the pith is a higher portion of the cut samples could influence the 

correlation, therefore, even in small specimens, the pith should be avoided.  

Regarding the secondary aim of this study to develop a method for measuring MFA at 

NC State University using existing XRD equipment, the MFA values of the mature loblolly 

pine specimens measured with XRD, with manually aligned specimens, were on average 

lower with a more narrow range compared to those measured with Silviscan which is 

specially designed for measuring MFA of small wood samples. Developing a sled that can 

stay perpendicular to the x-ray beam would be opportune to efficiently and reproducibly 

measure the MFA onsite.  
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Figure 1. Silviscan-2 results of MFA (top), Densities (middle), and MOE (bottom) from pith 

(0 mm) to bark (positions 39 mm and 48 mm) for two mature loblolly pine trees.   
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Figure 2. Example of variation in XRD intensities within the first and tenth growth rings 

reflecting the differences in earlywood (EW) and latewood (LW) 
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Figure 3.  Microfibril angle measurements measured from Silviscan-2 results for wild-type 

(WVK147-3) and transgenic loblolly pine trees pOX41-2, pOX55-1, and pOX55-10. 
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Figure 4. Silviscan-2 results of microfibril angle, average density measured with 

densitometry and calculated MOE and for wild-type and transgenic black cottonwood trees. 
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Figure 5. Example set up for XRD at Department of Chemistry  

  


