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Global warming and the pending energy crisis are presenting a serious challenge to 

humanity. Various approaches have been proposed to mitigate greenhouse emissions and our 

dependence on non-renewable fossil fuels. Exploring lignocellulosic biomass as a future source 

of alternative energy attracts considerable attention. Tree species represent the largest 

lignocellulosic biomass on Earth and have an immense CO2 sequestration capacity and excellent 

potential as source of bioenergy feedstocks. It is essential to elucidate the mechanisms of carbon 

allocation and partitioning in tree species. 

The first part of this research showed that near infrared spectroscopy (NIRS) accompanied 

by pyrolysis-mass spectrometry can be utilized as the method to accurately quantify lignin and 

carbohydrate-related cell wall traits in poplar root tissues. Using the poplar pedigree Family 

UMD/UF-1 which was generated by a pseudo-backcross of Populus deltoides x F1 hybrid (P. 

deltoides x P. trichocarpa), NIR models were developed to estimate cell wall trait values in root 

tissues. Two multivariate regression methods, partial least squares-1 (PLS1) and principal 

component regression (PCR), were used and compared for prediction performance. The NIR 

models derived in this research can be readily used for future screening of the entire Family 
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UMD/UF-1 in large-scale. Therefore, it could aid in elucidation of genetic mechanisms of carbon 

sequestration and allocation in tree species. 

As in the second part of this research, by comparing variation in root cell wall traits of 

biological replicates from Family UMD/UF-1 grown in two nitrogen conditions, chromosome 

regions that are responsible for these variations were identified in each nitrogen condition. The 

effects of nitrogen fertilization on poplar root cell wall were examined. The high nitrogen supply 

decreased syringyl and guaiacyl contents, their ratio, and ratio of lignin and carbohydrate in 

poplar root cell walls, while it increased carbohydrate content. A distinct set of genes appear to 

be responsible for variation in each of the cell wall traits at high vs. low nitrogen levels. This 

research also provided evidence for differential gene regulation between poplar root and stem 

tissues. 

In conclusion, this study provided a method, by combining NIRS and pyrolysis-mass 

spectrometry, to predict cell wall traits in poplar root tissues reliably and reproducibly. The NIR 

models derived in this study enable large-scale screening for root traits in the entire pedigree. 

Together with the physical marker map of the pedigree, and the QTL determined from analysis 

of different plant tissues, this research will contribute to the elucidation of the genetic 

mechanisms of carbon allocation and sequestration in Populus.
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CHAPTER 1 
BACKGROUND 

Global warming and concerns about dwindling energy supplies are presenting a serious 

challenge to humanity. Climate change has been exacerbated by the emission of various 

greenhouse gas (GHG) resulting from fossil fuel consumption. Deposition of GHG into the 

atmosphere, such as CO2, oxides of nitrogen (NOx) and oxides of sulfur (SOx) as its major 

components, severely further affects the balance of carbon and nitrogen cycles in terrestrial and 

ocean ecosystems, therefore resulting in ocean acidification and global climate change (Hill et 

al., 2006). In order to achieve a sustainable energy production, various approaches have been 

proposed as alternative energy resources to offset GHG emissions and to decrease humanity’s 

dependence on non-renewable fossil fuels at the same time. Among these approaches, utilizing 

bioenergy serves as one of the most promising strategies both for terrestrial ecosystems and for 

energy resources.  

Global Carbon and Nitrogen Cycles 

Since the 1990’s, robust global population growth coupled with industrialization has 

resulted in a rapid increase in atmospheric CO2 concentration. This reflects the increase of the 

difference between the amounts of CO2 by anthropogenic carbon emission and the removal by 

terrestrial and ocean carbon sinks. The tremendous release of CO2 into the atmosphere due to 

economic boom led to the highest CO2 concentration, exceeding 381 parts per million (ppm) 

since 2006 (Canadell et al., 2007), which is probably the highest concentration over the last 20 

million years (Petit et al., 1999; Pearson and Palmer, 2000; Siegenthaler et al., 2005; de Vernal 

and Hillaire-Marcel, 2008). The present growth rate of CO2 concentration is the highest in the 

last 40 years (Canadell et al., 2007).  
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In the global carbon cycle, forests are important for several reasons. Forests currently store 

almost 45% of terrestrial carbon (Bonan, 2008), and take up huge amounts of carbon from the 

atmosphere every year. Forests contribute to the long-term carbon balance in the ecosystem 

through photosynthesis, respiration and biomass decomposition. However, carbon emissions are 

growing much faster than carbon sequestration by terrestrial and ocean sinks (Canadell et al., 

2007). Ecological responses to the rapidly increasing CO2 concentration in the atmosphere have 

resulted in decreasing net carbon uptake of northern ecosystems (Piao et al., 2008) and changes 

in the abundance and distribution of forest plant species (Sturm et al., 2001; Lenoir et al., 2008). 

This human-induced climate change proposed an urgent call for a closer examine of the role of 

forests in the balance of ecosystems in order to enhance their carbon sink capacity.  

Bioenergy and Lignocellulosic Biomass 

Biomass and Renewable Bioenergy 

Biomass energy is the heat energy converted from non-fossil fuels (Field et al., 2008). It 

has long been proposed to have the advantage to offset CO2 emission compared to burning 

conventional fossil fuel. Bioenergy feedstocks sequester atmospheric CO2 as they grow through 

photosynthesis, while fossil fuel combustion mainly releases the stored carbon into the 

atmosphere. Therefore, utilization of bioenergy has been credited as potential carbon sink to 

reduce GHG emissions. 

Biofuels currently are mainly ethanol produced from corn or sugarcane and biodiesel 

derived from oil crops. Limited by current conversion technology and land production capacity, 

the bioenergy industry could expand by planting trees on deforested lands and grassland 

conversion, and at the same time, by replacing agricultural land with corn or sugarcane for 

biofuel production. However, through these land conversion activities, the potential net carbon 

benefit for bioenergy produced from these lands could be offset if the amount of CO2 released 
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during biomass burning or microbial decomposition was taken into consideration. It would take 

dozens or even hundreds of years for bioenergy production to compensate the GHG emissions 

before any net carbon benefit (Fargione et al., 2008; Searchinger et al., 2008). By evaluating the 

net carbon benefit of currently grown major biofuel feedstocks, including corn, soybean, alfalfa, 

reed canarygrass, switchgrass and hybrid poplar, multiple studies suggested perennial crops 

exceed with lowest net GHG emissions, higher electricity yields from biomass gasification and 

are most effective for compensating the CO2 emissions due to land conversion (Adler et al., 

2007; Fargione et al., 2008). Hybrid poplar is one of the most attractive biofuel stocks, especially 

considering its capacity grown in marginal and abandoned agricultural lands.  

Lignocellulosic Biomass 

Biomass from wood, straw and stover are described as “lignocellulosic biomass”, which is 

considered as the most attractive source for biofuel because of its high abundance and energy 

potential (sugars) (Farrell et al., 2006). Tree species, like other plants, are autotrophic and sessile. 

They rely on photosynthesis to assimilate carbon into sugars and starch. Sucrose is one of the 

major compounds transported in the phloem from the source tissues, e.g. leaves and young bark, 

to non-photosynthetic sink tissues, e.g. roots and mature bark. A large portion of the carbon flux 

is allocated to cambial growth as well as secondary xylem differentiation. This carbon goes 

mainly towards the synthesis of cell walls, consisting of primarily cellulose, hemicellulose, 

pectin and lignin. Once this carbon has been allocated to the primary and secondary cell wall, it 

cannot be converted back. Multiple approaches have been proposed to increase the carbon sink 

capacities of perennial plants. One of the most attractive strategies is to sequester atmospheric 

carbon into the soils by increasing the carbon sink strength of tree roots. Carbon stored in root 

tissues is ultimately decomposed by insects, fungi and bacteria. Therefore reducing the rate of 

biomass decomposition is another strategy to enhance carbon sequestration in the soil. Higher 
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lignin-to-carbohydrate ratio and lower syringyl-to-guaiacyl lignin monomer content ratio both 

decrease the digestibility of root tissues. Therefore, manipulation of carbon sequestration and 

allocation with genetic strategies offers major potential towards mitigating climate change. 

Plant Primary Cell Wall 

In the developing plant cells, the plant cell wall is mainly composed of a primary cell wall, 

composed of cellulose, hemicelluloses, pectins, and cell wall associated proteins. In Populus 

tremuloides, primary cell wall contains 22% cellulose, 47% pectin, 18% hemicellulose, 10% 

wall-associated protein (Mellerowicz et al., 2001).When the plant cells stops expanding, a 

secondary cell wall is deposited on the inside layer of the primary cell wall in certain tissues. The 

secondary cell wall contains high levels of lignin in certain tissues. In wood-forming tissues of 

poplar, the characteristics of the cell wall vary depend on cell type and developmental stage.  

Cellulose 

Physical characteristics of cellulose 

Cellulose is a linear crystal polymer composed of β-1, 4-linked-D glucose molecules 

(Taylor, 2008), and exists in plant cell walls in the form of cellulose microfibrils (Preston et al., 

1948; Frey-Wyssling, 1954), which are insoluble chains forming distinct layers. The 

organization of distinct layers has been suggested from the first direct visualization evidence of 

primary cell wall which came from the study of onion bulb layer (Brown and Montezinos, 1976). 

Multiple layers of cellulose microfibrils of distinct crystallinity regions could be clearly 

distinguished after unesterified pectins were removed with cyclohexane-trans-1, 2-diaminetetra-

acetate (CDTA). In each layer, cellulose microfibrils are parallel with each other and oriented 

nearly perpendicular to other microfibrils in the adjacent layers.  This orientation pattern is even 

more obvious if subsequently removing hemicelluloses with increasing gradients of alkali, and 

the microfibrils are more tend to collapse into broader bundles with each other. 
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The physical dimensions of the cellulose chain and microfibril have been determined in 

multiple studies. The degree of polymerization DP, glucose residues per chain) of cellulose chain 

varies between 8,000 in the primary cell wall (Brown, 2004), and up to over 15,000 in the 

secondary cell wall (Brett, 2000). The chains at the surface of microfibrils tend to be much 

shorter than chains buried within the crystalline microfibril (Brett, 2000). However, the exact 

length of individual cellulose chain is difficult to measure because of the difficulty in its 

extraction, purification and the fragility of cellulose. Currently there is no clear understanding of 

the mechanisms controlling cellulose chain length. The width of a single cellulose microfibril 

measured to date has been within a range of great variation. Its diameter has been suggested to be 

approximately 5-10 nm (Frey-Wyssling, 1954; Herth, 1983). These results are consistent with 

later observations of an individual chain emerging from single rosette in Equisetum (Emons, 

1985), as well as an 8-nm crystalline chain of onion parenchyma primary wall when viewed 

under transmission electron microscopy (TEM) (McCann et al., 1990). However, the width of 

individual cellulose microfibril in quince seed mucilage has been reported as 2 nm (Franke and 

Ermen, 1969; Vian et al., 1994). This variation might be a result of the polysaccharide extraction 

method used leading to different degrees of cellulose aggregation, distinct observation 

techniques employed, and various linkage degrees of other polysaccharides with cellulose, such 

as xyloglucans. 

The crystalline microfibrils are being deposited into and bent in the narrow space between 

the existed cell wall matrix and the plasma membrane. Angles of the microfibril distribution in 

the cell wall matrix reflect the bending status of microfibrils and their existence status within the 

cellulose-hemicellulose-pectin network. Peura et al (2008) examined longitudinal sections of 

wood samples from Picea abies using X-ray microdiffraction for the angle distribution. It ranges 
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from -20° to 90° with a decreasing tendency from pith outwards from 24° into 19°. This width of 

crystalline cellulose cross section ranges 28.9 to 30.9 angstroms in mature wood samples (Peura 

et al, 2007). 

Previous solid-state 13C nuclear magnetic resonance (NMR) and X-ray diffraction studies 

indicated that microfibrils purified from almost all natural materials, such as plants or bacteria, 

have been shown to exist in two phases, which are designated Cellulose Iα and Iβ (Atalla and 

Vanderhart, 1984; Sugiyama et al., 1991; Sugiyama et al., 1991; Brown, 1996; Koyama et al., 

1997; Matthews et al., 2006; Somerville, 2006). All the natural cell wall materials are a mixture 

of these two crystalline phases with different ratios. Generally cellulose Iα form dominates in cell 

wall materials from bacteria and algae (Atalla and Vanderhart, 1984; Sugiyama et al., 1991), 

whereas the cellulose Iβ from is more abundant in plant cell walls. Besides coexistence in the 

same cell wall, more interestingly, these two crystalline phases have been found to coexist in a 

single microfibril of cell walls of green marine alga, and an alternative-localization of these two 

phases is favorable (Sugiyama et al., 1991; Imai and Sugiyama, 1998). Within the single chain, 

phase Iα exists as a triclinic unit cell with single-chain, while phase Iβ, which has lower energy, 

exists as a monoclinic unit cell with two non-equivalent chains, respectively (Koyama et al., 

1997; Somerville, 2006). These phases have been suggested to be interchangeable via thermal 

treatment (Yamamoto et al., 1989) and mechanical bending (Jarvis, 2000). Considering their 

differences in energy state, and cellulose Iα is more vulnerable to hydrolysis and enzymatic 

degradation, a further understanding of how cells manipulate the biosynthesis and crystallization 

of these two phases into microfibrils will provide a better understanding of current model of 

cellulose biosynthesis. 
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Cellulose biosynthesis 

Cellulose biosynthesis may be as old as the emergence of the first photosynthetic 

organisms. It has been found widely spread among several genera of the cyanophycean (Nobles 

et al., 2001) which is the most ancient life on earth. Certain bacteria can synthesize cellulose 

(e.g., Azotobacter, Acetobacter, Rhizobium, and Agrobacterium). Cellulose has also been found 

in many fungi, amoebae, and green algae, and of course, in higher plants, such as mosses, ferns, 

angiosperms and gymnosperms. Interestingly, some animals have also been found to produce 

cellulose, such as the tunicate Metondrocarpa uedia (Hall and Saxl, 1960; Kimura and Itoh, 

1995). 

Rather than a single glucose molecule, the repeat unit of cellulose is cellobiose, which 

consists of two reverse orientated (1->4)-linked D-glucose disaccharide. This unique successive 

orientation results in the relatively flat linear form of individual cellulose chains, and also 

enables the hydrogen bonds and Van der Waals forces to form within the chain itself and 

between adjacent chains. This also equips cellulose with all of its physical characteristics by 

allowing adjacent chains to stick together based on hydrophobicity into water-insoluble, regular 

crystalline microfibrils. The successive glucose residue-inverted orientation have led researchers 

to investigate the mechanisms of its biosynthesis in algae, bacterial, and most importantly, in 

higher plants. Several models have been proposed so far to describe its biosynthesis (Saxena et 

al., 1995; Koyama et al., 1997; Carpita and Vergara, 1998). 

Current data support the general model that cellulose chains are being synthesized at the 

plasma membrane possessively by cellulose synthase complex with a hexameric rosette 

structure. This structure model generally proposed that the rosette is composed six similar units 

which were the minimal units observed on the PF fracture side of plasma membrane. Since the 

analysis comparing the dimensions of single cellulose microfibril and single cellulose chain 
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revealed that the microfibril generally consists 36 individual cellulose chains, therefore, it is 

reasonable to further propose that each unit of the six in hexameric structure may synthesize 6 

individual cellulose chains. Combining these observations and subsequent direct visual imaging 

of symmetrical hexameric structure of rosettes (Kimura et al., 1999), it is very likely that the 

general 8-nm cellulose microfibril contains approximately 36 2 nm-wide individual cellulose 

chains which are synthesized by each cellulose synthase catalytic subunit (Herth, 1983). 

However, this calculation is based on many assumptions, such as estimation of average cellulose 

microfibril cross-section area, estimation of mass ratio between cellulose and xyloglucans, and 

assumption of equal packing density within the microfibril. 

The sequence of CESA protein indicates there is only one catalytic domain in each protein; 

therefore every catalytic subunit is likely to synthesize one cellulose chain. Mutant and inhibitor 

analysis reveals the 36 catalytic subunits (CESA protein) could be grouped into three distinct 

types - Type 1, 2 and 3 (Tanaka et al., 2003; Taylor et al., 2003; Taylor, 2008). The distinct three 

types of catalytic subunits are critical for proper cellulose synthesis in primary and secondary 

cell walls. Currently there is no evidence against this model, yet no solid data to reveal how the 

proposed 36 CESAs make the rosette. 

The intact cellulose synthase complex as a hexameric structure could be observed not only 

on the P face of freeze-fractured plasma membrane, but also on the Golgi apparatus membrane 

and Golgi vesicles (Herth, 1985; Haigler and Brown, 1986). Live imaging of catalytic subunit 

mutant in Arabidopsis xylem cells suggested that mutation in any one of these three types 

catalytic subunits will result in the rest two types of subunits retaining in the endoplasmic 

reticulum (ER) (Gardiner et al., 2003). The observations of fluorescently-labeled catalytic 

subunits in the ER, and the rosette structures in Golgi vesicles, Golgi apparatus and plasma 
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membrane suggested that, although there is no sorting signal at its N-terminal, the cellulose 

synthase catalytic subunits follow the secretory pathway,  from ER to Golgi apparatus, through 

Golgi vesicles and finally reach the plasma membrane. This sorting route is consistent with the 

plant Golgi organelle proteomics study (Dunkley et al., 2006), and other observations using 

fluorescent protein tags (Paredez et al., 2006). 

The assembly of the hexameric structure in the Golgi and its deposition into the plasma 

membrane has been suggested to be independent of the biological activity (Gardiner et al., 2003).  

A recent study using fluorescently labeled CESA6 suggests that once the intact rosette being has 

been deposited in to the plasma membrane, in Arabidopsis hypocotyls cells it obtains motility 

within 10 seconds (Paredez et al., 2006), and maintains a velocity of 330 nm/min  for almost 20 

to 30 minutes (Paredez et al., 2006; Desprez et al., 2007), and may subsequently dissociate or 

recycle-back to vesicles near the plasma membrane via endocytosis (Jacob-Wilk et al., 2006). 

Cellulose synthase complex encoding genes 

The cloning of cellulose synthase genes was challenging. Using the bacterial cellulose 

synthase gene sequences to screen various plants EST databases did not provide much 

information. This hinted at a lack of homology of overall gene sequence between bacterial and 

plants cellulose synthases. Assuming that the expression of plant cellulose synthase genes will 

reach its peak when cellulose synthesis achieves its maximum rate, Pear et al (1996) cloned the 

first plant cellulose synthase genes from the cotton (Gossypium hirsutum) cDNAs collected when 

the maximum rate of secondary wall synthesis took place.  Protein sequences deduced from these 

genes suggests less than 30% homology between plant and bacterial cellulose synthases. There 

are regions along the whole sequence that share 50-60% homology, which may be the regions 

conserved for glycosyltransferases catalytic functions.   
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Genome analysis and expressed sequence tag (EST) databases suggest there are at least 10 

genes (CesA, cellulose synthase A) encoding the catalytic subunit of cellulose synthase complex 

in Arabidopsis (Holland et al., 2000; Richmond and Somerville, 2000; Somerville, 2006). 

Mutant analysis in cell wall synthesis and whole-genome analysis reveal there are at least 12 

CesAs in maize (Appenzeller et al., 2004), at least eight CesAs in barley (Burton et al., 2004), 

and 18 CesAs in poplar (Djerbi et al., 2005; Suzuki et al., 2006). Comparison of these CesA 

genes reveals the common features in higher plants, and also indicates specific species-unique 

features. In Arabidopsis, all 10 cellulose synthase genes are split with 10-13 introns and scattered 

across three of its five chromosomes (Chromosome II, IV and V) (Richmond and Somerville, 

2000), and the protein length ranges from 985 to 1088 amino acids. While in poplar, the 

cellulose synthase gene number is nearly two times that found in Arabidopsis. The genes 

generally share 55 to 88% homology with Arabidopsis CesAs (Suzuki et al., 2006), and are also 

split with 11-14 introns (Joshi et al., 2004) and could be mapped to 11 of the 19 chromosomes 

(Djerbi et al., 2005). 

Cellulose is proposed to be synthesized by the rosette complex at the plasma membrane in 

higher plants. Consistent with this hypothesis, all of these plant cellulose synthase genes are 

predicted to encode integral proteins sharing a conserved structure of eight predicted trans-

membrane domains. In Arabidopsis and poplar, there is no sorting signal at the N-terminus of 

typical CESA protein structure. Its N-terminus starts from a cytosolic domain containing a 

cysteine-rich domain with four CxxC motifs (C=Cysteine, x=any amino acid). This motif 

CX2CX12FXACX2CX2PXCX2CXEX5GX3CX2C represents zinc RING finger domain, which 

may facilitate protein-protein interactions, e.g. CESA dimerization, during cellulose synthase 

assembly. The proposed model of cellulose synthase rosette complex depends on the interactions 
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with CESA catalytic subunit with itself, with other types of CESA subunits or with other 

components involved. Yeast two-hybrid experiments and in vivo recombinant protein pull-down 

assays confirmed the existence of homo-dimerization of cotton cellulose synthase GhCESA-1and 

hetero-dimerization with another cellulose synthase GhCESA-2 in oxidized state, while 

GhsCESA1 exists as monomer in reduced state (Kurek et al., 2002).  This indicates the assembly 

of rosette complex and cellulose synthesis may depend on the presence of zinc RING finger 

motif in a redox regulated manner. Phosphorylation in the N-terminus cytosolic domain plays 

roles in post-translational regulation. 

Two trans-membrane domains follow the cytosolic region, and a larger central cytosolic 

domain containing the catalytic motif for processive glycosyltransferases proceeds.  The 

processive glycosyltransferase reactions depend on this catalytic motif which has been known as 

the D, D, D, QXXRW motif (Saxena et al., 1995; Saxena et al., 2001). This motif was indicated 

through multiple-analysis and hydrophobic cluster analysis of the glycosyltransferases 

sequences. Together with the conserved first three aspartic acids (D), the QXXRW motif forms a 

cytosolic globule for glycosyltransfer. Site-directed mutation analysis confirmed the essential 

roles of the conserved aspartic residuals in substrate (UDP-glucose) binding (Pear et al., 1996; 

Saxena et al., 2001). In the predicted structure by Saxena et al (2001), the ‘QXXRW’ motif falls 

in the central cavity that link two UDP-glucose molecules to form the (1, 4)-beta-linked 

backbone. As the cellulose chains extend out of the rosette complex during cellulose synthesis, 

monosaccharides are being transferred processively from donor UDP-glucose to the growing 

chain. This series of reactions in cell wall biogenesis are conserved through bacteria, algae and 

higher plants. Therefore, it is reasonable that the glycosyltransferases in these species maintain a 

conserved structure for this preserved bioactivity. Vergara et al (2001) proposed that in the 
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central cytosolic domain there is a region may specify the substrate binding specificity and 

function in catalysis. This region has been termed ‘ Class-Specific Region’ (CSR) (Vergara and 

Carpita, 2001). Based on the CSR, CesA orthologs could be identified among different species. 

Six predicted transmembrane domains lie to the C-terminal of the QXXRW motif along the 

CesA sequence. They function in anchoring the integral catalytic subunit in the plasma 

membrane.  

Hemicellulose 

General properties of hemicellulose 

In addition to cellulose microfibrils, the plant cell wall also contains hemicellulose, a 

branched matrix polysaccharide that binds via hydrogen bonds. It generally represents 

approximately 15-30% dry weight of wood (Plomion et al., 2001), and the contents in different 

developing tissues vary. In secondary growth tissues such as mature wood, this value increases to 

ranges of 22% to 33% of dry weight (Jones et al., 1961; Northcot, 1972; Mcdougall et al., 1993; 

Mellerowicz et al., 2001). Hemicelluloses are rendered soluble following treatment with alkali to 

remove pectins They exist in the cell wall matrix, either as hetero-polymers, like glucomannan, 

arabinogalactan, glucuronoxylan, or as homo-polymers, like galactan and arabinan (Plomion et 

al., 2001).  Two types of hemicellulose, xyloglucans and arabinoxylan, are the two most 

abundant components in plant primary cell wall (Cosgrove, 2005). While in the secondary cell 

wall, arabinoxylans, glucuronoxylans and glucuronoarabinoxylans are the main hemicellulosic 

polysaccharides (Ebringerova and Heinze, 2000). Mannans and mixed-linkage beta-glucans are 

the major types of hemicellulose in multiple cell types in various plant species (Cocuron et al., 

2007).  

Xyloglucan has a (1, 4)-β-linked backbone similar to cellulose, with, xylose substitutions 

along the backbone (Fry et al., 1993). By partitioning its backbone into individual segments that 
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contain individual glucan residues, xyloglucans are defined based on the arrangement of these 

segments. Single letters are used for these segments’ nomenclature. Letter ‘G’ represents a linear 

(1, 4)-β-linked glycosyl residue, and ‘X’ is used for ‘G’ with branched (1, 6)-α-linked D-

xylopyranose. The letter ‘L’ represents β-D-galactopyranose-(1, 2)-α-D-xylopyranose-(1, 6)-β-

D-glucopyranose residue. Subunit compositions of XXXG, XXLG, XXFG and XLFG are found 

in most plant species (Vincken et al., 1997; Somerville et al., 2004).  

Lengths of individual xyloglucans chain vary from 30 to 500 nm (Somerville et al., 2004; 

Taiz, 2006) . The chains that are longer than the average distance between two adjacent cellulose 

microfibrils tend to be trapped and bind the microfibrils with hydrogen bonds and together to 

form a cellulose-hemicellulose network.  Based on the thermodynamics of hydrogen bonds 

among these polymers, a physical model was proposed in which the specificity and 

polymerization degree of xyloglucans regulate cell wall enlargement (Veytsman and Cosgrove, 

1998).  

Arabinoxylan is another abundant type of hemicellulose in plant cell walls, especially in 

the secondary cell wall. Arabinoxylans share the same (1, 4)-linked β-D-xylan backbone, and 

arabinoxylans branch from the backbone. Arabinoxylans can bind cellulose and other types of 

hemicellulosic polysaccharides, especially through covalent attachment via ferulic acid esters 

(Cosgrove, 2005). Mannans are present in moderate amounts in plant cell walls. Galactomannans 

and galactoglucomannans are two major mannose-containing polysaccharides. Another type of 

hemicellulose, the (1, 3:1, 4)-β-D-glucans, or termed ‘mixed-linkage’ glycans, are linear 

unbranched (1, 3) and (1, 4)- β-D-linked glycans specifically in the Poales. 

Hemicellulose biogenesis 

The cellulose-hemicellulose network is formed to dynamically regulate multiple aspects of 

plant development, such as cell expansion. The plant actively regulates this network via two 
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main strategies, either by (1) adjusting polysaccharide(s) ratio, or (2) by modifying association of 

binding proteins with carbohydrate-binding modules to the network (Taylor, 2008). Therefore, 

an in-depth knowledge of hemicellulose biosynthesis is essential. 

Despite the central roles of hemicellulose in plant cell wall, details of its biosynthesis are 

not clearly understood. Owing to the conserved domain preserved for glycosyltransferases 

function in various species, the first plant CesA gene sequence was obtained by transcription 

profiling through cotton EST database collected from developing cotton fibers using the bacterial 

CesA gene sequence (Pear et al., 1996). Reiterative searches within the complete Arabidopsis 

genome revealed that besides the CesA family of 10 members that have been confirmed for 

cellulose synthesis (except AtCesA10), 29 additional genes were found to contain the domain for 

glycosyl-residual transferring activity (Cutler and Somerville, 1997; Richmond and Somerville, 

2000). These genes are structurally similar with the CesA genes, therefore, they were termed 

‘Cellulose Synthase-Like’ (Csl) genes and grouped into six classes in Arabidopsis (CslA, -B, -C, -

D, -E, and -G). Survey in the complete genome of rice (Oryza sativa) revealed 33 Csl genes that 

could be grouped into six groups (Keegstra and Walton, 2006). The letters representing Csl 

groups are based on sequence alignment and are for designation only. Rice and Arabidopsis 

share the same CslA, -C, -D and –E groups, whereas Csl–F and –H groups are unique to grass 

species including barley and rice.  

The release of Populus trichocarpa genome revealed 30 genes belong to the poplar Csl 

gene families (denoted as PtCsls) (Suzuki et al., 2006; Tuskan et al., 2006; Jansson and Douglas, 

2007). There are 15 additional genes in poplar showing partial coding sequence that are 

homologous with Arabidopsis CslC, -D and –G families. Multiple sequence alignments among 

the Csl sequences of Arabidopsis, poplar and rice indicate that poplar share the same Csl groups 
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with Arabidopsis, but not with monocots such as rice (Keegstra and Walton, 2006). Therefore 

although some families of cellulose synthase-like genes are found in all land plants, there are still 

specific groups that are conserved in dicotyledonous angiosperms, such as CslA through –E and 

–G shared by Arabidopsis and poplar, while CslF, -H and –J only exist in monocots (Burton et 

al., 2006; Farrokhi et al., 2006).  In the eight Csl families shared in dicots, the gene numbers of 

each family are not equal in Populus trichocarpa and Arabidopsis thaliana genomes (Richmond 

and Somerville, 2000; Tuskan et al., 2006). For CslA family, the number of genes nearly doubles 

in Arabidopsis than poplar. This is more evident for CslB family; Arabidopsis contains six genes 

comparing with the two genes in Populus trichocarpa. Intriguingly, black cottonwood contains 

10 PtCslDs in its genome and Arabidopsis has five AtCslDs. Since gene sequence divergence 

often reflects functional divergence, it is reasonable to speculate that the differences between 

AtCsl and PtCsl families are due to the specific requirements of unique polysaccharides 

biogenesis in their cell wall matrix. Biochemical examination of global polysaccharides 

composition from different tissues at various developmental stages, accompanying with 

determination of expression levels of gene members by transcription abundance profiling, may 

reveal clues to explain such a divergence. However, such attempts offered limited success. 

Although traditional biochemical methods are helpful to elucidate cell wall composition, during 

extractions loose bonds and weak association within the polysaccharides are always diminished, 

thus the results obtained could reflect partial information. Also, extraction methods are always 

developed for characterizing specific components. The complexity and spatial heterogeneity of 

cell wall matrix are hard to be directly determined through these assays. Recently, several 

methods have been developed to systematically map cell wall polymers, either using monoclonal 

antibodies against specific plant cell wall components (Willats et al., 1998; Willats et al., 1999; 
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Willats and Knox, 1999; Pettolino et al., 2001; Willats et al., 2002), or based on binding 

specificity of carbohydrate-binding modules (McCartney et al., 2004; McCartney et al., 2006; 

Moller et al., 2007). These methods are useful to screen cell wall materials and provide semi-

quantitative information. However, they are limited by the variety, sensitivities and specificity of 

monoclonal antibodies developed, and also affected by methods breaking down cell walls and 

materials used to immobilize diverse glycans.  

Cellulose synthase-like genes have been identified in plants based on their homology with 

cellulose synthase genes (Cutler and Somerville, 1997; Richmond and Somerville, 2001).  All 

proteins encoded by Csl genes have the same D, D, D, QXXRW motif as CesA genes in 

Arabidopsis and bacteria. Therefore they are presumably associated with this motif of UDP-

glycosyltransferase catalytic functions. Recent protein organelle proteomics studies confirmed 

their presence in the Golgi, which is the compartments where branched polysaccharides are 

synthesized (Dunkley et al., 2006). 

Secondary Cell Wall 

When the plant cell stops expanding, the secondary cell wall is deposited to the inside 

layer of the primary cell wall. Besides cellulose, hemicelluloses, the secondary cell wall is also 

composed of lignin.  

Cellulose and Hemicellulose 

Cellulose extent varies between primary walled and secondary walled cells, as well as 

among their spatial differences. This suggests that these differences may be the consequences of 

the different sets of cellulose synthase genes functional for primary and secondary walls. This is 

consistent with the hypothesis proposed for distinct roles of cellulose synthases in priming and 

elongation of cellulose biogenesis in plants  
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Secondary growth is essential in wood formation in tree species, as it contributes 

substantially to carbon allocation and participation in perennial tree species. In the tree model 

poplar, xylem fibers are the major portion of wood, and cellulose represents 50% of  its total 

biomass (Balatinecz et al., 2001). (Peng et al., 2002; Read and Bacic, 2002). In the secondary 

walled tissues of Populus nigra (L.), cellulose represents 48% of dry weight.  

Mutagenesis analysis also revealed specific cellulose genes involved in the secondary cell 

wall deposition. In Arabidopsis, among its total 10 cellulose synthase genes, AtCesA4, -7 and -8 

are associated with secondary wall biogenesis (Turner and Somerville, 1997; Taylor et al., 1999; 

Taylor et al., 2000; Ha et al., 2002; Taylor et al., 2003). They may associate with each other to 

form the intact rosette structure specifically in tissues of secondary growth of Arabidopsis. EST 

libraries and microarray analysis indicated certain poplar cellulose synthase genes are 

particularly expressed during xylogenesis (Aspeborg et al., 2005; Suzuki et al., 2006). 

Transcripts of PtCesA4, -5, -7, -8 and -17 are abundant in xylem, and PtCesA13 and -18 showed 

almost 104 times higher in xylem than other tissues examined.  Besides dicot plant, in monocot 

species, members of multiple cellulose synthase gene family are specifically functionally active 

in secondary growth. In Oryza sativa, a set of mutations that affect three genes, OsCesA4, -7 and 

-9, which are orthologs of corresponding number of AtCesA (Tanaka et al., 2003). The null 

mutants showed similar phenotypes, such as decreased cellulose content in secondary growth 

tissues, and for, also showed same expression pattern in secondary growth tissues. 

Lignin 

Lignin composition and structure 

Lignin is a major component of the secondary wall. This polymer of heterogeneous 

hydroxycinnamyl alcohols (monolignols) gaps in between cellulose -hemicellulose and pectins 

(Boerjan et al., 2003). Lignin gives structural support to the plant to allow upward growth, 
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provide impermeability for water and nutrient transport (Jones et al., 2001), and contribute to 

plant defense system against biotic and abiotic stresses (Lange et al., 1995; Franke et al., 2002).  

Structural analysis by microautoradiography and UV-microspectrometry reveals lignin is 

primarily polymerized by three types of hydroxycinnamyl alcohols (monolignols), p-coumaryl 

alcohol, coniferyl alcohol and sinapyl alcohol. These three different precursors differ from each 

only by phenyl ring substitution/methoxylation degree. Once they have been produced from 

phenylalanine through the monolignol biosynthetic pathway, they polymerize, giving rise to p-

hydroxyphenyl (H), guaiacyl (G) and syringyl(S) subunits. Besides the basic three monolignol 

structures, many structural components, either produced from monolignol precursors or other 

phenolic compounds have been revealed (Hu et al., 1999; Lu and Ralph, 1999; Ralph et al., 

2001; Lu and Ralph, 2002; Boerjan et al., 2003; Morreel et al., 2004; Leplé et al., 2007). The 

most common linkage found is the β-O-4 linkage, and other linkages, such as β-5, 5-5, β-β, β -1 

and 5-O-4, has also been found between two units. The cross-linkages are affected by the ratio of 

syringyl and guaiacyl units, as the extra –OMe group on the aromatic ring of syringyl unit allows 

only two linkages formed between it and other units, whereas guaiacyl units can be covalently 

linked with a maximum of three other units. 

Poplar lignin contains primarily G and S units, and only a trace amount of H units 

(Baucher et al., 1998; Coleman et al., 2008). The ratio of S and G monomers (S/G) in poplar is a 

major cell wall characteristic. It was reported to range from 0.725 in Populus trichocarpa 

(Boerjan et al., 2003), 1.8 in hybrid poplar (Coleman et al., 2008), 1.72-1.93 in Populus 

trichocarpa x P.deltoides (Pitre et al., 2007), to 2.3 in Populus tremuloides (Hu et al., 1999). The 

monolignol subunit ratio indicates the carbon flow through branches of monolignol biosynthetic 

pathway. This cell wall trait (S/G) was also recently proposed to be important for paper pulping 
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industry. This is due to the roles of different aromatic structures of syringyl and guaiacyl units on 

lignin structure. Various major lignin structural linkages and the monomer abundance have been 

revealed by chemical degradation analysis (Lundquist and Kirk, 1971; Lu and Ralph, 1997; 

Holtman et al., 2003) and by noninvasive methods, such as nuclear magnetic resonance (NMR) 

spectroscope analysis (Hu et al., 1999; Ralph et al., 2001; Leplé et al., 2007), and Fourier-

transform infrared spectroscopy (Schultz et al., 1985; Faix, 1986; McCann et al., 2007). 

Lignin biosynthesis 

The lignin structure formed by polymerization of monolignol renders lignin relatively 

resistant to biotic and abiotic degradation. Extensive efforts have led to the identification of 

genes participating in monolignol biosynthetic pathway in plants. The release of complete 

genomes of Arabidopsis thaliana, Oryza sativa and Populus trichocarpa has enabled the 

systematic characterization and comparison of phenylpropanoid-related genes, and other 

components in the “lignification toolbox” (Whetten and Sederoff, 1992; Osakabe et al., 1995; 

Bell-Lelong et al., 1997; Betz et al., 2001; Kumar and Ellis, 2001; Ro et al., 2001; Harding et al., 

2002; Kao et al., 2002; Nair et al., 2002; Costa et al., 2003; Kirst et al., 2003; Raes et al., 2003; 

Ehlting et al., 2005; Ehlting et al., 2006; Li et al., 2006; Tsai et al., 2006; Tuskan et al., 2006; 

Hamberger et al., 2007). There are detailed reviews focusing on monolignol biosynthetic 

pathway in many species recently, such as Arabidopsis thaliana (Raes et al., 2003), Oryza sativa 

(Jumanova et al., 2006; Bao et al., 2007; Hamberger et al., 2007), Zea mays L. (Andersen et al., 

2008), Picea abies (Koutaniemi et al., 2007), and Populus trichocarpa (Tsai et al., 2006; Tuskan 

et al., 2006; Hamberger et al., 2007) .  

Total lignin content in poplar has been reported to range from 19.0-23.8% of total dry 

weight in poplar stem samples (Hu et al., 1999; Mellerowicz et al., 2001; Leplé et al., 2007; Pitre 

et al., 2007; Coleman et al., 2008). However, current reported values are mostly based on wood 
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samples collected from poplar stems, either from stem xylem with or without barks or from 

extract-free wood. Lignin content is not equally distributed among poplar tissues. Measurement 

of lignin content in stems, leaves and roots of wild type and transgenic Populus tremuloides in 

which the 4CL or coniferaldehyde 5-hydroxylase (CAld5H) gene had been downregulated 

showed statistically significant differences among each other (Hancock et al., 2007). This may 

indicate the tissue-specific lignin deposition mechanisms, or this may depend on different 

efficiencies of lignin extraction. Currently, there is no single protocol to extract and determine 

total lignin in a quantitative manner. Different extraction methods also result in different values 

from the same sample (Fukushima and Hatfield, 2004; Hatfield and Fukushima, 2005). For 

example, the gravimetric Klason method, acid detergent lignin method, permanganate lignin, and 

the spectrophotometric acetyl bromide (AcBr) procedure all result in different concentrations of 

lignin in the sample (The measured lignin contents are called after the procedure name, 

respectively, such as ‘Klason lignin’). Therefore, it is essential to develop an accurate, efficient 

determination method to quantify lignin as well as other cell wall components in multiple 

lignocellulosic biomass tissues. 

Near Infrared Spectrometry and Multivariate Statistics Methods 

Developing high-throughput/high-information assays is essential for characterizing cell 

wall traits on a large scale, such as determining the digestibility of biomass feedstocks and 

screening for certain traits in a large population. Combined with the availability of whole 

genome sequences of Arabidopsis thaliana (Arabidopsis-Genome-Initiative, 2000), Populus 

trichocarpa (Tuskan et al., 2006) and Oryza sativa (Goff et al., 2002; Yu et al., 2002), as well as 

tissue-specific expressed sequence tag (EST) databases in various species, these integrative high-

throughput strategies are showing great promise to identify chromosome regions that are 

responsible for variation in many cell wall traits and comparative genomics. 
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Traditional methods to annotate cell wall genes rely on mutagenesis analysis , with an 

emphasis on visible phenotypes, such as effects on plant height, pigmentation, xylem 

development and root hair growth. However, even after extensive mutagenesis screening, still 

not every cell wall related gene has been identified. This is probably in part due to the fact that 

cell wall biogenesis is so critical to plant development that multigene families with overlapping 

functions exist to regulate as gene networks. Interruptions to the key regulatory genes at the 

centers of network may yield visible effects. Therefore in order to elucidate the genetic control of 

cell wall biogenesis, besides traditional research methods, focusing on methods of invisible cell 

wall phenotypes are being employed (McCann and Carpita, 2005) These methods rely on a 

combination of spectroscopy and chemical composition analysis. 

Near infrared spectroscopy (NIRS) has been widely used to determine various biological 

traits, especially those associated with plant cell wall properties (Bai et al., 2004; Zenoni et al., 

2004; McCann and Carpita, 2005; Yeh et al., 2005; Petisco et al., 2006; Philippe et al., 2006; 

Roumet et al., 2006; Leplé et al., 2007; McCann et al., 2007; Philippe et al., 2007; Vermerris et 

al., 2007). NIRS is based on the sample absorbance of near infrared light energy which is within 

the 800-2500 nm range.  

Combined with multivariate statistical analysis methods, such as principal component 

analysis (PCA), discriminate analysis (DA), clustering analysis (CA) and partial least squares 

(PLS) analysis, NIR spectra taken from various samples can be projected into hyperspace with 

reduced dimensions, normalized, and distinguished from each other. Therefore, according to the 

spatial distribution subtle differences between the spectra can be identified and samples can be 

clustered into distinct qualitative groups.  
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Besides generating qualitative data, NIRS has also been used to predict the values of cell 

wall traits. Considering the intensity at each wavelength of the spectrum as independent variables 

and a given cell wall trait as the dependent variable, multivariate equations can be established 

that define the relationship between trait and spectrum. NIRS has been used to successfully 

predict Klason lignin content, S/G unit ratio, cellulose and xylan content from stem wood and 

leaves of loblolly pine and aspen (Yeh et al., 2005; Petisco et al., 2006; Yamada et al., 2006), 

predict H/G unit ratio in maritime pine (Alves et al., 2006) and the acetylation degree of poplar 

wood (Celen et al., 2008).  

Besides its reliability, NIRS is also a fast, clean and non-destructive method for cell wall 

determination. Compared to traditional chemical methods, such as wet chemistry and mass 

spectrometry, which usually require hours of operation, it only takes approximately one minute 

for near infrared spectrum acquisition. Other main advantages of NIRS are easy sample 

preparation, small sample amount required. Another main advantage is that materials remain 

non-destructive during the NIR operation. Therefore, same material could be used for subsequent 

wet chemistry determination, such as pyrolysis-mass spectrometry.  

Utilization of a Pseudo-backcross Family for Quantitative Trait Loci Determination 

It is important to understand the mechanisms that regulate the carbon flux into the plant 

cell wall in order to enhance the sink strength of roots. However, the genetic control of cell wall 

biosynthesis still remains one of the biggest research questions, especially for woody plants 

(Geisler-Lee et al., 2006; Li et al., 2006; Tuskan et al., 2006; Jansson and Douglas, 2007; Jamet 

et al., 2008; Taylor, 2008).  

The use of quantitative trait locus (QTL) analysis using pedigrees enables the identification 

of potential regulatory genes, but this requires measurement of large numbers of samples within 

the pedigree. QTL mapping of the genetic basis of carbon allocation and partitioning in leaves, 
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stems and roots is now being carried out at the University of Florida, Gainesville (Drs. Kirst, 

Peter and Davis) as part of the DOE-funded project, “Genomic mechanisms of carbon allocation 

and partitioning in poplar”. This project relied on the study of the UMD-UF-1 pedigree 

generated by backcrossing of Populus deltoides and Populus trichocarpa, the two parental 

species that vary extensively for genetic traits controlling both source and sink organs. This high 

variation among the parental genotypes and the subsequent segregation in the seedlings allow for 

extensive quantitative trait analysis. QTL for the diameter and height for P. deltoides and P. 

trichocarpa hybrids have been identified (Wu et al, 1994, 2003; Wu, 1998), as well as QTL for 

the chemical composition (cellulose, hemicellulose and lignin). Total lignin content was shown 

to vary between 21 and 28% in the hybrid. This genetic diversity also facilitates the identification 

of QTL for root mass and root architecture-related traits (Wu, 1998; Friend et al, 2000). 

Therefore, a wide segregation for root carbon allocation and partitioning traits is expected. 

The objective of this research is to test the feasibility of NIRS to characterize cell wall in 

poplar adventitious root tissues, and further to derive proper NIR models to quantify these cell 

wall traits, such as lignin and carbohydrate related traits. Combining with the available poplar 

genome marker data, this research also intends to identify QTLs that are responsible for cell wall 

variation. The feasibility of NIRS was tested and proved to be an accurate and reliable method to 

quantify six root cell wall traits, syringyl lignin monomer content, guaiacyl lignin monomer 

content, total lignin content, syringyl-/guaiacyl lignin monomer content ratio, total carbohydrate 

content and lignin/carbohydrate content ratio. Besides showing the NIRS as a fast screening tool 

in this research, chromosome regions are identified for variations in these traits under two 

nitrogen availabilities.  
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CHAPTER 2 
MATERIALS AND METHODS 

Plant Materials 

Two Populus genotypes, Clone 52-225 (a female Populus trichocarpa x Populus deltoides 

hybrid) and Clone D109 (a pure Populus deltoides male) were crossed to generate a pseudo-

backcross pedigree, Family UMD/UF-1. Clone 52-225 was generated from a cross between 

clones Populus trichocarpa 93-968 and Populus deltoides ILL-101. Rooted cuttings of the 

pseudo-backcross pedigree UMD/UF-1 were produced and grown in the greenhouse kept 

between 18 and 26 . Tree samples were distributed in the greenhouse (University of Florida, 

Gainesville, FL) according to the experimental design. Two different nitrogen levels were 

supplied by watering the plants with Hocking’s complete nutrient solution with ammonium 

nitrate at 0 mM and 25 mM as final concentrations (Hocking, 1971). These two different 

nitrogen treatments were applied to the four ramets of same genotype from the pedigree. 

Adventitious root samples were separated from soil, freeze dried, and stored at 4  for further 

processing. Root samples were ground into a fine powder with particles passing through a 1-mm 

filter. Ground root tissues were kept in an oven at 55 . 

A set of 286 SSR and 63 AFLP™ markers were used to map the Family 331 and 462 SSR 

and 434 AFLP™ markers were used to map Family 13 (Kirst et al, 2006). Family 13 shares the 

same female parent with Family UMD/UF-1 (52-225). Parents of Family UMD/UF-1 (52-225 

and D125) have been initially genotyped with over 500 microsatellite markers at UF and 

DOE/Oak Ridge National Lab (Kirst proposal, 2006). A framework map with 230-250 SSR 

markers spaced 10 cM apart was clustered based on parental genotypes for the analysis 

proposed. 
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Chemical Analysis of Root Cell Wall 

Near Infrared Spectroscopy 

A FieldSpec® Pro spectrometer (Model No. FSP350-2500P, Analytical Spectral Devices, 

Inc., Boulder, CO) was connected to sampling accessory (Model A122100, Analytical Spectral 

Devices, Inc., Boulder, CO). Reflectance spectra in the range between 350 and 2500 nm were 

collected at a spectral resolution of 1 nm. Each spectrum was averaged from 30 measurements. 

The Spectra were saved and processed using FieldSpec® Pro RS3, Version 2.0 (Analytical 

Spectral Devices, Inc., Boulder, CO). 

Dried root samples were taken from the oven and loaded onto the sample holder. Root 

particles were firmly pressed in the holder and their reflectance spectra (350-2500nm) were 

acquired. The raw spectrum was truncated to 1003 to 2403 nm, and normalized using WINDAS® 

software (Kemsley, 1998) through baseline correction and area normalization. 

NIR spectra were corrected with a full multiplicative scatter correction (MSC) model 

(X=(X-a)/b) using the Unscrambler® software (Version 7.8 and 9.7 trial version, CAMO 

Software Inc., Woodbridge NJ). The MSC model was saved to allow future large scale screening 

of the entire pedigree Family UMD/UF-1. 

Pyrolysis-Mass Spectrometry 

The Pyrolysis-mass spectrometer was a combination of a direct exposure probe controller 

(Model PC-3, Scientific Instrument Services, Inc., Ringoes, NJ) and Varian 1200 quadrupole 

mass spectrometer (Walnut Creek, CA). A small sample of ground root was placed onto the 

pyrolysis probe blade, and inserted into the pyrolysis chamber of a Varian 1200 quadrupole mass 

spectrometer. The root sample was pyrolyzed at the rate of 5.0 A/min to 1.5 A for 1.5 min. A 

cleaning procedure was used between every sample measurement (2.0 A at the heating rate of 

5.0A/min for 1 min).  
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The mass spectrum of each root sample was recorded during the pyrolysis. The analysis 

was performed on an average mass spectrum, represented by the spectra acquired between the 

time points associated with 50% of the peak total ion current (TIC). The data for m/z 84 were 

excluded from the analysis because they appeared to represent background noise. Each mass 

spectrum was normalized based on its intensity divided by the total ion counts of the spectrum. A 

matrix was constructed that contained root sample names and normalized mass spectra. The mass 

spectra were processed with MS WorkStation Version 6.8 (Varian, Walnut Creek, CA). 

Mass spectra obtained after pyrolysis represent the chemical composition profile of cell 

wall tissues. Six cell wall traits were estimated based on certain mass-to-charge values of the 

mass spectra obtained after pyrolysis. The m/z values used to quantity these six traits were listed 

in Table 4.1. 

Mass spectra of each genotype grown in either of the two nitrogen availabilities were 

acquired in triplicate. For each genotype, the value of six cell wall traits was calculated from 

each of the triplicate mass spectra, and the average was recorded as the trait value. 

Lignin Measurement 

Lignin content in root tissues was measured with the Klason method (Schwanninger and 

Hinterstoisser, 2002). One hundred mg of root sample was weighed, and hydrolyzed in 1.5 mL 

of 12 M H2SO4 at 4℃ for 30 min, and then at 30℃ stirring at 100 rpm. The solution was diluted 

with 9.75 mL water to 1.6 M H2SO4 concentration and autoclaved at 121℃ for 1 hour. The 

reaction was then filtered through 4.25 cm Fisherbrand® glass fiber filter circles (G6, Fisher 

Scientific Co., Pittsburgh, PA), and washed with 5 mL hot water three times. The filtrate with the 

glass fiber filter was then dried at 55℃ for 48 hours. The filtrate with the filter was weighed 

(Weight1) and transferred into Isotemp® Muffle Furnace (Fisher Scientific, Ltd, Pittsburgh, PA) 
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for 5 hours at 500℃. The residual and fiber filter were weighed again (Weight2). The Klason 

lignin content for each sample was calculated by Weight1-Weight2. 

Statistical Data Analysis 

Near Infrared Spectra Processing and Multivariate Data Analysis 

Multivariate linear regression were performed in the Unscrambler® software (Version 9.7 

trial version, CAMO Software Inc., Woodbridge NJ). The whole data were centered with full 

model size. Partial least squares-1 (PLS1) and principal component regression (PCR) were 

performed by cross validation with uncertainty test using optimal numbers of principal 

components. All independent variates were assigned with equal weight of 1.0 during the 

regression processes. 

Quantitative Trait loci Analysis 

Quantitative trait locus mapping was performed using Windows QTL Cartographer 

Version 2.5 (Statistical Genetics, North Carolina State University, USA). Composite interval 

mapping method was employed with a LOD score threshold of statistical significance at α=0.05, 

set by a permutation test using 1000 iterations. A precision selection of 2.0 cM was used as walk 

speed for all 19 chromosomes and all traits evaluated.  
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CHAPTER 3 
CONSISTENCY TEST OF NEAR INFRARED SPECTRAL AND PYROLYSIS MASS 

SPECTROMETRY ACQUISITION 

Near infrared spectroscopy is sensitive to environmental effects (Burns and Ciurczak, 

2008). Variation could be observed from the NIR spectra of different samples, and even the same 

sample measured at different time points. These variances in analysis were likely due to the 

fluctuation of moisture level in the lab and possible variation in temperature. NIR spectra also 

vary between different samples due to distinct particle size. Therefore, in order to utilize the NIR 

spectra of root samples, the consistency of the NIR spatial acquisition needed to be tested.  

The consistency of NIR spectral acquisition in the lab was confirmed by PCA analysis on 

NIR spectra obtained at four different time points from 20 genotypes randomly selected from the 

population. From the PCA score plot (PC1XPC2), NIR spectra representing the same genotype 

were tightly clustered together. The PCA score plot showed that genotypes explained the most 

variation in NIR spectra within the 20-sample population. This confirmed the consistency of 

NIRS acquisition in the lab. The consistency was shown by PCA analysis of the NIR spectra 

obtained from three control samples UF493, UF804 and UF840, as examples, grown under low-

nitrogen condition (Figure 3.1). 

The effect of nitrogen availability was visible based on the score plot obtained with PCA, 

showing how the NIR spectra representing these two growth conditions could be distinguished. 

The main difference between the two populations appeared to be due to the nitrogen treatment 

and explained 90% of variance (Figure 3.2).  

The process of mass spectral acquisition also needed to be optimized. The quality of the 

mass spectra after pyrolysis was mainly affected by the electron energy during ionization and the 

detector voltage of mass spectrometer. The optimal setting of these two parameters were 

obtained by comparing mass spectral acquisition using combinations of two electron levels of 
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energy and two detector voltages. Combinations of two electron beam energylevels, 20eV and 

70eV, and two detector voltages, 1200V and 1700V, were utilized to obtain mass spectra from 

the 20 genotypes used to evaluate for NIRS consistency. The higher the electron energy is, the 

more likely the ions will be fragmented, which reduce the m/z range. The detector voltage affects 

the signal-to-noise ratio. Mass spectra from these 20 samples showed that 20eV and 70eV 

yielded a similar degree of fragmentation. Therefore, the more typical 70eV was used as the 

electron energy in the subsequent experiments. Signal-to-noise ratio was compared between 

mass spectra obtained with detector voltages of 1200V and 1700V. Utilization of 1700V as 

detector voltage easily led to detector saturation. Therefore, 1200V was used in the subsequent 

experiments as the detector voltage setting. 

The consistency of mass spectrum acquisition after pyrolysis was confirmed by PCA 

analysis with mass spectra obtained from adventitious root tissues of two control genotypes, 

UF493 and UF804, grown under low nitrogen conditions. The mass spectrum of ground root 

sample of each genotype was acquired in triplicate. It took three days to obtain one replicate of 

root samples. Within each replicate, these two control genotypes were incorporated to test the 

consistency of pyrolysis-mass spectrometer settings. Principal component analysis with full 

cross-validation method plus uncertainty test of eight principal components (PCs) showed the 

consistency of mass spectral acquisition. A three-dimensional score plot (PC1(X) by PC2 (Y) by 

PC3 (Z)) showed the mass spectra clustered into two groups by genotype (Figure 3.3 A, B and 

C). A two-dimensional score plot by the first two principal components showed the first 

principal component explained almost 70% of total variance (Figure 3.3D), which is by the 

genotype.  
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Figure 3-1.  Consistency of NIRS settings with analysis of NIR spectra of control root genotypes. 

(A) Plotting NIR spectra obtained from three genotypes at four time points. (B) Score 
plot of principal component analysis of the NIR spectra. Scores were plotted with the 
first and second principal components. 
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Figure 3-2.  Principal component analysis of NIR spectra obtained from adventitious root tissues 

grown in low- and high- nitrogen conditions. (A) Score plot of NIR spectra obtained 
from samples under two nitrogen regimes. (B) Cumulative explained variance of 
principal component numbers. (C) Loading of principal component one.  
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Figure 3-3.  Principal component analysis of mass spectra obtained from two control genotypes 
for consistency test. (UF493-3: Data 1-9; UF804-3, Data 10-18) (A) three 
dimensional plot by the first three principal components. (B) two dimensional plot by 
the first two principal components. (C) influential plot of mass spectra with residual 
x-variance and leverage. (D) cumulative explained variance by component numbers 
(calibration and validation curves). 
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CHAPTER 4 
CHARACTERIZATION OF CELL WALL TRAITS USING NIRS AND PYROLYSIS-MASS 

SPECTROMETRY COMBINED WITH MULTIVARIATE STATISTICAL ANALYSIS 

It is essential to examine the NIR spectra and mass spectra obtained from the entire sample 

population before generating NIR models to predict the cell wall traits. This step identifies 

regions of NIR spectra with the most variation and the general fragmentation pattern in the mass 

spectra obtained after pyrolysis. A general view of the NIR spectra can also identify potential 

outliers. 

Near infrared spectra were obtained from ground adventitious root tissues as described. A 

general view of the NIR spectra was shown by matrix plot in four formats. The bar format 

(Figure 4.1A) and landscape format (Figure 4.1B) demonstrated the general stacked view of raw 

spectra. Generally, all the NIR spectra obtained followed the same pattern. However, in certain 

wavelength ranges of several samples, such as in samples UF251-3, UF493-3, UF587-3 and 

UF840-3, the intensities of NIR spectra had extreme values compared to other samples. These 

could be better observed from the contour format (Figure 4.1C) and map format (Figure 4.1D). 

While these variations may represent extreme values of certain cell wall traits, it is more likely 

that they may result from variations during NIR acquisition. The variation in acquisition was 

likely due to scattering effects due to different particle size of root samples. The large variation 

would abolish the recognition sensitivity of subsequent statistics analysis to the subtle changes of 

the rest of NIR spectra.  

The variations of reflectance recorded by the detector include two types of variations 

among the sample population, chemical difference and physical difference. A multiplicative 

scatter correction (MSC) process was used to minimize the effects of physical differences 

between the spectra data, such as the multiplicative and additive scattering effects which resulted 

from the particle size variation. Each NIR spectrum was plotted to the average spectrum 
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calculated from the entire spectra (Figure 4.2A). Correction coefficients for multiplicative (a) 

and additive scattering (b) effects were calculated individually using Unscrambler® software and 

used in computation. In this plot, each NIR spectrum was adjusted in the plot based on these two 

parameters (using a to adjust intercept and b for slope) to generate its MSC-transformed 

spectrum (Figure 4.2B). Therefore, comparison of MSC-transformed NIR spectra could be used 

to reveal the differences of chemical components more accurately and reliably. Matrix plots in 

bar (Figure 4.3A) and landscape (Figure 4.3B) formats generally demonstrated the overview of 

MSC-transformed NIR spectra. MSC transformation revealed subtle variations along the NIR 

range that were previously invisible. This was better observed from the contour (Figure 4.3C) 

and map formats (Figure 4.3D). MSC-transformed NIR spectra were used for the subsequent 

analysis. 

Mass spectra of the entire population were obtained after pyrolysis with the combination of 

electron energy at 70eV and detector voltage at 1200V. Intensities of mass-to-charge values of 

peak spectra were normalized. An overview of normalized mass spectra is shown in bar (Figure 

4.4A) and landscape (Figure 4.4B) formats. Variation among the mass spectra was basically 

within the mass-to-charge range of 55 to 210 as observed in the contour (Figure 4.4C) and map 

(Figure 4.4D) formats.  

The entire population was sorted ascending based on the trait value for each of the six 

traits, and further split into three portions so that each portion would cover one third of specific 

trait value range. Two thirds of samples within each portion were randomly selected to construct 

the calibration set, while the rest samples were used as the validation set. The calibration set was 

used to generate the NIR multivariate linear regression model, and the validation set was used to 

test the derived model. NIR models were built based on MSC-transformed NIR spectra. 
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Partial least squares-1 (PLS1) and principal component regression (PCR) methods were 

used and compared with each other to derive the multivariate NIR model to predict the trait value 

with full cross validation method and uncertainty test at the optimal PC number. The ideal NIR 

model would be the model that could be used reliably, accurately and reproducibly to predict the 

trait value. The ideal model should be insensitive to any other changes, but very sensitive to the 

variation of this trait only. Three criteria were used to diagnose the derived NIR model: (1) 

regression coefficient. In the predicted-measured value 2D scatter plot, the most accurate model 

would represent a straight regression line with predicted and measured trait values tightly 

clustered around the regression line. The higher the value of correlation coefficient, the more 

sample variance is explained by the regression model. Correlation coefficient (R2 %) above 0.80 

is desirable; (2) Root mean square error of calibration (RMSEC) and (3) root mean square error 

or prediction (RMSEP). These two parameters represent the NIR model performance. RMSEC 

and RMSEP are the average residuals between predicted and measured values at the calibration 

and prediction stages, repectively. Therefore, they represent the calibration and prediction error 

individually. The lower of the values of RMSEC and RMSEP are, the more accurate the NIR 

model is. 

During the derivation of the NIR model from the modeling group, sample outliers were 

excluded in order to derive the proper NIR model. Currently there is no software to automatically 

identify outliers perfectly; therefore, the identification was subjective and varied between 

different NIR procedures and estimates for different traits. Four criteria were used to identify 

these outliers. (1) Influence plot with the optimal principal component number. NIR spectra were 

plotted based on sample residual y-variances against their leverage values, which characterize 

their influences on the model. Samples with higher residual variance were those that failed to 
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accurately predict the trait value, and, were therefore potential outliers. The higher the leverage 

of a sample, the farther the projected sample would be from the mean value, and the harder it is 

for the model to describe this sample. Therefore, samples with higher leverage tend to distort the 

model, decrease the prediction ability for normal samples, and thus may be potential outliers. (2) 

Score plot of principal component analysis (PCA). The samples that do not cluster with most of 

the other samples in the PCA score plot of the most two PCs would likely to be outliers. (3) X-Y 

relation 2D scatter plot (t-u plot). Within a partial least squares-1 (PLS1) model, the t-score was 

the score in x-matrix, while u-score was the one in y-matrix. The samples that reside farther from 

the regression line in scatter plots of most PCs tend to be potential outliers since they couldn’t 

predict the X-Y relation relatively. (4) Predicted-Measured 2D scatter plot. The farther a sample 

lies from the regression line, the more likely it is an outlier. However, these potential outliers 

cannot be simply deleted from the modeling since they may represent the samples with extreme 

value of that trait. In the validation step, once one sample has poor prediction ability, then it 

would be added to the previous calibration set, and new NIR models would be developed. Only 

if the potential outlier was not with extreme value, it was deleted from model building. 

NIRS models were developed to accurately determine these six cell wall traits in poplar 

adventitious roots using PLS1 and PCR (Figure). These two regression methods showed similar 

abilities to determine these traits, however, PLS1 method generally used fewer independent 

variates (wavelengths) to derive the regression models. This is consisted with the mathematics 

processes of PCR procedure which uses principal components which are consisted of 

wavelengths. For traits syringyl lignin monomer content, guaiacyl lignin monomer content and 

total carbohydrate content determination, PLS1 showed slightly advantages to PCR method. 
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While, PCR method gives better prediction to determine total carbohydrate content (Figure 

4.14).  

Total lignin content of a subpopulation of calibration set was obtained through the Klason 

method(Theander and Westerlund, 1986). Plot between the values of ‘Klason lignin’ and 

‘Predicted lignin’ calculated from mass spectra was shown in Figure 4.19. 

For the lignin/carbohydrate content ratio trait, neither of the PLS1 nor PCR method yields 

acceptable NIR models using MSC-transformed NIR spectra and the trait value (Figure 4.15, 

4.16). Even though both of the correlation coefficient (R2) exceeded 0.92, the RMSEC and 

RMSEP values were higher than 0.05 (Figure 4.15A, B and 4.16A, B). This suggested the 

prediction models tend to be over-fitted. It is likely that uniform noise, which was not readily in 

the validation set, was generally taken into the modeling building. This also reflects the 

possibility that there is not a straight linear relationship existed between the MSC-transformed 

NIR spectra with the trait value. Therefore, a logarithm transformation of the trait value 

successfully yielded an acceptable NIR model to characterize the lignin/carbohydrate content 

ratio with PLS1 method (Figure 4.17). 

In conclusion, NIRS could be used to accurately determine the six cell wall traits in 

adventitious root cell wall materials from poplar UMD/UF-1 family. It is feasible to use the NIR 

models derived in this research to determine the cell wall trait values in the entire pedigree in 

order to determine the genetic mechanisms of carbon sequestration and partitioning in poplar 

roots. 
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Table 4-1.  Cell wall traits characterized with mass spectrum obtained after pyrolysis. The m/z 
values used for quantification were listed respectively. 

Cell Wall Traits m/z Values Used For Characterization 

Syringyl Lignin Monomer Content 154, 167, 168, 182, 194, 210 

Guaiacyl Lignin Monomer Content 124, 137, 138, 150, 164, 178 

Syringyl-/Guaiacyl Lignin 
Monomer Content Ratio 

(Syringyl Lignin Monomer Content)/(Guaiacyl Lignin 
Monomer Content) 

Total Lignin Content (Syringyl Lignin Monomer Content) + (Guaiacyl 
Lignin Monomer Content) 

Total Carbohydrate Content 85, 96, 98, 114, 126, 144 
Lignin/Carbohydrate Content Ratio (Total Lignin Content)/(Total Carbohydrate Content) 
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Figure 4-1.  Diagrams of NIR spectra acquired in (A) bar, (B) landscape, (C) contour and (D) 

map formats. Statistics of the spectra were shown in (E) mean and standard derivation 
and (F) percentiles. 
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Figure 4-2.  Plots showing scattering effects. Each spectrum was plotted with the average 

spectrum. (A) before MSC-transformation. (B) after MSC-transformation. 

 

 

A 

B 



 

53 

  
 

  

  
 
Figure 4-3.  Diagrams of NIR spectra acquired after MSC transformation in (A) bar, (B) 

landscape, (C) contour and (D) map formats. Statistics of the spectra were shown in 
(E) mean and standard derivation and (F) percentiles. 
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Figure 4-4.  Diagrams of mass spectra obtained after pyrolysis in (A) bar, (B) landscape, (C) 

contour and (D) map formats. 
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Figure 4-5.  Prediction of syringyl lignin monomer content with PLS1 method with statistical 
parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-5.  (Continued)  
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Figure 4-6.  Prediction of syringyl lignin monomer content with PCR method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-6.  (Continued). 
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Figure 4-7.  Prediction of guaiacyl lignin monomer content with PLS1 method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-7.  (Continued). 
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Figure 4-8.  Prediction of guaiacyl lignin monomer content with PCR method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-8.  (Continued). 
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Figure 4-9.  Prediction of syringyl-/guaiacyl lignin ratio with PLS1 method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D) 
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Figure 4-9.  (Continued). 
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Figure 4-10. Prediction of syringyl-/guaiacyl lignin ratio with PCR method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-10. (Continued) 
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Figure 4-11.  Prediction of total lignin content with PLS1 method with statistical parameters 

shown in the inner window. Model building at calibration stage was shown in (A) and 
(B), validation stage was shown in (C). Deviation of samples in the prediction set was 
shown in (D). 
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Figure 4-11.  (Continued). 
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Figure 4-12.  Prediction of total lignin content with PCR method with statistical parameters 
shown in the inner window. Model building at calibration stage was shown in (A) and 
(B), validation stage was shown in (C). Deviation of samples in the prediction set was 
shown in (D). 

 

A

B



 

70 

 
 

 
 
Figure 4-12.  (Continued). 
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Figure 4-13.  Prediction of total carbohydrate content with PLS1 method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-13.  (Continued). 
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Figure 4-14.  Prediction of total carbohydrate content with PCR method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-14.  (Continued). 
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Figure 4-15.  Prediction of lignin/carbohydrate ratio with PLS1 method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-15.  (Continued). 
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Figure 4-16.  Prediction of lignin/carbohydrate content with PCR method with statistical 

parameters shown in the inner window. Model building at calibration stage was 
shown in (A) and (B), validation stage was shown in (C). Deviation of samples in the 
prediction set was shown in (D). 
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Figure 4-16.  (Continued). 
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Figure 4-17.  Prediction of total lignin content with PLS1 method using the logarithmic 

transformed NIR spectra with statistical parameters shown in the inner window. 
Model building at calibration stage was shown in (A) and (B), validation stage was 
shown in (C). Deviation of samples in the prediction set was shown in (D). 
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Figure 4-17.  (Continued). 
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Figure 4-18.  Plot of ‘klason lignin’ and ‘predicted lignin’ obtained from mass spectra. Inner 

window shows the regression equation between these two lignin contents with 
regression coefficient shown (x, predicted lignin content. y, klason lignin content).  
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CHAPTER 5 
QUANTATITIVE TRAIT LOCI DETERMINATION FOR POPLAR ROOT CELL WALL 

TRAIT VARIATION 

Tree development is regulated by the interaction of genetic networks and environmental 

effects. Numerous studies have indicated the physiological traits are controlled by quantitative 

trait locus. These QTL regions were identified to explain variations in many phenotypic traits, 

such as biomass (Semel et al., 2006; Brewer et al., 2007; Collins et al., 2008; Maccaferri et al., 

2008), plant architecture (Wu et al., 2003; Loudet et al., 2005; Luquez et al., 2006), and 

flowering time (Botto and Coluccio, 2007; Lou et al., 2007). 

A high-density genetic linkage map with 458 markers and 167 microsatellites was 

constructed from the pseudo-backcross pedigree, Family UMD/UF-1, in the Forest Genomics 

Lab at the University of Florida, Gainesville, Florida (Figure 5.1, by courtesy of Dr. Matias 

Kirst). Quantitative trait loci were predicted for the cell wall traits estimated from the mass 

spectra obtained after pyrolysis for two nitrogen availabilities. The QTL determined are listed 

with the information respectively (shown in Table 5.1).  

For the cell wall trait variation under low nitrogen condition, six chromosome regions were 

identified to regulate the cell wall traits (Figure 5.2). Only one chromosome region was 

identified to regulate syringyl lignin monomer content in adventitious root tissues along the 19 

poplar chromosomes (Figure 5.3). This region resides in Linkage Group (LG)-14 between 

markers rs1554 and G1866 (Figure 5.4). Two chromosome regions were identified for total 

carbohydrate content trait (Figure 5.5), locating LG-1 (Figure 5.6) and -18 (Figure 5.7) under 

low nitrogen condition. The chromosome region between markers P2221 and rG2281 in LG-6 

was revealed to regulate lignin/carbohydrate content ratio (Figure 5.8, 5.9). The guaiacyl lignin 

monomer content was regulated by one genetic region in LG-1 (Figure 5.10), and is different 

from the chromosome region which was found to regulate total lignin content trait in the same 
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chromosome (Figure 5.11, 5.12 and 5.13). Overlapping QTL identified in this study for QTL 

determined for traits in the stem tissue from samples of the same pedigree. The chromosome 

region on LG-14 affecting the variation in syringyl lignin monomer content overlapped with the 

QTL previously identified for variation in leaf biomass. Another chromosome region in Linkage 

Group 10 which was identified for variation of lignin/carbohydrate content ratio overlapped with 

QTL previously identified for internode number trait. 

For high nitrogen conditions, genome regions were also identified that regulate the six cell 

wall traits in adventitious root tissues (Figure 5.14). One region on LG-11 was found to regulate 

syringyl lignin monomer content (Figure 5.15, 5.16). Another region in LG-15 was shown to be 

the only region which is responsible for variation in guaiacyl lignin monomer content (Figure 

5.17, 5.18). For the syringyl-/guaiacyl ratio, almost 15% variation could be explained by genes 

residing on LG-11 (Figure 5.19, 5.20). Only one genome region on LG-15 was identified to 

regulate total lignin content (Figure 5.21). This region is different from the region identified for 

the same trait under low nitrogen condition (Figure 5.22). Another genome region in LG-11 was 

also the only region for total carbohydrate content trait (Figure 5.23). The gene(s) regulating this 

trait resides between markers G3981 and S598, and explain almost 8% of the variation (Figure 

5.24). For the cell wall trait lignin/carbohydrate content ratio, another region in LG-17 was 

identified. It explain almost 18% of the variation (Figure 5.25), and this region resides between 

markers E408 and rG880 (Figure 5.26).  
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Figure 5-1.  Genetic map of 19 linkage groups. Positions of genetic markers are shown on the 
right of each chromosome, with distances in centimorgans (cM) on the left. (by 
courtesy of Dr. Matias Kirst)
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Table 5-1.  Quantitative trait loci determined for cell wall traits under low nitrogen condition in 
stem and root tissues. C6, six carbon cellulose sugar. (Data of stem tissues were by 
courtesy of Forest Genomics Laboratory, University of Florida, Gainesville, FL) 

Quantitative Trait Loci Determined under Low Nitrogen Condition 

Trait  Tissue  Linkage Group  Genetic Markers  
Maximum R2 

Value 

Syringyl Lignin 
Monomer Content 

Root  LG‐14  rS554, G1866  0.22 

Stem  N/A  N/A  N/A 

Guaiacyl Lignin 
Monomer Content 

Root  LG‐1  G1782, rP2385  0.26 

Stem 

LG‐1  G3205, G834  0.05 
LG‐6  rE918, rG139  0.07 
LG‐13  G2577, G2218  0.075 
LG‐17  G641, G3580  0.062 

Total Lignin Content 

Root  LG‐1  G3784, G947  0.25 

Stem 
LG‐6  rS613, G2126  0.04 

LG‐17  G641, G3580  0.07 

Total Carbohydrate 
Content 

Root 
LG‐1  G1782, rP2385  0.29 
LG‐18  O534, rS89  0.23 

Stem (C6) 

LG‐1  G3205, G834  0.08 
LG‐6  rS613, G2126  0.04 
LG‐6  G2126, E538  0.074 
LG‐18  G1089, rG1244  0.048 

Lignin/Carbohydrate 
Content Ratio 

Root  LG‐6  P2221, rG2281  0.23 

Stem 
(C6/Lignin) 

LG‐1  G3205, G834  0.053 
LG‐6  rS613, G2126  0.044 

 



 

86 
 

Table 5-2.  Quantitative trait loci determined for cell wall traits under high nitrogen condition in 
stem and root tissues. C6, six carbon cellulose sugar. (Data of stem tissues were by 
courtesy of Forest Genomics Laboratory, University of Florida, Gainesville, FL) 

Quantitative Trait Loci Determined under High Nitrogen Condition 

Trait  Tissue  Linkage Group  Genetic Markers 
Maximum R2 

Value 

Syringyl Lignin 
Monomer Content 

Root  LG‐11  G3981, G3037  0.26 

Stem 
LG‐1  P2731, G1782  0.035 
LG‐10  G1946, rG938  0.034 

Guaiacyl Lignin 
Monomer Content 

Root  LG‐15  rG1454, G4047  0.15 
Stem  LG‐13  G2577, G2218  0.068 

Total Lignin Content 
Root  LG‐15  rG1454, G4.47  0.15 

Stem 
LG‐17  G641, P648  0.05 
LG13  G2577, G2218  0.096 

Syringyl‐/Guaiacyl 
Lignin Ratio 

Root  LG‐11  G3981, S598  0.17 

Stem 

LG‐1  P2731, G1782  0.039 
LG‐10  G1946, rG938  0.043 
LG‐14  P2515, G674  0.028 
LG‐15  G4047, rP2585  0.05 

Total Carbohydrate 
Content 

Root  LG‐11  G3981, S598  0.06 

Stem (C6) 
LG‐1  P575, P2786b  0.075 
LG‐6  E538, G3600  0.041 
LG‐13  G2577, G2218  0.112 

Lignin/Carbohydrate 
Content Ratio 

Root  LG‐17  E408, rG880  0.2 

Stem 
(C6/Lignin) 

LG‐1  P575, P2786b  0.082 
LG‐13  G2577, G2218  0.102 
LG‐17  G641, P648  0.048 
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Figure 5-2.  LOD score plot of overview of quantitative trait loci analysis for 6 cell wall traits under low nitrogen condition along the 
19 poplar linkage groups with R2 value shown at the bottom. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-3.  LOD score plot of quantitative trait loci analysis for syringyl lignin monomer 
content under low nitrogen condition trait along the 19 poplar linkage groups with R2 
value shown at the bottom. 
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Figure 5-4.  LOD score plot of quantitative trait loci analysis for syringyl lignin monomer 
content trait, under low nitrogen condition, on linkage group 14 (LG-14) with R2 
value shown at the bottom. 

 



 

90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-5.  LOD score plot of quantitative trait loci analysis for total carbohydrate content trait, 
under low nitrogen condition, with R2 value shown at the bottom. 
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Figure 5-6.  LOD score plot of quantitative trait loci analysis for total carbohydrate content trait, 
under low nitrogen condition, on linkage group 1 (LG-1) with R2 value shown at the 
bottom. 
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Figure 5-7.  LOD score plot of quantitative trait loci analysis for total carbohydrate content trait, 
under low nitrogen condition, on linkage group 18 (LG-18) with R2 value shown at 
the bottom. 
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Figure 5-8.  LOD score plot of quantitative trait loci analysis for lignin/carbohydrate content 
ratio trait along the 19 poplar linkage groups under low nitrogen condition with R2 
value shown at the bottom. 
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Figure 5-9.  LOD score plot of quantitative trait loci analysis for lignin/carbohydrate content 
ratio trait, under low nitrogen condition, on linkage group 6 (LG-6) with R2 value 
shown at the bottom. 
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Figure 5-10.  LOD score plot of quantitative trait loci analysis for guaiacyl lignin monomer 
content trait, under low nitrogen condition, with R2 value shown at the bottom. 
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Figure 5-11.  LOD score plot of quantitative trait loci analysis for guaiacyl lignin monomer 
content trait, under low nitrogen condition, on linkage group 1 (LG-1) with R2 value 
shown at the bottom. 
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Figure 5-12.  LOD score plot of quantitative trait loci analysis for total lignin monomer content 
trait, under low nitrogen condition with R2 value shown at the bottom. 
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Figure 5-13.  LOD score plot of quantitative trait loci analysis for total lignin monomer content 
trait, under low nitrogen condition, on linkage group 1 (LG-1) with R2 value shown at 
the bottom. 
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Figure 5-14.  LOD score plot of quantitative trait loci analysis for 6 cell wall traits, under high nitrogen condition, on 19 linkage 
groups with R2 value shown at the bottom. 
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Figure 5-15.  LOD score plot of quantitative trait loci analysis for syringyl lignin monomer 

content trait, under high nitrogen condition, on 19 linkage groups with R2 value 
shown at the bottom. 
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Figure 5-16.  LOD score plot of quantitative trait loci analysis for syringyl lignin monomer 

content trait, under high nitrogen condition, on linkage group-11 (LG-11) with R2 
value shown at the bottom. 
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Figure 5-17.  LOD score plot of quantitative trait loci analysis for guaiacyl lignin monomer 

content trait, under high nitrogen condition, on 19 linkage groups with R2 value 
shown at the bottom. 
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Figure 5-18.  LOD score plot of quantitative trait loci analysis for guaiacyl lignin monomer 

content trait, under high nitrogen condition, on linkage group-15 (LG-15) with R2 
value shown at the bottom. 
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Figure 5-19.  LOD score plot of quantitative trait loci analysis for syringyl/guaiacyl lignin 
monomer content ratio trait, under high nitrogen condition, on 19 linkage groups with 
R2 value shown at the bottom. 

 

 



 

105 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-20.  LOD score plot of quantitative trait loci analysis for syringyl/guaiacyl lignin 

monomer content ratio trait, under high nitrogen condition, on linkage group-11 (LG-
11) with R2 value shown at the bottom. 
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Figure 5-21.  LOD score plot of quantitative trait loci analysis for total lignin content trait, under 

high nitrogen condition, on 19 linkage group with R2 value shown at the bottom. 
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Figure 5-22.  LOD score plot of quantitative trait loci analysis for total lignin content trait, under 
high nitrogen condition, on linkage group-15 (LG-15) with R2 value shown at the 
bottom. 
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Figure 5-23.  LOD score plot of quantitative trait loci analysis for total carbohydrate content 

trait, under high nitrogen condition, on 19 linkage groups with R2 value shown at the 
bottom. 
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Figure 5-24.  LOD score plot of quantitative trait loci analysis for total carbohydrate content 
trait, under high nitrogen condition, on linkage group-11 (LG-11) with R2 value 
shown at the bottom. 
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Figure 5-25.  LOD score plot of quantitative trait loci analysis for lignin/carbohydrate content 
ratio trait, under high nitrogen condition, on 19 linkage groups with R2 value shown 
at the bottom. 
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Figure 5-26.  LOD score plot of quantitative trait loci analysis for lignin/carbohydrate content 
ratio trait, under high nitrogen condition, on linkage group-17 (LG-17) with R2 value 
shown at the bottom. 
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CHAPTER 6 
DISCUSSION AND FUTURE WORK 

Since the 19th century, economic growth has resulted in large amounts of CO2 deposited 

into the atmosphere. This has induced climate change also described as the ‘greenhouse effect’. 

This resulted in an urgent call for a closer examination of the impact of CO2 emissions on global 

ecosystems, especially in terms of carbon and nitrogen cycles. In order to reduce carbon 

emissions, it is essential to examine the role of forests in terrestrial ecosystems and to enhance 

their carbon sink strength. Besides the effects of climate change on ecosystems, the current 

energy crisis resulting from the use of fossil oils also led to calls for alternative energy. Among 

all of the strategies, bioenergy appears as a promising strategy because it is renewable and is 

considered to have a small carbon footprint. To enhance the carbon storage and conversion 

efficiency of bioenergy feedstocks, it is also essential to examine the genetic mechanisms of 

carbon sequestration and partitioning in trees.  

Extensive efforts have been spent in order to understand the mechanisms of carbon 

allocation and sequestration in plants, especially cell wall biogenesis, in Arabidopsis as well as 

other species. Looking back into the strategies that have been utilized, they could be generalized 

into three types: (1) transcriptional profiling (Pear et al., 1996; Dhugga et al., 2004; Samuga and 

Joshi, 2004; Aspeborg et al., 2005; Geisler-Lee et al., 2006; Cocuron et al., 2007; Burton et al., 

2008), (2) heterologous expression (Liepman et al., 2005; Burton et al., 2006) and (3) genetic 

studies, including forward and reverse genetic screening (Favery et al., 2001; Wang et al., 2001; 

McCarty et al., 2005; Sindhu et al., 2007) and population genetics (Tsarouhas et al., 2002; Bao et 

al., 2007; Keurentjes et al., 2008; Lisec et al., 2008).  

The release of complete genome of Populus trichocarpa made poplar as an important 

model plant and the first tree model ready for investigation of molecular and genetics 
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mechanisms. Studies on the genetic mechanisms of carbon sequestration and allocation in poplar 

can help improve the role of trees as carbon sinks and as bioenergy feedstocks. 

The poplar pseudo-backcross pedigree, UMD/UF-1, maintained at the University of 

Florida (Gainesville, FL) has already been utilized to reveal genetic mechanisms of various 

traits, such as leaf area and cell wall characteristics in stem tissues. However, in order to fully 

elucidate the mechanisms of carbon sequestration and allocation besides the knowledge in stem 

tissues, the genetic networks regulating carbon flux into root tissues are yet to be revealed. 

Therefore, this calls for a method to characterize root cell wall traits reliably, accurately, rapidly 

and reproducibly.  

The first part of this study investigated the use of NIRS as a method to quantify six cell 

wall traits in adventitious root tissues that were based on a combination of pyrolysis mass 

spectrometry and wet chemical analysis. A subpopulation was selected from the entire 

UMD/UF-1 pedigree based on its genetic diversity. It is assumed that the selected population 

with the most diverse genetic variation would cover most of most phenotypic variation in the 

pedigree. In the first part of this study, NIRS was proven to be able to predict the trait values 

both qualitively and quantitatively. Combing the trait values determined from mass spectra 

acquired after pyrolysis from plants grown under two nitrogen regimens, the correlation 

coefficients of prediction models for all the traits exceeded 0.85, with the error of prediction all 

within 0.4%. With the regression methods of multivariate analysis, NIRS has a better prediction 

ability towards the traits, such as total carbohydrate content, total lignin content and 

lignin/carbohydrate ratio. For the prediction of traits syringyl- and guaiacyl content and their 

ratio, the correlation coefficients are smaller than other traits. All the models derived were 

validated by an independent sample set. The quality of validation and the prediction ability were 
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examined by the RMSEP value, which were all below 0.4%. In conclusion, the NIRS models 

derived could be utilized to quantify and predict these six root cell wall traits accurately and 

reliably. 

The first part of this study also compared two regression methods to derive the NIRS 

models, PLS1 and PCR methods. Generally, both methods gave similar quantitative prediction 

ability for all six traits. The PCR method showed relative advantages in the prediction of syringyl 

content, whereas PLS1 method exceeded in predicting guaiacyl content and syringyl/guaiacyl 

ratio. This was evaluated by the RMSEP of the validation set. During validation of the NIR 

model, the models with similar correlation coefficients but higher RMSEP suggested over-fitting 

in this model. When predicting the same trait, the PCR method always utilizes more independent 

variates to derive the model with similar prediction ability as the PLS1 method. This is consistent 

with the mathematical processing of PCR method, since it takes the principal components 

consisting of combinations of wavelengths to build the model. In summary, both of the 

multivariate methods, PLS1 and PCR, showed accurate prediction ability to derive NIR model to 

quantify these six root cell wall traits. 

When predicting the trait of lignin/carbohydrate ratio, the models derived with PLS1 and 

PCR methods using native MSC-transformed NIR spectra showed correlation coefficients both 

above 0.92. However, the errors of prediction (RMSEPs) in the validation step are both too big 

to consider the corresponding NIR model useful. The logarithmic transformation of the data 

resulted in a decrease in the RMSEPs from 0.068 to 0.045, which is within the acceptable range, 

and with a similar correlation coefficient (0.94) as before. This suggested either there is no 

straight linear relationship between the native MSC-transformed NIR spectra and the 
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lignin/carbohydrate ratio, or the logarithm transformation procedure mitigated the uniform noise 

which is in the calibration set but absent from validation set.  

The NIR models derived in this study could be feasibly utilized to predict trait values of 

the remaining samples from the UMD/UF-1 pedigree. The NIR models have been saved, and 

protocols are available for the mathematical processing of raw NIR spectra, such as NIR spectra 

truncation, MSC-transformation and PLS1/PCR model equations. Therefore, when using NIR 

spectra collected from new samples from the family, all of the six root trait values can be 

automatically calculated using the NIR models derived from this study. This will greatly enhance 

large-scale phenotype screening. Since NIRS is a non-destructive method, the samples with 

predicted trait values could be selected for further validation. 

Several precautions should be taken into consideration when utilizing the NIR models 

derived in this study. First, the predicted value is not the absolute chemical value of each root 

cell wall trait. The models were developed based on values calculated from mass spectra 

acquired after sample pyrolysis. Once the relationship between these calculated values and the 

absolute chemical values is determined, either in linear or logarithmic relationship, the NIR 

models would be able to generate absolute chemical trait values. Second, the models derived 

were based on strategies by adding non-fitting samples (outliers) of validation set into the 

previous calibration set until the most possible number of samples in the validation set fit the 

newly derived model. Currently, there is no universal standard or software that can automatically 

identify these non-fitting samples. Therefore, the process used in this study is somewhat 

subjective. There are different NIR models with similar prediction abilities. Third, when utilizing 

the NIR models derived in this study for large-scale screening, the prediction abilities are 

sensitive to experiment environment. This is due to the sensitivity of NIRS. Therefore, before 
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large-scale screening, NIR spectra from several samples used in this study and a number of the 

rest samples should be acquired in advance, in order to check the consistency for model usage. 

At the same time, chemical values of the samples should be determined from wet chemistry to 

examine the accuracy of NIR models. 

Extra efforts need to be spent to further determine the relationship between the Klason 

lignin content and the lignin content estimated from pyrolysis-mass spectra. The lack-of-fit 

relationship between these two values may be due to several reasons (Figure 4.18), such as 

smaller number of samples measured, or narrower range of trait variation. Therefore, 

incorporating more samples would determine the relationship between these two contents. It may 

be also resulted from the co-variation relationship between S/G ratio trait and total lignin trait. 

Since the higher G content in the sample, the more linkages would be in the samples, therefore, 

the higher G content results in less efficient pyrolysis, and leads to low lignin content estimation 

from the mass spectra. 

The second part of this study identified the chromosome regions along the poplar genome 

that could explain the variations in these six root cell wall traits under both nitrogen conditions. 

The QTLs identified were listed in Table 5.1. Compared to the values determined from mass 

spectra representing two nitrogen regimens, as the nitrogen availability increases, the calculated 

values for syringyl lignin monomer content, guaiacyl lignin monomer content, total lignin 

content and syringyl/guaiacyl ratio all decrease. However, the calculated values of carbohydrate 

content as well as the lignin/carbohydrate ratio increase. The range in these trait values showed 

only limited overlap between both nitrogen conditions. This indicated that the nitrogen 

availability affects the carbon allocation and sequestration greatly, reflecting the contrasting 

properties of root cell wall under these two nitrogen conditions. Also, the QTL identified for the 
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same trait were different under these two conditions. This also indicated that the nutrient 

availability in the environment could greatly affect regulatory gene expression, and there might 

be different regulatory genes that are responsible for cell wall biogenesis under these two 

contrasting nitrogen conditions. This is consistent with other studies on nitrogen availabilities 

(Cooke et al., 2005; Pitre et al., 2007; Pitre et al., 2007).  

The QTL identified in this study for each cell wall trait are also different from the QTL 

determined for the same trait in stem tissues (by Forest Genomics Laboratory, University of 

Florida). This indicates distinct expression profiling in different tissues at same or different 

developmental stages, and tissue-specific regulatory networks for carbon allocation and 

sequestration. This is consistent with the studies suggesting tissue-specific expression levels of 

carbohydrate-active enzymes in poplar (Aspeborg et al., 2005; Geisler-Lee et al., 2006; Rolland 

et al., 2006) and tissue-specific biomass partitioning (Hancock et al., 2007). 

Chromosome regions have been identified which are responsible for the variations of 

different traits of poplar adventitious root cell wall. Therefore, gene(s) regulating these traits are 

likely located in these regions. However, there are hundreds of protein-encoding genes in each 

QTL. Knowledge of the expression profiling of adventitious root at the developmental stage at 

which the samples were collected for this study would help to narrow the list of potential 

candidate genes. In future study, the roles of candidate gene(s) regulating each trait could be 

identified either by reverse genetics, or the functions could be determined by heterologous 

expression where there is no native cell wall biogenesis. 
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