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THESIS SUMMARY 

Functional characterization of cell wall-related proteins of unknown 

function (CW-PUFs) in Arabidopsis thaliana  

Ritesh Mewalal 

Supervised by Prof. A.A. Myburg (University of Pretoria) 

Co-supervised by Prof. S.D. Mansfield (University of British Columbia, Canada) and Dr. E. Mizrachi 

(University of Pretoria) 

Department of Genetics, University of Pretoria, Pretoria 

Submitted in partial fulfillment of the requirements for the degree Philosophiae Doctor 

Lignocellulosic biomass is an important feedstock for the bioeconomy, particularly for biorefinery and 

biomaterial application. This is due to the characteristic secondary cell walls composed of a matrix of 

cellulose and hemicellulose intricately linked to and rigidified by lignin. Studies have estimated 10-15% of 

~27,000 protein-coding genes in the model herbaceous plant Arabidopsis thaliana are dedicated to cell 

wall development. However, conclusive experimental evidence validating cell wall functionality is only 

available for approximately 120 genes. This observation highlights a gap in our understanding which, 

poses a hindrance on biotechnology aimed at optimizing yield and reducing cell wall recalcitrance for 

efficient release of biopolymers. High-throughput “omics” technologies have generated inventories of cell 

wall-related genes, many of which are annotated as unknown (cell wall-related proteins of unknown 

function, CW-PUFs) due to absence of supporting evidence for biological and/or molecular function. The 

importance of CW-PUFs can be estimated by evolutionary conservation, co-expression with known genes 

(e.g. cellulose synthase genes) and experimental characterization. CW-PUFs may be classified into two 
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groups, proteins containing conserved domains of unknown function (DUFs) and proteins of obscure 

features (POFs) lacking any recognized domains/motifs.  

The aim of this study was to identify candidate CW-PUFs in the fast-growing and economically important 

hardwood crop genus, Eucalyptus, and functionally characterize these genes in the model plant 

Arabidopsis. Using bioinformatics tools and approaches, xylem-expressed members of the DUF1218 

gene family and a single POF gene were prioritized for functional characterization.  

To gain insight into its structure and suggested role in cell wall biology, a comparative genomics analysis 

of the DUF1218 gene family was performed. Approximately 284 non-redundant DUF1218-encoding 

genes were identified across 22 plant genomes revealing a land plant origin for the protein domain family. 

Furthermore, several DUF1218 family members putatively involved in cell wall biology were identified. We 

characterized the DUF1218 gene At4g27435 and showed that it is specifically expressed in interfascicular 

and xylem fibers, and loss-of-function results in a perturbation of lignin content in the cell walls of 

Arabidopsis. A second candidate, At1g31720, was also preferentially expressed in secondary cell wall 

depositing tissues. Due to potential functional redundancy, we included the most closely related family 

member At4g19370 and showed that both proteins are targeted to the cell periphery. No changes were 

seen in cell wall lignin content and growth in the loss-of-function and overexpression lines. However, we 

observed decreased rosette size, rosette fresh weight and stem length for the double homozygous 

mutant. Cell wall chemistry analysis revealed a decrease in the total lignin content and an increase in the 

syringyl/guaiacyl (S:G) monolignol ratio in the double mutant relative to the control plants. At1g31720 and 

At4g19370 were subsequently named MODIFYING WALL LIGNIN-1 (MWL-1) and MWL-2 respectively. 

Next, the role of an Arabidopsis POF gene (AtPOF1) in secondary cell wall biology was investigated. 

POF1 is Angiosperm-specific and a singleton in the sequenced plants. In agreement with characteristics 

of POFs, predicted DNA-, RNA- and protein-binding sites as well as regions of disorder were identified. 

AtPOF1 co-expressed genes were overrepresented in cell wall-related gene ontology terms including cell 

wall biogenesis. We showed that AtPOF1 expression is associated with xylem fibres, while the protein is 

nuclear-targeted. No changes in growth parameters were observed in loss-of-function or overexpression 
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lines, however, secondary cell wall chemistry analysis revealed changes in the glucose content of the 

mutant line and total lignin content in the overexpression lines.  

This Ph.D. study identified and ascribed function to four new candidate CW-PUFs. We found a novel 

function for At4g27435 where previous attempts were inconclusive. Furthermore, we found two additional 

members of the DUF1218 family that function redundantly as contributors to secondary cell wall biology, 

specifically a lignin-related role. We provide insight into the role of a POF in secondary cell wall 

biosynthesis. The studies presented in this dissertation provides further understanding into cell wall 

biology and reveals new candidate genes for engineering plants with customised cell wall properties. 
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PREFACE 

A defining characteristic of plants is the presence of the cell wall, which functions as a determinant of 

morphology, structure, transport and defence. These functions are influenced by the biopolymer content 

and structure of the cell wall and comprise cellulose, pectin and hemicellulose in the primary cell wall and 

larger amounts of cellulose, hemicellulose and impregnations of lignin in the secondary cell wall. Increase 

in human population size and corresponding increase in the demand posed on natural resources is 

driving the field of agro-economic research. In particular, the secondary cell wall of lignocellulose biomass 

has great value for biorefinery and biomaterial-based utilities. The fast-growing and widely planted 

hardwood crop genus Eucalyptus, is an excellent lignocellulosic feedstock as it can typically contain 39-

46% cellulose, 24-28% hemicellulose and 29-32% lignin and can produce an average of over 50 cubic 

meters of woody biomass per hectare per year in good growing conditions with up to 100 m3/ha/yr 

recorded for the best genotypes in the best sites.   

Despite the benefits of lignocellulosic biomass as an enriched source of carbohydrates and 

phenylpropanoids, a fundamental understanding of this complex biomaterial is imperative for 

experimental design towards optimized biopolymer yield and efficient depolymerisation to extract sugars 

and other building blocks. Biopolymer content, composition and spatial-temporal deposition is modulated 

by highly coordinated genetic pathways including biosynthetic, modifying and structural proteins which 

are in turn, regulated by a network of transcription factors, hormones and signaling proteins, ultimately 

resulting in the unique cell wall ultrastructure. The number of genes predicted to be involved in cell wall 

formation vastly exceed those with conclusive experimental characterization (~4000 vs. ~120 

respectively) highlighting a gap in our understanding of this biologically and economically important 

process. Many implicated genes lack biological, cellular and/or molecular annotation and are broadly 

classified as cell wall-related proteins of unknown function (CW-PUFs). The importance of CW-PUFs can 

be determined through analysis of evolutionary conservation, co-expression with known cell wall-related 

genes and reverse genetic approaches. Based on characteristics of the proteins, CW-PUFs can be 

divided into proteins containing Hidden Markov Model (HMM)-recognized domains of unknown function 
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(DUFs), or proteins of obscure features (POFs) that do not contain any recognized domains or motifs. 

While the long-term goal is to contribute to the understanding of secondary cell wall biology, the aim of 

this Ph.D. study was to identify candidate CW-PUFs in a woody biomass crop of interest, Eucalyptus, and 

functionally characterize these genes in the model plant Arabidopsis thaliana. To achieve this aim, I 

mined Eucalyptus RNA-Seq data for genes with preferential expression in xylogenic tissue. A number of 

candidate genes were further prioritized using across-species comparative analyses and plant 

bioinformatics tools (discussed in Chapter 1). I subsequently identified three genes from the DUF1218 

family (At4g27435, At1g31720 and At4g19370) and a singleton POF for further functional characterization 

in the context of cell wall biology and chemistry. The results of these studies were synthesized into the 

following chapters, compiled as manuscripts either published or in review: 

In Chapter 1, I identify the different types of CW-PUFs from previous cell wall-related studies and review 

the status of the field with regard to these proteins. I catalog DUFs and POFs identified in fifteen 

important cell wall related genomic, transcriptomic and proteomic studies in Arabidopsis, and identify 

DUFs and POFs preferentially expressed in Eucalyptus and Populus xylem tissue. Furthermore, I 

propose approaches to prioritize candidates based on intrinsic protein features combined with genomic 

and genetic information to further guide experimental design.  

Chapter 2 describes the DUF1218 family in representative model plants, Arabidopsis, Populus and Oryza 

and the plant of interest, Eucalyptus. A number of genomic and bioinformatics tools are used to 

characterize the domain and the DUF1218 containing proteins. Overall, the study offers a better 

understanding of the structure and possible functions of the DUF1218 gene family and guided future 

functional characterization studies of individual members. While attempts have been made in previous 

studies to understand the functions of the DUF1218-containing protein, At4g27435, its role was still 

unclear. Therefore, I expanded on previous studies by analysing the spatiotemporal expression and cell 

wall chemistry and growth parameters of loss-of-function and overexpression lines for the gene.  

In Chapter 3, I characterize the role of a second DUF1218 gene, At1g31720. I also include the most 

closely related family member, At4g19370, due to potential functional redundancy. I identify 
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corresponding loss-of-function mutant lines, generate double homozygous mutant lines and independent 

overexpression lines to characterize the cell wall chemistry and growth parameters of these two genes. 

Furthermore, I investigate the subcellular localization of the proteins using transient expression in 

tobacco. Based on the results, At1g31720 and At4g19370 are named MODIFYING WALL LIGNIN-1 

(MWL-1) and MWL-2 respectively.  

In Chapter 4, I describe the role of an Arabidopsis POF gene that I name AtPOF1. I perform a 

comprehensive comparative bioinformatics analysis of the protein and generate promoter:β-

glucuronidase reporter gene lines and stable N- and C-terminal GFP fusion lines to characterize the 

spatiotemporal expression and subcellular localization respectively. I further characterize the biological 

function of the protein in Arabidopsis by analysing cell wall chemistry and growth parameters in the 

identified loss-of-function mutant line and overexpression lines.  

Finally, in Chapter 5, I provide a summary and concluding remarks on the current thesis.  The main 

findings are discussed in context of the field at present, potential limitations and shortcomings of the 

research project are discussed and future prospects are proposed.  

The studies presented in this Ph.D. dissertation is the result of work undertaken at the Department of 

Genetics at University of Pretoria, South Africa (2010-2015) and the Department of Wood Science at 

University of British Columbia, Canada (11/2011-03/2012) under the supervision of Prof. A.A. Myburg and 

co-supervision of Prof. S.D. Mansfield and Dr. E. Mizrachi. All chapters were prepared as independent 

manuscripts and have been published or submitted to the relevant journals.  
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1.1. Abstract 

Lignocellulosic biomass is an important feedstock for the pulp and paper industry as well as 

emerging biofuels and biomaterials industries.  However, recalcitrance of the secondary cell wall 

to chemical or enzymatic degradation remains a major hurdle for efficient extraction of 

economically important biopolymers such as cellulose.  It has been estimated that approximately 

10-15% of ~27,000 protein-coding genes in the Arabidopsis genome are dedicated to cell wall 

development, however only ~130 Arabidopsis genes thus far have experimental evidence 

validating cell wall function.  While many genes have been implicated through co-expression 

analysis with known genes, a large number are broadly classified as proteins of unknown function 

(PUFs).  Recently the functionality of some of these unknown proteins in cell wall development 

has been revealed using reverse genetic approaches.  Given the large number of cell wall-related 

PUFs, how do we approach and subsequently prioritize the investigation of such unknown genes 

that may be essential to or influence plant cell wall development and structure? Here, we address 

the aforementioned question in two parts; we first identify the different kinds of PUFs based on 

known and predicted features such as protein domains.  Knowledge of inherent features of PUFs 

may allow for functional inference and a concomitant link to biological context.  Second, we 

discuss omics-based technologies and approaches that are helping identify and prioritize cell 

wall-related PUFs by functional association.  In this way, hypothesis-driven experiments can be 

designed for functional elucidation of many proteins that remain missing links in our 

understanding of plant cell wall biosynthesis. 

Abbreviations:  CW, cell wall;  CWP, cell wall proteins;  DUFs, domains of unknown function;  GT, 

glycosyltransferase;  GXM, glucuronoxylan methyltransferase; IRX, irregular xylem;  ORFans, orphan 

open reading frames;  POFs, proteins of obscure features;  PUFs, proteins of unknown function;  QTL, 

quantitative trait loci;  eQTL, expression quantitative trait loci.   

Key words:  domain of unknown function; plant cell wall; proteins of obscure features; proteins of 

unknown function.   



17 

 

1.2. Introduction:  moving toward the unknown 

Worldwide, the growing demand for energy is driving increased fossil fuel consumption and contributing 

to rising levels of atmospheric carbon dioxide and associated effects on global climate (Asif and Muneer 

2007; Quadrelli and Peterson 2007; Solomon et al. 2009). Combined, the situation has stimulated the 

search for alternative sustainable sources of energy and carbon-based materials.  Plant cell wall-derived 

lignocellulosic biomass is a promising feedstock for cellulosic ethanol, a second generation biofuel (Rubin 

2008; Wyman 2007), that does not compete with food production in contrast to starch-based biofuels 

(Cassman and Liska 2007; Karp and Shield 2008). In secondary tissues, the plant cell wall comprises 

primary and secondary wall layers.  A thin, elastic primary cell wall is synthesized during initial cellular 

expansion, typically containing cellulose, xyloglucan and pectin (Cosgrove 1997).  A thick secondary cell 

wall is deposited on the inside of the primary cell wall after cell expansion, and has higher amounts of 

cellulose, heteroxylan and is impregnated with lignin (Reiter 2002). Fast-growing Populus and Eucalyptus 

tree species are excellent sources of lignocellulosic biomass, as their secondary cell walls are rich in 

cellulose comprising 39 - 48% of biomass (Carroll and Somerville 2009).   

While there are many advantages to employing woody species as biomass feedstock, the recalcitrance of 

plant cell walls to degradation confounds efficient extraction of polysaccharides (Himmel et al. 2007; 

Mansfield 2009).  This is mainly due to the physical interactions between major biopolymer constituents of 

the cell wall namely; cellulose, hemicellulose and lignin (Chang and Holtzapple 2000; Cosgrove 2005; 

Gilbert 2010). The genetic contribution to recalcitrance is to a large extent the result of an underlying, 

highly coordinated biosynthetic program comprising biosynthetic, modifying and structural proteins which 

are regulated by a network of transcription factors, hormones and signaling proteins, ultimately resulting 

in the cell wall ultrastructure (Keegstra 2010; Plomion et al. 2001; Showalter 1993; Somerville et al. 

2004). Functional characterization of genes contributing to the plant cell wall ultrastructure is a 

prerequisite to the design of strategies for engineering customized phenotypes (Galperin and Koonin 

2010; Mansfield 2009). This has been demonstrated in planta, for example, transgenic Populus targeting 

known lignin biosynthetic-related genes caused a shift in biomass recalcitrance (Mansfield et al. 2012; 

Nookaraju et al. 2013; Pilate et al. 2002). Furthermore, appropriate growth conditions can promote 
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extensive secondary growth in the model herbaceous plant Arabidopsis (Chaffey et al. 2002), facilitating  

functional testing of candidate genes implicated in cell wall biology.   

Despite considerable research efforts focused on cell wall development and many genes empirically 

validated relating to lignin biosynthetic pathways (Boerjan et al. 2003; Vanholme et al. 2012a; Vanholme 

et al. 2008) and polysaccharide biosynthesis (Atmodjo et al. 2013; Doering et al. 2012; Taylor 2008), it is 

estimated that approximately 10-15% of ~27 000 protein coding genes in the Arabidopsis genome are 

involved in cell wall biology (Carpita et al. 2001; McCann and Carpita 2008; Yong et al. 2005). A study by 

Yang et al. (2011) found 121 experimentally validated cell wall-related genes via PubMed text mining. 

The discrepancy between the number of genes functionally validated and those implicated in cell wall 

biology highlights a clear gap between what is known and what remains to be discovered. Plant 

bioinformatics has been applied in meta-analyses of genome-wide expression data, resulting in the 

identification of genes putatively involved in cell wall biology. In many of these studies, a number of 

implicated genes lack any functional annotation (biochemical or cellular function) and are broadly 

characterized as proteins of unknown function (PUFs) (Horan et al. 2008). These genes, in the context of 

cell wall biology referred to as cell wall-related PUFs (CW-PUFs), show similar expression patterns to 

known cell wall-related genes such as those encoding cellulose synthase, enzymes essential for cellulose 

biosynthesis (Brown et al. 2005; Mutwil et al. 2009; Persson et al. 2005; Ruprecht et al. 2011). Although 

these CW-PUFs may not be directly involved in cell wall biosynthesis, many could be essential for normal 

cell wall developmental biology. In recent years CW-PUFs have been the focus of many functional 

studies and have been shown to be involved in various aspects of cell wall biology (Bischoff et al. 2010a; 

Brown et al. 2011; Gille et al. 2011; Jensen et al. 2011; Ruprecht et al. 2011; Urbanowicz et al. 2012). 

These studies highlight the importance of understanding the biological roles of other CW-PUFs, and 

suggest aspects of the biosynthetic pathway and/or alternative pathways of wall development not yet 

characterized.  

Functional analysis of CW-PUFs requires gene prioritization i.e., identification and functional prediction of 

these genes to guide a hypothesis-driven study. While the rapid accumulation of plant genomic data has 

revealed a large number of genes encoding PUFs, a challenge is sieving through the plethora of genomic 
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data to identify PUFs relating to wall function.  The problem is further exacerbated by limited background 

information on PUFs to guide experimental design. In an attempt to address these problems, we identified 

different types of CW-PUFs based on what is known about the function of the protein and its association 

with cell wall biology. To assist with experimental design, we also discuss relevant and appropriate plant 

omics-based approaches, which may provide functional insight for CW-PUFs selection, thereby facilitating 

gene prioritization.  

1.3. Classification of CW-PUFs types 

CW-PUFs refer to any functionally un-annotated proteins which have some evidence linking them to cell 

wall biology. These proteins generally only have homology-based annotations in plant genomes. Using 

this approach, a gene is annotated as a PUF if it lacks significant sequence similarity to any previously 

characterized protein family within a reference database (Boeckmann et al. 2003; Punta et al. 2012). This 

annotation approach remains one of the default methodologies of many genome initiatives including the 

plant comparative genomic resource, Phytozome (Goodstein et al. 2012) (http://www.phytozome.net/). 

Mining candidate cell wall-related gene lists (Bayer et al. 2006; Brown et al. 2005; Capron et al. 2013; Ko 

et al. 2006; Mentzen and Wurtele 2008; Minic et al. 2009; Mutwil et al. 2009; Mutwil et al. 2010; Ohashi-

Ito et al. 2010; Oikawa et al. 2010; Persson et al. 2005; Ruprecht et al. 2011; Yamaguchi et al. 2011; 

Yang et al. 2011; Zhong et al. 2010) for PUFs revealed two categories of proteins annotated using the 

similarity approach, i) proteins of known function, and ii) PUFs (Supplementary Figure S1.1). Some 

proteins grouped within the proteins of known function category do not have experimental evidence 

demonstrating function in cell wall biology yet are implicated in this process typically based on co-

expression analysis. Such proteins may even have validated roles in other biological processes. We refer 

to this group as CW-known unknown (abbreviated from known functional annotation yet unknown cell wall 

function). CW-known unknown may include proteins with previously annotated domains or lack previously 

identified domains/motifs (referred to as proteins of obscure features (POFs) (Gollery et al. 2007)). The 

PUF category may be further subdivided into protein families which contain a Hidden Markov Model 

(HMM)-recognized domains of unknown function (DUFs), or do not contain any recognized domains i.e. 

POFs (Table 1.1, Supplementary Figure S1.1 and Appendix A, Supplementary Table S1.1/2). Finally, 
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proteins of unknown function and possibly some proteins of known function may lack sequence homology 

to other Open Reading Frames (ORFs) currently available on curated databases and are referred to as 

ORFans (Fischer and Eisenberg 1999).  These proteins may have a phyletic distribution limited to an 

organism or group of organisms (Siew et al. 2004; Siew and Fischer 2003). This is the most difficult class 

of PUFs to characterize since there is no sequence homology to other genomes especially in non-model 

organism where mutants will not be available or that are not amenable to genetic transformation.  Since 

we do not expect a major role for this type of PUF in a conserved biological process such as cell wall 

formation ORFans will not be discussed.   

1.3.1. CW-known unknown proteins 

The concept of ‘known-unknown’ was previously proposed for hypothetical proteins for which there is a 

predicted biochemical function or cellular function (Galperin and Koonin 2004; Galperin and Koonin 

2010). Examples of such proteins include the protein kinase superfamily, methyltransferase-related 

proteins, small GTP-binding proteins and heat shock proteins to mention only a few. In the context of cell 

wall development, many proteins can be identified with known annotation, but unknown roles in wall 

biology. The benefit of CW-known unknowns is that there are at least functional clues for hypothesis 

generation and experimental design (Galperin and Koonin 2010). A previous example of a CW-known 

unknown protein is the eukaryotic translation elongation factor eEF-1Bβ1. eEF-1Bβ1 is a guanine 

exchange factor, yet gene silencing in Arabidopsis caused several wall defects including reduction in both 

lignin and cellulose (Hossain et al. 2012). Oikawa et al. (2010) also highlighted several other CW-known 

unknown genes (including calmodulin-binding proteins, putative methyltransferases, protein kinases and 

transmembrane receptors) where there is a general biochemical functional annotation, yet precise 

functional role in cell wall biology remains elusive. A generalized biochemical and cellular identity does 

not necessarily reveal the functions of these genes in cell wall biosynthesis and therefore further 

investigation in a cell wall context is still required.  
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1.3.2. Domains of unknown function (DUFs) 

DUFs refer to conserved protein domains within the Pfam database that lack functional assignment. The 

advantage of these HMM-recognized motifs is perhaps associating distantly related proteins by domain 

presence. This in-turn allows for the functional assignment to a protein family rather than individual 

members, a suggested robust method of annotating molecular function (Galperin and Koonin 2010). 

Thus, functional elucidation of a single member of a particular DUF family results in the renaming of the 

entire family accordingly (Punta et al. 2012). In recent years, several DUFs have been implicated in cell 

wall development (Appendix A, Supplementary Table S1.1). One of the first of these was a rice brittle 

culm mutant, bc10, isolated by Zhou et al. (2009). Map-based cloning of BC10 revealed that the gene 

encodes a protein containing DUF266 which is localized to the Golgi. Relative to the wildtype, bc10 had 

reduced cellulose and arabinogalactan protein levels, which is believed to underlie the decreased 

mechanical strength and retarded growth of the mutant plants. BC10 showed similarities to β-1,6-N-

acetylglucosaminyltransferase and enzymatic assays showed glycosyltransferase (GT) activity. It was 

postulated that BC10 may be involved in the glycosylation of cellulose synthase proteins or related 

proteins and/or the arabinogalactan proteins. Hansen et al. (2009) performed an in silico proteomics 

study, including Hidden Markov Models (HMM) and three-dimensional fold recognition, to identify new 

plant GTs in Arabidopsis. One of their main findings was that DUF266 and DUF246 contain GT 

signatures found in the CAZyme families, GT14 and 65, respectively. In 2011, Ye et al. proposed that the 

GT14 and DUF266 be incorporated into a new GT14/GT14-like gene family since GT14 and GT14-like 

displayed similarities in gene expression, protein domains and tertiary structure. The authors further 

reported that several GT14/GT14-like genes from Arabidopsis and Populus have a stem/xylem 

expression preference respectively which is suggestive of a possible cell wall-related function (Ye et al. 

2011). DUF266 and DUF246 have recently been merged into the Pfam Branch domain (PF02485) and O-

fucosyltransferase domain (PF10250) families, respectively. Unlike other members of these families, 

DUF266- and DUF246-containing proteins are plant-specific, implying plant-specific biological roles for 

these proteins (Hansen et al. 2012). Furthermore, members of the DUF266 and DUF246 family are co-

expressed with several cell wall-related GTs (Oikawa et al. 2010) and recently it was further hypothesized 
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that DUF246-containing proteins may function as rhamnogalacturonan-II fucosyltransferases (Hansen et 

al. 2012).  

Another plant-specific DUF, (DUF231, Bischoff et al. (2010a)) is part of the TRICHROME 

BIREFRIGENCE (TBR) and TBR-like (TBL) proteins belonging to a large family comprising 46 members 

in Arabidopsis. Proteins containing DUF231 have been shown to be related to several biological 

processes including pathogenesis (POWDERY MILDEW RESISTANCE 5) (Vogel et al. 2004), cold stress 

(ESKIMO1) (Xin et al. 2007) and aspects of cell wall biology (Bischoff et al. 2010a; Gille et al. 2011; 

Lefebvre et al. 2011; Vogel et al. 2004; Yuan et al. 2013). More specifically, the cell walls of powdery 

mildew resistance 5 knockdown mutants had a lower degree of pectin methyl-esterification or O-

acetylation relative to the wildtype control (Vogel et al. 2004). In 2010a, Bischoff et al. showed that 

mutants of DUF231 members, TRICHOME BIREFRINGENCE (TBR) and TBR-like3 (TBL3) contained 

lower cellulose and altered pectin composition. The DUF231 domain has been renamed to PC-

Esterase (PF13839); however, Bischoff et al. (2010b) reported that TBL/DUF231 is unlikely to be a 

catalytically active esterase, despite the presence of a conserved DxxH motif, also present in esterases 

(e.g. fungal rhamnoglacturonan acetylesterase), and the TBL motif of DUF231-containing proteins 

(Bischoff et al. 2010b). The authors did however hypothesize that DUF231 proteins may function as 

pectin binding proteins or as bridging proteins which may bind and crosslink pectin and other cell wall 

polysaccharides. Recently, DUF231-containing proteins TBL27 and TBL22 were shown to be involved in 

xyloglucan O-acetylation (Gille et al. 2011), while Yuan et al. (2013) demonstrated that ESKIMO1 

functions in O-acetylation of xylan during biosynthesis of the secondary cell wall. This raises the question 

of whether DUF231 family members may play a role in the acetylation of other cell wall biopolymers, as 

suggested by Gille et al. (2011).  

In 2011, two members of DUF579 family (referred to as IRREGULAR XYLEM 15 (IRX15) and IRX15-

LIKE/IRX15L) were shown to play a role in xylan biosynthesis (Brown et al. 2011; Jensen et al. 2011). 

The single (irx15 and irx15l) and double knockdown (irx15 irx15) mutants showed pleiotropic phenotypes 

including decrease in xylan content and chain length, almost undetectable glucuronic acid side chain 

content and methylation of the GlcA side chains. However, this was not consistent with the phenotype of 
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three additional DUF579-containing proteins, GLUCURONOXYLAN METHYLTRANSFERASE1 (GXM1), 

GXM2 and GXM3/GXMT. These plants did not display the characteristic IRX15 and IRX15L phenotype 

and the genes were further shown to be responsible for 4-O-methylation of glucuronic acid to form 

MeGlcA side chains of xylan (Lee et al. 2012; Urbanowicz et al. 2012). As such, the exact molecular 

function of IRX15 and IRX15L is still unknown.   

In 2006 and 2008, members of the DUF642 were identified in two cell wall proteomic studies (Bayer et al. 

2006; Irshad et al. 2008). Later, Gao et al. (2011) showed that DUF642 members, At1g80240 and 

At5g25460, were up-regulated when Arabidopsis ascorbic acid deficient mutants were fed with L-

Galactono-1,4-lactone, a precursor in the ascorbic acid biosynthetic pathway (Gao et al. 2011). Gene 

knockdown mutants of At5g25460 displayed smaller rosettes and shorter roots relative to the wildtype 

control, while no observable phenotypes were present in the At1g80240 mutants (Gao et al. 2012). The 

authors hypothesized that At5g25460 may play a role in cell wall pectin dynamics. It was proposed that 

boron is necessary for the structural integrity of the pectin polysaccharides through the formation of 

boron-pectin complexes (Hu and Brown 1994; Hu et al. 1996; Loomis and Durst 1992) and it was also 

shown that At5g25460 was up-regulated in response to boric acid (Gao et al. 2012; Zimmermann et al. 

2004). This in turn may influence plant growth through cell wall extensibility and hence explaining the 

mutant phenotype (Gao et al. 2012). This hypothesis was corroborated by a second study which showed 

in vitro that two DUF642-containing proteins (At5g11420 and At4g32460) interact with a pectin 

methylesterase protein (Zúñiga-Sánchez and Gamboa-de Buen 2012). This study also identified two 

additional interactors, including a leucine-rich repeat protein (FLOR1) and a vegetative storage protein. 

Concurrently, Vázquez-Lobo et al. (2012) showed in vitro that an Arabidopsis DUF642-containing protein 

(At3g08030) interacts with cellulose, specifically cellobiose and to a lesser extent hemicellulose. The 

study showed that DUF642-containing proteins were absent from non-seed-plant genomes, while some 

family members had predicted galactose-binding domains-like and glycosylphosphatidylinositol anchor 

sites. Although evidence suggest that DUF642 may play a role in modification or strengthening of cell 

walls through the interaction with cell wall polysaccharides, the biological and molecular function remains 

elusive (Vázquez-Lobo et al. 2012).  
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1.3.3. Proteins of obscure features (POFs) 

Whereas DUFs have recognized domains, POFs refer to a large number of proteins that lack such 

domains or motifs (Gollery et al. 2006; Gollery et al. 2007). These proteins may be found in known or 

unknown proteins (Supplementary Figure S1.1). Gollery et al. (2007) showed that these proteins 

constituted approximately 19%, 27% and 33% of the predicted proteome of Arabidopsis, Populus and 

rice, respectively. POFs contain regions with high propensity of disorder which are highly correlated with 

protein-protein interaction as well as conformational flexibility and variability allowing regulatory 

functioning with binding partners (Gollery et al. 2006; Gsponer and Madan Babu 2009; Sugase et al. 

2007; Tompa 2002). The large number of POFs in plant genomes suggests diverse biological roles. One 

of these may be a role in stress responses. Luhua et al. (2008) demonstrated the roles of several POFs in 

stress responses in Arabidopsis and found that overexpression conferred single stress type tolerance in 

some cases while in other cases was associated with susceptibility. Two Arabidopsis POFs conferred 

enhanced tolerance to osmotic stress (Luhua et al. 2008). POFs that have been implicated in cell wall 

formation through a number of cell wall related studies are listed in Appendix A, Supplementary Table 

S1.2.  

Unlike DUF-containing proteins, where functional inference can be extended via the conserved domains 

to distantly related proteins, functional inferences for POFs only extend to closely related family members 

with significant sequence similarity across the entire protein. While some POFs may be inherently 

disordered and characterized by the absence of a folded structure (referred to as intrinsically unstructured 

proteins, Tompa (2002)); across-species comparative genomics may facilitate the generation of HMM 

profiles for shared POF homologs allowing for defined signatures for the family and concomitant removal 

of these proteins from the POF category and reclassification as DUFs (Gollery et al. 2006; Gollery et al. 

2007).       

1.4. In search of a function for CW-PUFs 

A decrease in cost and an increase in throughput of next generation sequencing technologies have fueled 

genome-wide sequencing efforts, resulting in a steady increase in the number of publicly available 
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genomes. Currently, 41 sequenced and annotated plant genomes are accessible through Phytozome. 

The result has been an increase in the number of predicted gene models, many of which are PUFs. 

According the version 10 release of The Arabidopsis Information Resource, between 26 to 34% of the 

protein coding genes have unknown molecular function, biological process and cellular component 

according to Gene Ontology annotation (Lamesch et al. 2012). Given that the aforementioned 

percentages does not exclusively relate to cell wall biology, a general problem is identifying and 

prioritizing PUFs related to this biological process for further functional characterization. Several studies 

have generated cell wall-related candidate gene lists thereby implicating a number of genes including 

PUFs (Table 1.1) however; prioritization of PUFs for functional characterization is a challenge due to the 

lack of hypothesized biological or molecular functions to guide experimental design. Despite the 

availability of commercially available knockout lines in Arabidopsis (Alonso et al. 2003; Kuromori et al. 

2004; Rosso et al. 2003; Sessions et al. 2002), the challenge is finding appropriate experimental 

conditions to allow expression of the phenotype. This is especially important given the complexity of plant 

cell walls, combined with the diversity of phenotypes that may be linked to cell wall-related genes (Lloyd 

and Meinke 2012).  

Furthermore, many PUFs may be part of larger families suggesting functional redundancy.  It is therefore 

understandable why only a handful of PUFs have elucidated biological and/or molecular functions e.g. 

DUF231 (Gille et al. 2011; Yuan et al. 2013) and DUF579 (Lee et al. 2012; Urbanowicz et al. 2012).  

Integrated analysis of plant omics data is widely used for functional annotation in Arabidopsis (Bradford et 

al. 2010; Clare et al. 2006; Heyndrickx and Vandepoele 2012; Kourmpetis et al. 2011; Lan et al. 2007; 

Lee et al. 2010; Warde-Farley et al. 2010). Such studies allow high-throughput functional prediction of 

PUFs and demonstrate that integrated analysis of different omics data types leads to a higher accuracy of 

prediction as confirmed by subsequent experimental validation (Bradford et al. 2010; Lan et al. 2007; Lee 

et al. 2010). There are many plant omic based approaches which can be can be used for functional 

inference for the different types of CW-PUFs by means of guilt-by-association (Figure 1.1). Intrinsic 

properties such as co-expression patterns, shared promoter cis elements, protein domains, etc., may 

provide valuable functional clues for guiding experimental design.  
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1.4.1. Prioritizing CW-PUFs with genomic analyses 

Genes that are involved in the same biological process and under the common transcriptional regulation 

often share cis-regulatory elements which can be used to predict biological function for unknown proteins 

(Vandepoele et al. 2009). For a largely conserved developmental processes such as cell wall 

biosynthesis, these regulatory elements are also found to be conserved across species and genera 

provided the orthologous transcription factors and target genes are present (Creux et al. 2013; Freeling 

and Subramaniam 2009; Lockton and Gaut 2005). For example, Ding et al. (2012) found that 

approximately 4% of the total shared cis-regulatory sequences were probably regulating genes relating to 

bioenergy including cell wall biosynthetic genes.   

Genetic mapping of quantitative trait loci (QTL) is a method to identify genomic regions associated with 

phenotypic variation. Such studies can also be used to identify candidate genes co-locating with QTLs of 

interest such as lignin content, syringyl:guaiacyl ratio (S:G), cellulose pulp yield and fibre length (Capron 

et al. 2013; Chavigneau et al. 2012; Courtial et al. 2012; Courtial et al. 2013; Kullan et al. 2012; Price 

2006; Ranjan et al. 2010). However, the resolution of QTL mapping is very low which means that QTL 

intervals include hundreds of genes typically including CW-PUFs. Therefore to prioritize positional 

candidate CW-PUFs, other data types such as expression and metabolite profiles can be used in a 

genetical genomics approach which aims to associate polymorphism in transcriptome and metabolome 

with phenotypic QTL (Jansen and Nap 2001). This can be used to identify and narrow down candidate 

genes affecting the phenotypic variation of a given trait of interest (Breitling et al. 2008; Hansen et al. 

2008).  

1.4.2. Functional inference of CW-PUFs through transcriptomics 

High-throughput transcriptome profiling technologies such as mRNA-Seq and microarray have facilitated 

genome-wide identification of genes expressed during cell wall formation (Table 1.1 and Andersson 

Gunnerås et al. 2006; Demura et al. 2002; Hertzberg et al. 2001; Mizrachi et al. 2010; Schrader et al. 

2004). The approach has important applicability to the functional annotation of PUFs as it provides a 

framework for putatively linking these genes to biological processes, and in the case of cell wall biology, 
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expression data may delineate genes specific to major cell wall-forming organs, tissues and cell types 

such as stems in herbaceous plants (Brown et al. 2005; Ehlting et al. 2005; Persson et al. 2005) or xylem 

tissue in woody perennials (Hertzberg et al. 2001; Mizrachi et al. 2010). Indeed, such studies have 

reported that many PUFs were differentially expressed in cell wall-forming tissue (Table 1.1 and Appendix 

A, Supplementary Table S1.1/2). Note that Table 1.1 contains mainly secondary cell wall associated 

genes due to the strong transcriptional co-regulation of secondary cell wall genes, and hence high 

expression correlation observed for these genes in tissue specific expression profiling. A comparison of 

stem xylem to leaf transcriptomic data from Eucalyptus grandis and Populus trichocarpa (Hefer, et al., in 

preparation) revealed that, of the 1055 and 1390 stem xylem up-regulated genes, 199 (~19%) and 234 

(~17%) genes encoded PUFs in eucalyptus and poplar respectively (≥ 1.5 expression preference in xylem 

tissue compared to leaf tissue, Figure 1.2A). Furthermore, most of the stem xylem-preferential PUF genes 

in E. grandis and P. trichocarpa encoded POFs (126 and 146 respectively) while 73 and 88 contained 

DUFs respectively (Figure 1.2B). Several xylem-specific PUFs were identified in a recent study conducted 

in Populus in order to develop xylem-specific utility promoters (Ko et al. 2012).  Two of the four PUFs, 

which had a 10-fold higher expression in developing xylem in the Ko et al. (2012) study, were also 

identified in Hefer, et al. (in preparation). In 2011, Ohtani et al. identified 63 differentially expressed poplar 

PUFs, which were up- or down-regulated by the Arabidopsis NAC domain protein VND7, a master 

regulator of xylem vessel formation.   

Gene co-expression is valuable for functional prediction of genes based on the guilt-by-association 

principle (Walker et al. 1999). In gene co-expression, a query gene (bait) displaying similar expression 

patterning with functionally known genes will have an increased likelihood of sharing a regulatory pathway 

and thus, may be functionally related (Aoki et al. 2007; Saito et al. 2008). For example, Brown et al. 

(2005) and Persson et al. (2005) independently used the known secondary cell wall-specific cellulose 

synthase genes as bait genes to identify other highly co-expressed genes. The versatility of the gene co-

expression approach is demonstrated at a genome-wide level where modules of highly correlated genes, 

within a co-expressed gene network, may be linked to particular biological processes due to 

overrepresentation of functional categories. In this way, biological function may be inferred for unknown 
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genes within a module (Aoki et al. 2007; Obayashi et al. 2011). Examples of publically available co-

expression databases include ATTED-II (Obayashi et al. 2011), PlaNet (Mutwil et al. 2011) and AraNet 

(Lee et al. 2010). A genome-wide annotation of Arabidopsis PUFs was conducted by Horan et al. (2008) 

by clustering highly co-expressed known and unknown genes followed by annotation of resulting modules 

using GO enrichment. Thus, functional enrichment could be ascribed for a total of 1 541 PUFs where 16 

PUFs were found in specific cell wall clusters (Horan et al. 2008).  

Support for functional annotation via co-expression network analysis can also be obtained by identifying 

conserved network components across species (Bergmann et al. 2003; Ficklin and Feltus 2011; Mutwil et 

al. 2011). Oikawa et al. (2010) compared the co-expression gene network of xylan-related glycoside 

transferases from rice and Arabidopsis to identify novel genes involved in xylan biosynthesis 

(approximately 30% of high ranking co-expressed genes encoded PUFs), while Ruprecht et al. (2011) 

compared the co-expression networks of primary and secondary cellulose synthase genes across seven 

distantly related plant species. In the latter study, 13% of the 376 gene families identified were PUFs and 

a subset of these unknown proteins was then experimentally validated using reverse genetics 

approaches. This study identified several PUFs affecting cell wall polysaccharides, thereby supporting a 

role for these PUFs in cell wall biology (Ruprecht et al. 2011). Moreover, due to functional redundancy 

associated with large protein families, across-species expression profiling and expression correlation in 

combination with phylogeny are powerful tools to prioritize functionally equivalent orthologs across 

species (Mutwil et al. 2011; Patel et al. 2012). The basis of the approach is the assumption that the 

expression profile and gene co-expression pattern of orthologous genes with similar functions should be 

conserved even if they are not closest phylogenetic neighbors (Bergmann et al. 2003; Ruprecht et al. 

2011).  

1.4.3. Prioritizing CW-PUFs with proteomics  

Cell wall proteins (CWP) refer to proteins localized to the plant cell wall (Jamet et al. 2006) which are 

highly likely to be involved in aspects of wall development. Therefore, a list of CWP may facilitate the 

simultaneous identification and prioritization of candidate CW-PUFs for functional studies. The generation 
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of a comprehensive list of CWP can be challenging, confounded by contamination from other cellular 

compartments as well as the inherent characteristics of proteins such as varying post-translational 

modifications, physiochemical properties and protein turnover rates which results in a biased capture of 

the CWP (Jamet et al. 2008; Rose and Lee 2010). Despite this, several attempts at the isolation of the 

CWP from species such as Arabidopsis, Brassica oleracea, Oryza sativa and Nicotiana tabacum have 

been made (Albenne et al. 2009; Borderies et al. 2003; Chen et al. 2009; Chivasa et al. 2002; Feiz et al. 

2006; Ligat et al. 2011; Millar et al. 2009). WallProtDB, an online database (http://www.polebio.lrsv.ups-

tlse.fr/WallProtDB/index.php), cumulative of several studies, lists approximately 500 and 800 CWP of 

Arabidopsis and rice respectively according to known function or conserved domains (Pont-Lezica et al. 

2010). CW-PUFs accounts for approximately 12.2% of Arabidopsis wall proteins found in WallProtDB 

(Pont-Lezica et al. 2010). However, not all proteins involved in cell wall biogenesis are found within the 

apoplastic environment, for example, the matrix polysaccharide xylan is synthesized in the Golgi 

apparatus (Bolwell and Northcote 1983). Recently, Parsons et al. (2012) found that 13% of 371 proteins 

from the Arabidopsis Golgi proteome, isolated from protoplast cultures were PUFs, interestingly including 

an additional as yet un-described DUF579-containing protein (At1g27930).  

Finally, annotation of predicted protein features forms an invaluable tool for functional inference and 

consequently, PUF prioritization. While the similarity approach might classify a protein as unknown if it 

does not display homology to a protein of known function, properties at the protein level such as 

conserved domain, tertiary structure and protein-protein interaction may provide functional clues. 

Prediction of subcellular localization of candidate proteins are an important step toward understanding 

their biological role (Chou and Cai 2003; Rost et al. 2003). Different subcellular localities have distinct 

proteomes defining the subcellular compartment (Heazlewood et al. 2007; Oikawa et al. 2010). The 

finding that xylan-related and lignin-related proteins are found in the Golgi apparatus (Bolwell and 

Northcote 1983) and endoplasmic reticulum (Boerjan et al. 2003; Chapple 1998; Ro et al. 2001) 

respectively corroborates this notion. There are many online prediction tools for subcellular localization 

available based on sorting signals, protein primary structure and experimental validation (Emanuelsson et 

al. 2007; Heazlewood et al. 2007). Oikawa et al. (2010) developed an algorithm, PFANTOM, based on 
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information from protein functional domains to predict subcellular localization of proteins found in 

endomembrane systems including the plasma membrane, the prediction of which is not reliable with 

current prediction tools.  

Another important characteristic of proteins is the presence of domains, which fold and function 

independently of the constituting protein. While domain architecture may not lead to elucidation of 

biochemical activity, it may link biological process by means of domain co-occurrence and therefore an 

inference of conserved function (Bosgraaf and Van Haastert 2003; Leipe et al. 2002). Domain co-

occurrence has particular applicability to DUFs as functionally known domains in combination with DUFs 

may guide hypothesis generation regarding function of the candidate domain-containing gene family. In 

Pfam 26.0, approximately 23% of total DUFs co-occurred with a functionally annotated domain (Punta et 

al. 2012). Currently, the annotation of conserved protein domains is incorporated into most, if not all, 

genome annotation pipelines including plant genome databases such as Phytozome.  

Protein sequence motifs from de novo discoveries can be used to infer function on more distantly related 

proteins sharing the same motifs. An example of this is the TONNEAU1 Recruiting Motif (TRM) protein 

family which was delineated by de novo motif discovery (Drevensek et al. 2012). The protein family 

members could be grouped into eight subgroups with no significant similarity between groups apart from 

the conserved motifs. At the tertiary level, protein three-dimensional fold may also be useful in functional 

assignment since protein structure responsible for functionality is more conserved and thus more 

divergent relationships may be observed at this level (Bornberg-Bauer et al. 2005; Eddy 1998). 

Furthermore, the order of domains may also not necessarily be maintained at the sequence level and this 

may present a problem for conventional sequence searches (Amoutzias et al. 2004; Bornberg-Bauer et 

al. 2005; Kersting et al. 2012). The methodology has been useful in functional prediction of DUF266 and 

DUF246-containing proteins as putative GTs (Hansen et al. 2009; Hansen et al. 2012).  

Finally, almost all biological processes are governed by a dynamic myriad of protein-protein interactions 

that culminate in a stable phenotype (Bork et al. 2004; Cusick et al. 2005; Vidal et al. 2011). As previously 

mentioned, two DUF642-containing proteins were shown to interact in vitro with a pectin methylesterase 
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protein, a leucine-rich repeat protein (FLOR1) and a vegetative storage protein (Zúñiga-Sánchez and 

Gamboa-de Buen 2012). It was also previously shown that the cellulose synthase-interactive protein1 

(CSI1) interacts with cellulose synthase (Gu et al. 2010) thereby bridging the cellulose synthase 

complexes with cortical microtubules (Li et al. 2012). Therefore, a protein interactome is useful as it 

serves as an addendum to the gene co-expression guilt-by-association principle and can be used to 

ascribe putative function to PUFs for hypothesis testing (Schauer and Stingl 2010). A list of plant 

interactome resources can be found in Mochida and Shinozaki (2011). A number of studies have 

integrated protein interaction data with other omics-based datatypes in Arabidopsis to predict function of 

PUFs (Bradford et al. 2010; Heyndrickx and Vandepoele 2012; Kourmpetis et al. 2011; Lee et al. 2010), 

with success of each methodology dependent on the data source and integration algorithms.  

1.5. Concluding remarks 

The continuation of genome and transcriptome sequencing efforts will undoubtedly increase the number 

of predicted PUFs in plants, which will require functional characterization. Despite advances in 

understanding cell wall biology, there still remain many implicated proteins for which function has not 

been ascribed. Unraveling function for CW-PUFs is particularly challenging, as we do not know where to 

begin looking except for obvious morphological and cell wall chemistry phenotypes. Furthermore, large 

protein families may contribute to functional redundancy, as was seen with the REDUCED WALL 

ACETYLATION genes (Lee et al. 2011), which may complicate functional elucidation. The above 

necessitates the integration of complementary omics-based datasets to provide functional insight to guide 

hypothesis-driven experimentation for CW-PUFs. This, in combination with system biology approaches to 

studying metabolic pathways (Vanholme et al. 2012b) and system genetics approaches in biomass crops 

combining transcript, protein and metabolite data to explain trait variation at a population level (Mackay et 

al. 2009; Mizrachi et al. 2012) may consequently bring the research community closer to bridging gaps in 

our molecular understanding of cell wall development and structure.  

1.6. Aim of the current study 

While the long-term goal of this study is to contribute to the understanding of cell wall biology, this 

dissertation aimed at identifying candidate CW-PUFs in the most widely planted hardwood genus, 
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Eucalyptus, and functionally characterizing these genes in Arabidopsis thaliana. Genes preferentially 

expressed in Eucalyptus wood-depositing xylem tissue (Figure 1.2) were consolidated with Populus and 

Arabidopsis data (Figure 1.2 and Table 1.1, respectively), and further prioritized using the meta-analysis 

platform proposed in Figure 1.1. These efforts resulted in candidate genes from the DUF1218 family and 

a single POF for functional characterization. Based on the biological evidence for prioritizing these 

candidate genes, we postulate the importance of these genes in cell wall biology and hypothesize that 

gene perturbation may result in the modification of the cell wall composition. To test this hypothesis, I 

used reverse genetics in Arabidopsis to analyse growth and cell wall chemistry for several candidate 

genes. Furthermore, the study of each gene was complimented with promoter activity studies as well as 

confocal microscopy to determine the subcellular localization for protein function.  
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1.8. Figures and Tables 

Table 1.1. Arabidopsis cell wall-related studies and the corresponding number of domains of 

unknown function (DUFs) and proteins of obscure features (POFs) identified.  

 
Reference Type of study Analysis type 

Number 

of 

DUFS 

Number 

of 

POFs 

1 Bayer et al. (2006) Proteomic  

Multidimensional 

protein identification 

technology 

4 0 

2 Brown et al. (2005) Transcriptome 
Expression profiling & 

co-expression 
4 0 

3 Capron et al. (2013) Genomic QTL mapping 9 6 

4 Ko et al. (2006) Transcriptome Expression profiling 8 4 

5 
Mentzen and Wurtele 

(2008) 
Transcriptome Co-expression 8 5 

6 Minic et al. (2009) 
Transcriptome/ 

Proteomic 

Expression & 

proteomic profiling 
20 31 

7 Mutwil et al. (2009) Transcriptome Co-expression 15 1 

8 Mutwil et al. (2010) Transcriptome Co-expression 7 4 

9 Ohashi-Ito et al. (2010) Transcriptome Expression profiling 5 5 

10 Oikawa et al. (2010) Transcriptome Co-expression 16 9 

11 Persson et al. (2005) Transcriptome Co-expression 7 1 

12 Ruprecht et al. (2011) Transcriptome Co-expression 20 1 

13 Yamaguchi et al. (2011) Transcriptome Expression profiling 21 29 

14 Yang et al. (2011) Transcriptome Co-expression 42 34 

15 Zhong et al. (2010) Transcriptome Expression profiling 31 27 
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Figure 1.1. Complementary omics datatypes for functional prediction of CW-PUFs to guide 

experimental design. 

Light colored boxes represent the types of data analysis, which can be conducted through the different 

omics levels (solid boxes) to prioritize candidate CW-PUFs.   
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Figure 1.2. Identification of Eucalyptus grandis and Populus trichocarpa genes preferentially 

expressed in stem xylem tissue. 

A. Xylem expressed genes were identified by ≥1.5 fold xylem-to-leaf expression (xylogenic:non-xylogenic 

tissue expression).  A total of 1055 and 1390 significantly up-regulated genes were identified in E. grandis 

and P. trichocarpa, respectively (Hefer, et al., 2015).  These genes were then classified as either proteins 

of known function or proteins of unknown function (PUFs).  B. The PUF genes included Domains of 

Unknown Function (DUFs) and Proteins of Obscure Features (POFs).  Most xylem preferential PUFs 

were POFs, while the remainder encoded DUFs.   
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Supplementary Figure S1.1. Categories of cell wall-related proteins of unknown function (CW-

PUFs). 

Different types of CW-PUF were identified from candidate cell wall-related gene list in literature (and in 

Table 1.1).  Protein annotation via the similarity annotation approach resulted in either i) proteins of 

known function (significant homology to functionally annotated proteins present within a reference 

database), or ii) proteins of unknown function (PUFs) (functionally uncharacterized).  Within proteins of 

known function are proteins referred to as CW-known unknown, for which there is a generalized 

prediction of biochemical or cellular function despite the lack of empirical evidence supporting cell wall 

function.  CW-known unknowns may include proteins with previously annotated domains or proteins 
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lacking currently defined domains or motifs (referred to as proteins of obscure features (POFs).  PUFs 

may be further subdivided into proteins which contain recognizable domains of unknown function (DUFs) 

or POFs.  Finally, proteins from the above categories may have a limited phyletic distribution, specific to a 

species or group of species and is referred to orphan open reading frames (ORFans). 

  


