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Abstract 

Activation-tagging is a functional genomics technique where strong enhancers are 

inserted randomly into target genomes and can over-activate endogenous genes.  When 

interesting phenotypes occur as a result, it can lead to the discovery of new genes or the 

characterization of known genes.  From a population of ~2000 activation-tagged poplar trees 

created in our lab, a mutant with red xylem was identified and named rosewood.  Based on 

previously identified poplar mutants, the red-wood phenotype suggested a change in lignin 

biosynthesis, but work done during this thesis revealed that the red wood is actually a result of 

increased anthocyanin content.  Efforts to engineer edible plants for increased anthocyanin 

content are on-going, due to their antioxidant properties and wide-ranging health benefits to 

humans.  Although poplar trees are not eaten by humans, discovery of a novel aspect of 

anthocyanin regulation could have implications beyond the Populus genus.  In this thesis, 

rosewood’s single T-DNA insertion was identified and characterized.  Rosewood’s case turned 

out to be atypical in the analysis of activation-tagged mutants: no surrounding protein-coding 

genes could be implicated in rosewood’s phenotype, and instead several novel, non-coding, 

upregulated RNAs were discovered next to the T-DNA enhancers.  Only four cases of activation-

tagged non-coding RNAs appear in the literature, only one of which involved a novel gene.  To 

date, there is no clear methodology on how to annotate plant non-coding RNAs discovered in this 

fashion.  A major part of this thesis consisted of setting up a workflow for this purpose, which 

accounts especially for the current computational tools that can be used for microRNA prediction 

in plants.  Based on molecular data and bioinformatics analyses, it is proposed that the locus at 

the T-DNA insertion contains one or more natural-antisense microRNAs and that these are 

somehow responsible for rosewood’s increased anthocyanin content.  The results of a phenotype 

recapitulation attempt in stem tissue using one of the novel transcripts are discussed. 
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Chapter 1 

General Introduction 

The identification and functional characterization of genes is one of the main goals of 

modern biology, since genes are the blueprints for all biological processes.  In the case of plants, 

fundamental knowledge of genes can also lead to practical improvements of agronomically and 

economically important species.   For example, there have been concentrated efforts to find and 

characterize genes responsible for wood characteristics such as lignin quantity and quality in 

poplar trees, in large part because of the role poplar wood plays in the pulp, paper and bioenergy 

industries.   Wood production and maturation are only a subset of the many plant characteristics 

that cannot be properly investigated in the plant model, Arabidopsis thaliana, which is most 

frequently used to study plant processes due to its ease of propagation, small size, and small 

genome.   To study characteristics specific to trees, poplar is used as a model for several reasons: 

it exhibits rapid juvenile growth, it can be transformed relatively efficiently, vegetative 

propagation is possible, and relative to other trees, it has a small genome.   

 One of the best ways to understand how something works, in many fields of scientific 

study, is to disrupt its function and then to analyze the consequences.  In molecular biology, this 

translates to making mutants by changing the sequence of a gene or altering its expression and 

analyzing the phenotypes which result.  The use of mutants as research tools can be divided into 

two broad categories: reverse genetics and forward genetics.  Reverse genetics involves targeted 

mutation of a gene of interest.  Forward genetics refers to screening pools of mutants to identify 

phenotypes of interest, and then elucidating their genetic bases.  One of the advantages of forward 

genetics is that it does not require a priori knowledge of genes. 
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 Traditionally, mutants have been created by exposing an organism to a physical or 

chemical mutagen such as UV, x-rays, or ethyl methanesulfonate (EMS).  These mutagens can 

efficiently induce random deletions, translocations, and single base changes into a genome.  The 

limiting step in these techniques is deciphering the location of any given mutation, which 

involves genetic crosses and fine genetic mapping using linkage analysis.  With the advent of 

insertional mutagenesis using maize transposon systems or T-DNA from Agrobacterium 

tumefaciens, this process became much easier, since the known T-DNA or transposon sequence 

serves a dual purpose.  Besides disrupting the function of any gene within which it lands, the 

insertion can be used as a molecular “tag” to isolate flanking sequences with PCR-based methods.  

In the case of poplar, the genome of Populus trichocarpa (western balsam poplar, also known as 

black cottonwood) was recently sequenced, which greatly facilitates this analysis by eliminating 

the need for lengthy genome walking techniques (Tuskan et al. 2006).  The T-DNA or transposon 

insertions can also be designed in order to report on gene expression patterns (“expression traps”) 

or to overexpress genes instead of disrupting them (“activation-tags”).  Activation-tags generally 

consist of two to four copies of an enhancer element from the constitutive promoter of the 

cauliflower mosaic virus 35S.  When inserted into a genome, the enhancers can bind endogenous 

proteins which can then interact with the transcription machinery of a neighbouring gene to 

increase its expression. The affected gene is sometimes overexpressed in an endogenous pattern, 

which is an advantage over activation-tagging with promoters (Weigel et al. 2000).  Occasionally, 

the enhancers can cause overexpression of more than one gene (Van der Graaf et al. 2002).    

 The dominant or gain-of-function mutant phenotypes produced by activation tagging 

confer two main advantages over loss-of-function phenotypes.  First, the heterozygous first 

generation transformants can display mutant phenotypes.  This is especially important for poplar 

trees since for the majority of the species, selfing is impossible and achieving homozygosity 
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requires at least two generations of sibling matings (a lengthy  process  considering the generation 

time of a poplar tree) (Busov et al. 2005).  Second, it becomes possible to identify a phenotype 

even if the gene has redundant functions with other members of a gene family or if alternative 

metabolic pathways exist, both of which are especially common in plants. The Populus genome 

carries the legacy of at least two duplication events.  The first, called the “eurosid” duplication, 

probably occurred in the eurosid ancestor of Arabidopsis and Populus, and is thought to have 

contributed to the diversification of the ancestral eurosid (Tuskan et al. 2006).  Evidence of a 

second “salicoid” duplication is found in the Salix and Populus genera, where about 92% of the 

latter’s genome was affected (Tuskan et al. 2006). 

 There are three populations of activation-tagged poplar trees currently in existence (Table 

1).  The largest of these is a population of ~2000 P. alba x P. tremula (a hybrid of white poplar 

and trembling aspen which is especially conducive to transformation), which was generated by 

Sharon Regan of Queen’s University.  The population is maintained in tissue culture and in 

greenhouses at Queen’s as well in field trials in Quebec and in Oregon.  Initial screens of 

approximately ~1000 greenhouse-grown trees at Queen’s University resulted in the identification 

of about ~30 visible mutant phenotypes.  The phenotypes encompass size, shape and texture 

differences in leaf and stem as well as overall tree size and shape (Harrison et al. 2007).     

 One of the mutants is named rosewood for the red colour in its xylem.  Since red, orange 

or brown wood is in fact a common result of the downregulation of certain enzymes involved in 

the biosynthesis of lignins, rosewood had the potential to reveal a novel level of regulation in this 

agronomically and economically important pathway.  My objective was to investigate the 

genomic basis for rosewood’s phenotype.  The project became a situation unique to the analysis 

of activation-tagged poplar trees encountered so far.  No protein coding gene was found to be 

upregulated within 20 kb of either side of the T-DNA enhancers.  Instead, a novel transcript was 
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discovered near the enhancers, and the focus of the research project was directed to characterizing 

this locus.  The transcripts at the locus were found to consist of multiple different lengths, to 

cover a range of more than 2000 bp spanning either side of the T-DNA insert, to be transcribed 

over at least part of this range in the antisense direction as well as the sense, and appeared to 

include microRNA precursors.  A thorough analysis was conducted to investigate the likelihood 

of this latter hypothesis: a variety of computational tools for the identification and evaluation of 

microRNA hairpins were tested on a set of experimentally verified, non conserved poplar 

microRNAs, and then applied to the novel transcript, resulting in several well supported 

predictions of microRNAs within the novel transcript.  Finally, recapitulation of rosewood’s 

phenotype was attempted using a fragment that contained one of these microRNA predictions 

behind a 35S promoter.   As the work progressed many topics needed to be researched, including 

precedents of microRNAs discovered through gain-of-function screens and methods of 

computational identification of microRNAs in plants.  In order to contextualize several of the 

methods chosen and the results obtained, these topics are explored in the literature review to 

follow. 
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Table 1.  Populations of activation-tagged poplar trees 

Species Type of activation tag 
Number of 

lines 
Institution Reference 

Populus tremula X 
Populus alba 

4X 35S CaMV enhancers 
2,000 

 

Queen's 
University, 

Kingston Ontario 

(Harrison et al. 
2007) 

 

Populus tremula X 
Populus alba 

4X 35S CaMV enhancers 
627 

 

Department of 
Forest Science, 
Oregon State 

University 

(Busov et al. 2003) 

Populus 
euramericana 

2X 35S CaMV enhancers 
300 

 

Research Institute 
of Subtropical 

Forestry, China 
(Wang et al. 2007) 
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Chapter 2 

Literature Review 

2.1 Lignin and the red wood phenotype 

The red-wood phenotype has been observed in several transgenic plants where enzymes 

involved in the monolignol biosynthesis pathway have been downregulated (Figure 1B-F).  After 

cellulose, lignins are the second most abundant organic substance in trees.  They are complex 

polymers made up of several different phenylpropanoid monomers, and provide mechanical 

rigidity to trees.  They also play a role in water-proofing and defense. As pictured to the right of 

Figure 1, the biosynthesis of lignins begins with the amino acid phenylalanine and leads to three 

main monomeric units, which are cinnamoyl alcohols with different degrees of methoxylation on 

the benzene ring (called G, S and H units).  Intermediates or side reactions from the monolignol 

biosynthesis pathway can also be incorporated into the lignin polymer, adding further complexity 

to its structure (reviewed in Boerjan et al. 2003).    

 The enzymes within this pathway that result in a red wood colour when downregulated 

are highlighted with red arrows in Figure 1.  They include cinnamoyl co-enzyme A reductase 

(CCR) which catalyzes the conversion of the cinnamoyl CoAs into the cinnamaldehydes (Leple et 

al. 2007); cinnamyl alcohol dehydrogenase (CAD) which catalyzes the conversion of the 

cinnamaldehydes into the cinnamyl alcohols (Baucher et al. 1996; Lapierre et al. 2004); and 

caffeic acid O-methyltransferase (COMT) and caffeoyl co-enzyme A O-methyltransferase 

(CCoAMT) which add methyl groups to the aromatic ring (Tsai et al. 1998; Jouanin et al. 2000; 

Meyermans et al. 2000).  The wood from trees where these enzymes are downregulated show 

changes in lignin content, composition or both.  Some of the intermediate phenolic compounds 
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that have been incorporated into the mutants’ lignin are hypothesized to be responsible for the red 

colour of the wood.  Downregulation of CAD and COMT results in a buildup of cinnamaldehydes 

in the lignin, and experiments have shown that synthetic dehydrogenation polymers of coniferyl 

alcohol and coniferaldehyde are wine red (Higuchi et al. 1994).  Downregulation of CCR results 

in a buildup of ferulic acid, and a similar colour of wood was achieved when ferulic acids were 

introduced into synthetic lignins (Leple et al. 2007). 

 The red wood of the CCR and CAD mutants most closely resembles rosewood’s 

colouration (Figure 1B, bottom of C and F), while the wood of COMT and CCoAMOT mutants 

is more brown and less vivid than that of rosewood (Figure 1 middle of C, D, E).   In addition, the 

CCR colouration is absent in tension wood and has been described as “patchy” (Leple et al. 

2007), attributes which have also been observed in rosewood.   

2.2 Activation tagging as a tool for microRNA discovery 

2.2.1 What are microRNAs? 

The biology of plant microRNAs has been comprehensively reviewed in Jones-Rhoades 

et al. 2006.  In brief, microRNAs are small noncoding RNAs that can silence the expression of 

target genes through a pathway similar to the RNA interference of siRNAs.   However, unlike 

siRNAs, the role of microRNAs is not to protect the cell from exogenous threats such as 

transgenes or RNA viruses, but to provide another layer of endogenous regulation to processes 

such as development.  MicroRNA genes can be located within the introns of protein-coding genes 

or transcribed from independent loci, and sometimes occur as coordinately regulated 

polycistronic clusters.  They can be transcribed by RNA Polymerase II, and there is some 

evidence that the primary transcripts (the pri-miRNAs), which can be more than 1 kb long, are 

spliced, capped, and polyadenylated (Aukerman and Sakai 2003).  The primary transcript is then 
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processed by Dicer-like 1 into a shorter precursor called the pre-miRNA, and then into a ~20 

nucleotide RNA duplex.  Like small interfering RNAs, the mature ~20 nucleotide microRNA is 

incorporated into a silencing complex composed of both RNA and protein, called the RNA-

Induced Silencing Complex (RISC). Targets are recognized by base-pairing between the 

microRNA and the target messenger RNA; in plants, the microRNA and the target are usually 

almost perfectly complementary, and so the RISC complex guides target mRNA cleavage.  

However, microRNA guided translational repression has recently been shown to also occur in 

plants (Brodersen et al. 2008). 

2.2.2 The relative role of forward genetics in microRNA discovery 

The first two microRNAs, both discovered in Caenorhabditis elegans, were found by 

forward genetic screens (Lee et al. 1993; Reinhart et al. 2000).  Lin-4 mutants are defective in 

developmental timing, and the lin-4 gene product was known to regulate the expression of 

another protein involved in development, lin-14.  However, when the lin-4 locus was cloned, no 

protein-coding sequence could be found.  Instead, the researchers isolated two small RNA 

transcripts, the smaller of which was ~22 nucleotides and was complementary to sites in the 

3'UTR of lin-14.   This small transcript, deemed to regulate lin-14 expression by some sort of 

antisense mechanism, was later determined to be a microRNA.   

 In the past 15 years following this discovery, genome-wide identification methods have 

been developed which can identify microRNAs at a much faster pace.  MicroRNAs can be 

identified en masse by cloning and sequencing pools of small RNAs.  For example, one group 

discovered nine new poplar microRNA families by cloning small RNAs isolated from abiotically 

stressed vascular tissue of P. trichocarpa (Lu et al. 2008b).  However, cloning methods are rarely 

fully comprehensive because they are biased towards microRNAs expressed under the conditions 

and in the tissue-type sampled.  In addition, microRNAs that are not highly expressed may not be 
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cloned.  MicroRNAs can also be predicted using bioinformatic methods, which are primarily 

based on predicting the ability of a sequence to stably fold into their characteristic stem-loop 

secondary structure.  The problem is that huge numbers of sequences can fold into hairpin shapes, 

and in genome-wide searches sensitivity is generally sacrificed at the expense of specificity, in 

order to avoid the time wasted in trying to experimentally verify false microRNA predictions.   

 Forward genetic screens are therefore useful for identifying microRNAs that have been 

missed by cloning or bioinformatics.   For example, in 2003, the C. elegans microRNA lys-6 was 

found in a forward screen for patterning defects in specific chemosensory neurons (Johnston and 

Hobert 2003).  Lys-6 had not been found in bioinformatic searches, presumably because its 

hairpin sequence (outside of the mature microRNA) is not well-conserved between worm species.  

The microRNA had also not been found in cloning attempts, likely because its expression was so 

specific to the sensory neurons.  Even if microRNAs identified by forward screens have been 

identified previously, the associated mutants provide valuable functional information, and the 

microRNAs that have been identified in forward screens remain the most thoroughly studied so 

far. 

 The advantages of gain-of-function mutants over loss-of-function mutants discussed in 

the general introduction are especially applicable to microRNA discovery.  For one thing, 

because of their small size, microRNAs are hard to “hit” by insertion, point-mutation or deletion.  

The other caveat is that most microRNAs exist as members of a family.  This is especially true in 

plants, where all known conserved plant microRNAs are found in families (Jones-Rhoades et al. 

2006).   Because of this functional redundancy or at least overlapping function, many plant 

microRNAs, such as miR172, do not have loss-of-function phenotypes (Aukerman and Sakai 

2003).   
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2.2.3 Gain-of-function microRNA mutants 

Despite the potential for microRNA discovery or functional characterization by gain-of-

function forward screens, there have only been two published cases in animals (all in Drosophila 

melanogaster) and four in plants (all in A. thaliana). Two Drosophila mutants with tissue 

overgrowth were identified by screening a population of flies generated using transposable 

elements containing a GAL-4 inducible promoter (Brennecke et al. 2003; Teleman et al. 2006).  

In one case, the previously identified microRNA miR-278 was annotated in the region of the 

insertion.  The mutant led to functional characterization of this microRNA and its target 

expanded, which is involved in the regulation of insulin production (Teleman et al. 2006).  The 

second mutant led to the discovery of a novel microRNA named bantam and its target hid, an 

apoptosis-inducing gene (Brennecke et al. 2003).  In trying to decipher the identity of the bantam 

locus, the researchers looked to the mosquito genome and identified a 30 bp region conserved 

between the two species, which was later identified as the mature microRNA. 

 In plants, all cases of activation-tagged microRNAs have come from the Weigel 

Arabidopsis population (Weigel et al. 2000).  Eat-D, defective in flowering, was analyzed by 

Aukerman and Sakai (2003).  When no protein-coding transcript near the 35S enhancers could be 

found responsible for the eat-D phenotype, Aukerman and Sakai tried probing an intergenic 

region on their northern blot and identified a 1.4 kb transcript, which turned out to be the pri-

miRNA of miRNA172.  miRNA172 had been previously identified by cloning, but was not 

functionally characterized (Park et al. 2002).  Aukerman and Sakai were able to show that 

miRNA172 is involved in the regulation of the timing of flowering and floral organ identity, and 

identified and validated several of its targets, which are members of the APETALA2 transcription 

factor family.   
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 The mutants jaw-1D and jaw-2D, analyzed by Weigel and colleagues, display the same 

curved-leaf phenotype and have similar T-DNA insertion sites (Palatnik et al. 2003).  As was the 

case with eat-D, a novel RNA transcript was found by probing an intergenic region near the T-

DNA on a northern blot.  The identity of the RNA transcript was discovered after the results of a 

microarray showed reductions in several TCP transcription factors, and alignments of the TCP 

genes revealed a conserved motif with a sequence partially complementary to a sequence in the 

RNA transcript.  This resulted in the identification and validation of a novel microRNA, miR159, 

which was then shown to be involved in the regulation of leaf development via silencing of the 

TCP transcription factor family.   

 The jabba-1D mutant has an enlarged shoot meristem, among other defects, and was 

characterized by Fletcher and colleagues (Williams et al. 2005).  None of the genes neighbouring 

the 35S enhancers could recapitulate the phenotype.  Finally, it was realized that miR166g was 

located nearby, a microRNA that had previously been identified by cloning (Reinhart et al. 2000; 

Reinhart et al. 2002), and could now be implicated in meristem formation. Through analysis of 

jabba-1D the group was able to identify and validate several miR166 targets, all members of the 

class III homeodomain-leucine zipper family.   

 Another member of the miR166 family was characterized through analysis of the men-1 

mutant (Kim et al. 2005).  Men-1 has a pleiotropic phenotype, including repressed growth and 

defects in stem, leaf, and flower morphology.  The miRNA166a was located 400bp downstream 

of the T-DNA right border.  The group was able to show that through its regulation of the 

ATHB15 transcription factor (also a member of the class III homeodomain-leucine zipper family), 

miR166a helps direct vascular development in Arabidopsis. 
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2.2.4 Useful precedents in the discovery and validation of novel microRNAs 

Of the six microRNAs just described, only two were novel (Brennecke et al. 2003; 

Palatnik et al. 2003).  It is likely that some activation-tagged mutants were put aside for lack of 

upregulated protein-coding genes or other annotations in the locus of the insertion, but could have 

revealed novel microRNAs upon further investigation.   But what is the most efficient way to lead 

this investigation?  There are two trends that become immediately apparent from the examination 

of precedents of microRNAs discovered by forward genetics (which also includes the three novel 

microRNAs found with loss-of-function C. elegans mutants (Lee et al. 1993; Reinhart et al. 

2000; Johnston and Hobert 2003)).   All five studies first showed that the phenotype could be 

recapitulated or rescued with a fragment next to the insertion locus, without necessarily knowing 

what was contained within that fragment.  Sizes have varied from a 100 bp fragment used to 

rescue the C. elegans chemosensory neuron patterning defect (Johnston and Hobert 2003) to a 2.5 

kb fragment used to rescue the C. elegans developmental timing defect  (Reinhart et al. 2000).  

Small rescue or recapitulation fragments are more desirable, because the putative functional 

region is further restricted.  Second, most of the studies used conservation between related species 

as a clue to finding the functional mature microRNA.  To verify the predictions, either northern 

probes designed to small highly conserved regions (20-60 bp) identified the presence of a 20 bp 

small RNA (Lee et al. 1993; Reinhart et al. 2000; Brennecke et al. 2003), or it was shown that 

rescue no longer worked if the conserved region was knocked out of the rescue fragment 

(Johnston and Hobert 2003).  In the most recent examples, the conserved region was also checked 

to see if a hairpin structure could be formed around it (Brennecke et al. 2003; Johnston and 

Hobert 2003).  The only study which did not use conservation was in the case of the jaw 

Arabidopsis mutants (Palatnik et al. 2003).  Instead, a microarray identified a family of 
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downregulated transcription factors in the jaw mutant, which were found to contain a consensus 

sequence which matched a sequence in the RNA fragment that had recapitulated the phenotype. 

2.3 Computational prediction of microRNAs 

There are limitations to the methods used by these precedents.  Using conservation as a 

guide to finding functional sequences precludes the discovery of species-specific microRNAs, 

which is a problem given that microRNAs evolve quickly and are less conserved than protein-

coding genes (Lindow and Krogh 2005).  Microarrays are expensive, difficult to analyze and may 

not provide obvious clues, especially if the microRNA in question does not target an entire family 

of transcripts.  Luckily, in the seven years since these cases of activation-tagged microRNAs (the 

most recent published in 2003), the field of computational microRNA prediction has blossomed.  

The main task of these prediction programs is to distinguish the real microRNA hairpins from the 

“pseudo” hairpins, since huge numbers of sequences can be predicted to fold into hairpin shapes. 

 Many of the microRNA prediction programs are designed for genome-wide searches. The 

“intergenomic” prediction methods identify hairpins and targets in at least two species and filter 

them based on homology with each other, which again prevents the identification of species-

specific microRNAs.  In plants, most such studies have used Arabidopsis and rice (Bonnet et al. 

2004; Jones-Rhoades and Bartel 2004).  However, the observation that plant microRNAs 

generally have high complementary with their targets (as compared to animal microRNAs) has 

led to the “intragenomic” method of microRNA prediction which identifies microRNA-target 

pairs (Adai et al. 2005; Lindow and Krogh 2005). In these searches, there are two inputs: the 

plant’s genome which represents all possible microRNAs, and its transcriptome which represents 

all possible targets.  Only those mature microRNAs with rigid complementarity to a transcript 

survive the filtering process.   It has been shown that if more than two mismatches are allowed in 
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the miRNA: target duplex, a high number of false positives will be recovered (Jones-Rhoades and 

Bartel 2004).    

 The main problem with the intragenomic approach is that the number of putative 

microRNA-target pairs generated is still too large.  For example, the initial scan of the 

Arabidopsis genome with the FindMiRNA intragenomic algorithm identified 2.4 million 

candidates (Adai et al. 2005).  Thus, extra filters need to be applied, and this often leads to the 

use of conservation once again.  In the Adai study only those microRNAs that were conserved 

with rice and which occurred in families were selected for further analysis (2005).  The second 

caveat with the intragenomic method is that microRNAs with less complementarity to their 

targets are missed. 

 In contrast to both intergenomic and intragenomic methods are the more recently 

developed ab initio prediction methods, which can predict microRNAs without the need for 

conservation or stringent target-matching.  Ab initio prediction involves two steps:  identification 

of a hairpin and classification of the hairpin as real or pseudo.  The latter step is often achieved 

with machine learningclassification algorithms.  Theseapproaches look at features in positive and 

negative training sets, and then use what they “learn” to classify candidate sets.  In the case of 

microRNA prediction, the features used are statistics of microRNA precursor anatomy.  An 

advantage of using machine learning is that many features can be examined at the same time 

without knowing which are actually relevant.  This is important because the features required for 

recognition by the microRNA processing enzymes are not precisely known (Sewer et al. 2005).  

What differs between the various programs is the type of classification approach, the positive and 

negative training sets, and the specific features analyzed in the training sets.  Positive sets are 

experimentally validated microRNAs, and negatives sets are usually hairpins that are similar in 

structure to real microRNAs but are assumed to not be processed due to their location (such as in 
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exons of protein-coding genes).  The sensitivity and specificity of any given algorithm will 

depend on how well these variables have been chosen.  Several of these programs are accessible 

online, including mirEval, MiPred, mir-Abela, and BayesMiRNAfind (Sewer et al. 2005; Xue et 

al. 2005; Yousef et al. 2006; Jiang et al. 2007; Ritchie et al. 2008). 

 MirEval is a classifer based on support vector machines that looks at the distribution of 

continuously paired or unpaired structures in the hairpin (Xue et al. 2005).  In other words, it 

analyzes the frequency of thirty-two different sequence-structure triplet combinations, which 

arise from eight possible structure compositions (each nucleotide in the triplet can be either 

unpaired or paired) and four possible sequence compositions (the middle position of the triplet 

can be one of four types of nucleotides).  MirEval was trained on a positive set of human 

microRNAs and a negative set of hairpins that could be folded from coding regions of the human 

genome.  MiPred deems itself an improvement to mirEval (Jiang et al. 2007).  It analyzes the 

same features and was trained on the same sequence sets as mirEval, but it also takes into account 

the minimum free energy (MFE, which is a basically a measure of stability) of each hairpin 

compared to structures arising from random permutations of the nucleotides within the hairpin.  It 

also uses a different classifier called random forest.  Another program, mir-Abela, uses SVMs 

like mirEval but looks at about 40 structural features of the microRNA stem-loop (Sewer et al. 

2005).  It was trained on a positive set of human microRNAs like mirEval and MiPred, but its 

negative set was drawn from hairpins that could be folded from human tRNA, rRNA, mRNA and 

random genomic sequences.  Another feature of the mir-Abela program is that before applying 

the SVM, it filters candidate hairpins based on their “robustness”, which refers to whether the 

stem-loop in question maintains its secondary structure when folded in larger sequence contexts.  

Finally, BayesMiRNAfind uses a Naive Bayes classifier that looks at 62 structural features and 

12 sequence-based features of each hairpin (Yousef et al. 2006).  Like mir-Abela, it applies initial 
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filters to candidates before using the classifier, including stem and loop length, MFE, and number 

of base pairs.  Unlike the other three programs, the positive training set of BayesMiRNAfind 

includes 1359 validated hairpins from thirteen different species, including 134 from rice, 114 

from Arabidopsis, and 40 from corn.  The negative training set consists of random genomic 

sequences which pass at least three of the above-mentioned filters. 

 These programs and most other ab initio approaches look at features associated with 

animal microRNAs hairpins (with the exception of BayesMiRNAfind), and so do not necessarily 

apply to plant microRNAs which vary more in size and structure (Mendes et al. 2009).  There are 

no published accounts of mirEval, MiPred, mir-Abela or BayesMiRNAfind used to identify 

microRNAs in plant sequences.  However, there has been one study which combined an 

intragenomic approach with the use of species-specific SVMs to predict microRNAs in 

Arabidopsis, rice and poplar (Lindow et al. 2007).  Features examined by each SVM included 

base pairing characteristics between the mature miRNA and the complementary sequence on the 

other arm of the hairpin (termed the miRNA*), the free energy of the miRNA: miRNA* duplex, 

and characteristics of the loop and stem extending past the mature miRNA sequence.  However 

promising the species-specific SVMs seem, there are multiple drawbacks.  First, because they 

were designed to be used after an intragenomic search, they require knowledge of a mature 

microRNA as well as the hairpin.  In addition, they are designed to avoid false positives and in 

doing so sacrifice sensitivity (the poplar SVM reported a 30% false negative rate).  Finally, they 

are not easily accessible as web-servers. 

 Once candidate microRNAs have been identified, other ways to help evaluate them 

involve using filters based on hairpin structure, composition or stability.  One such set of filters is 

the MIRcheck algorithm (Jones-Rhoades and Bartel 2004).  MIRcheck was an early step in a 

larger workflow used to identify hairpins conserved between Arabidopsis and rice.  The algorithm 
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tests each candidate hairpin against a set of rules pertaining to the anatomy of the 

miRNA:miRNA* duplex which were modeled off of known conserved plant microRNAs at the 

time, including the number of unpaired nucleotides, the number of consecutive unpaired 

nucleotides, and the number of unpaired nucleotides without a corresponding unpaired nucleotide 

in the miRNA*.  The focus on the miRNA:miRNA* duplex is in contrast to many of the filters 

used with animal hairpins, which often use characteristics which are not necessarily applicable to 

plant microRNAs such as the length of the loop.  Although in its initial use MIRcheck was 

complemented with conservation filters, the algorithm can still be of use on its own, and has been 

used to filter the candidate poplar microRNA hairpins obtained from small RNA cloning 

experiments (Barakat et al. 2007; Li et al. 2009). 

 Some computational analyses of plant microRNAs have used complexity of the mature 

microRNAs as a filter.  These studies removed microRNAs based on measures of complexity 

such as having too many of any one mononucleotide or dinucleotide, or not containing at least 

one of each of the four mononucleotides (Jones-Rhoades and Bartel 2004; Lindow et al. 2007).  

Finally, as was used in the mir-Abela program, many studies filter hairpins by robustness.  The 

reasoning behind this is that microRNA biogenesis undergoes several intermediates between the 

original RNA transcript (the pri-miRNA) and the actual hairpin (the pre-miRNA), and it is 

assumed that the hairpin should keep its structure within these intermediates.  This quality is 

likely dependant on the stability and thus the MFE of the hairpin.  The set of conserved plant 

microRNAs that had been discovered up until 2004 fulfilled this criteria (Jones-Rhoades and 

Bartel 2004), and robustness has been used as a filter in both computational studies and screening 

small RNAs obtained by cloning and sequencing (Jones-Rhoades and Bartel 2004; Barakat et al. 

2007). 
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 Despite the proliferation of tools for the computational prediction of microRNAs, the ab 

initio prediction methods are still geared towards use in animals.  The sensitive yet specific 

computational identification of plant microRNAs without requiring hairpin conservation between 

species or rigid complementarity between miRNA and targets remains an unsolved problem 

(Jones-Rhoades et al. 2006; Mendes et al. 2009).  Until machine learning approaches that tackle 

this problem are developed, the best option for ab initio prediction of plant microRNAs is likely 

to use a variety of available programs to identify candidates (even if they were not trained on 

plant microRNAs) and complement this with evaluation by the plant-specific filters. 

2.4 MicroRNAs in poplar 

Although it has been suggested that the search for poplar microRNAs is mostly saturated 

(Barakat et al. 2007), this is not likely the case. In the Barakat study, 77,000 reads of P. 

balsamifera small RNAs from leaf and bud tissue were sequenced and searched for hairpin 

potential, resulting in the identification 142 new members of conserved microRNA families and 

48 new microRNA families that could be Populus-specific (2007).  However, the authors 

indicated that many miRNA*s (the other side of the mature miRNA duplex) were not observed, 

reflecting the need for deeper sequencing.  They also noted that sampling of other tissues at 

different stages and under different conditions, or even in different poplar species, should also 

result in more microRNAs.  Indeed, analysis of their findings compared to the other, smaller scale 

small RNA cloning and sequencing efforts in poplar reveal that 19 of the 42 new microRNA 

families discovered in these studies were missed in the Barakat study (Lu et al. 2005; Lu et al. 

2008b; Li et al. 2009).  The previously mentioned study which combined intragenomic matching 

and machine-learning to computationally predict microRNAs identified 2613 putative poplar 

microRNAs (Lindow et al. 2007).  However, there is a high chance that several real microRNAs 
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were missed even from this large number, since the method they used recovered less than half of 

the microRNAs in miRBase (the official microRNA database) at the time.
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Figure 1.  Poplar mutants with red, orange or brown wood 
Left side: A) Top left: 717 (wild-type) cross-section.  Bottom left: rosewood cross-section.  Right: rosewood stem segment.  B) Top: wild-type 
stem.  Bottom: Mutant with reduced CCR activity.  Insert: CCR mutant cross-section.  OW=opposite wood, TW=tension wood (Leple et al. 2007).  
C) Top: wild-type stem.  Middle: Mutant with reduced COMT  activity.  Bottom: Mutant with reduced CAD activity (Jouanin et al. 2000).  D) 
Left: wild-type stem.  Right: Another mutant with reduced COMT activity (Tsai et al. 1998; Tsai et al. 2006).   E) Top: Mutant with reduced 
CCoAMT activity.  Bottom: wild-type (Meyermans et al. 2000).  F)  Left: cross-section of wild-type stem. Right: cross-section of mutant with 
reduced CAD activity (same clone as in “C”) (Baucher et al. 1996).  Right side: Phenylpropanoid and monolignol biosynthesis pathways (Boerjan 
et al. 2003).  The black route is expected to be most favoured in angiosperms.  Red arrows indicate enzymes that, when downregulated, result in 
red, orange or brown wood. 
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Chapter 3 

Methods 

3.1 Plant Growth 

Rosewood and wild-type Populus alba x Populus tremula  (line 717-1-B4 from the 

French National Institute for Agricultural Research) clones were maintained in the Queen’s 

University greenhouse with previously reported conditions (Harrison et al. 2007). 

3.2 Chemical Analyses 

3.2.1 Klason lignin analysis  

Since rosewood’s xylem has been observed to be more intensely red in opposite wood, 

tension wood was induced by bending the branches of several rosewood and wild-type (717) 

trees.  This was achieved by tying the ends of branches to their pots with string.  After sufficient 

growth (three months), stems were cut and peeled.  Four rosewood stems that were at least partly 

red were chosen, and comparable 717 branches (with similar diameter) were chosen as controls.  

Each rosewood stem was cut longitudinally to separate the white tension wood from the red 

opposite wood.  The tension wood was also separated from the opposite wood in the wild-type 

samples, although it was less obvious to do so because the colour was the same.  The stem 

segments were labeled, dried in an oven and sent for analysis. 

 A modified Klason method (Huntley et al. 2003) was employed to determine total 

carbohydrate and lignin content of the separated tension wood and opposite wood samples.  In 

brief, 0.2 g of extractive-free wood was treated with 3 mL of 72 % H2SO4 for two hours at 20 °C 

with mixing every 10 min.  This mixture was then diluted with 112 mL of de-ionized water to 
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achieve a final acid concentration of 4 % H2SO4 and transferred to a serum bottle.  The solution 

was autoclaved at 121 ˚C for one hour before filtering through a medium coarseness sintered 

glass filter for the gravimetric determination of acid-insoluble lignin.  Acid-soluble lignin was 

quantified using absorption spectroscopy at 205 nm (Tappi Useful Method UM-250). 

3.2.2 Liquid-chromatography/Mass-spectrometry analyses 

Approximately 200 mg of ground xylem tissue was extracted with 1 mL of methanol by 

incubation for 15 min at 70 ˚C with constant agitation. 3,4,5-trimethoxycinnamic acid was added 

as internal standard. Following centrifugation (1 min at 13,000 × g), 750 µl of the supernatant 

was collected and the residue lyophilized and weighed (approximately 50 mg dry weight). The 

methanol extract was lyophilized and the dry matter was dissolved into 1 mL cyclohexane: water 

(1:1, v/v). The aqueous phase was collected after 1 min centrifugation at 13000 × g, dried in a 

speedvac and resuspended in 50 µL water. 10 µL of this concentrated aqueous phase was injected 

onto a C18 Luna column (150 × 2.1 mm, 3µm) (Phenomenex), using a Waters 2695 Separations 

module.  Separation was performed with a mobile phase gradually changing from 83 % solvent A 

[H2O: acetonitrile (ACN): formic acid (FA), (100:1:0.1, v/v/v), pH 2.5] to 77 % solvent B [ACN: 

H2O: FA, (100:1:0.1, v/v/v), pH 2.5] over 21 min, at a flow rate of 0.3 mL/min and a column 

temperature of 40 ˚C. Detection was done using negative ionization on a Micromass Quattro 

Micro API triple quadrupole mass spectrometer with an APCI source. Scan time was 1 s and 

interscan delay 0.02 s.  Data were acquired in continuous mode. Data acquisition and instrument 

control was performed using Masslynx 4.0.   
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3.3 DNA extraction 

Young leaf tissue was flash frozen in liquid nitrogen and pulverized in a pre-cooled 

mortar and pestle, with liquid nitrogen added every 2-3 min.  DNA was extracted from pulverized 

tissue using the Qiagen Plant DNeasy kit (Qiagen, ON) and stored at -20 ºC until required. 

3.4 General purpose sequencing and cloning 

PCR bands were cut from the agarose gel under UV light, purified using the 

UltraClean15 DNA Purification Kit (Mo Bio Laboratories Inc, CA) and quantified by gel 

electrophoresis.  XL1-Blue chemically competent Escherichia coli cells were prepared as 

described previously (Seidman et al. 1997).  The pGEM-T Easy Vector System (Promega, WI) 

was used for cloning.  A-tailing, ligation and transformation by heat-shock were performed as 

indicated in the kit manual, using 1:1 molar ratio of insert DNA to vector.  Plasmids were purified 

from cell culture using a Purelink Plasmid Miniprep Kit (Invitrogen,CA). 

 The majority of the sequencing reactions were done in-house by the Queen’s Biology 

sequencing technician Zhengxin Sun using a CEQ 8000 Genetic Analysis System.  Sample 

preparation (PCR with the T7 and SP6 primers) and sample clean-up were done according to the 

protocol provided by Z. Sun.  When Z. Sun was unavailable or longer reads were desired, 

samples were sent to the Robarts Research Institute at the University of Western Ontario. 

3.5 Southern blot 

The number of T-DNA insertions was determined using Southern blots.  10 μg of 

rosewood DNA was digested with a HindIII restriction enzyme and the pSKI074 plasmid (used as 

a positive control) was digested with a NotI restriction enzyme.  Digested DNA was 

electrophoresed and transferred to a nylon membrane according to the procedure outlined in the 

Roche Molecular Biochemicals DIG Application Manual for Filter Hybridization (2000).  A 
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chemiluminescent detection system was used as a safer alternative to radioactivity, and was 

conducted according to the Roche DIG manual and (Engler-Blum et al. 1993).   The process 

involves binding of anti-digoxigenin alkaline phosphatase conjugate (anti-DIG AP) to the DIG-

labeled probe, followed by visualization using chemiluminescent alkaline phosphatase substrate. 

Two probes were used: one which anneals to the enhancers in the T-DNA and one which anneals 

to the terminator of the kanamycin resistance gene. The sequences of the probes and their 

annealing locations on the activation-tagging vector pSKI074 (Weigel et al. 2000) can be found 

in Appendix A.   For the blot using the enhancer probe, hybridization was at 70 ºC, wash steps at 

68 ºC, and the exposure was 3 h.  For the blot using the kanamycin terminator probe, 

hybridization was at 62.5 ºC, wash steps at 61 ºC, and the exposure was overnight. 

3.6 GenomeWalking 

The location of the T-DNA was determined by adaptor PCR using the GenomeWalker 

Universal kit (Clonetech).  Four GenomeWalker libraries were created using the restriction 

enzymes and adaptor provided.  Subsequent PCR-based walking was done using the BD 

Advantage 2 Polymerase Mix (Invitrogen) and the conditions and cycling as indicated in the 

GenomeWalker kit manual.  Most PCRs were done using the BD buffer (long distance), but 

occasionally the SA buffer was used, which is engineered to avoid non-specific priming.  Gene 

specific primers previously designed in our lab to the left and right borders of the T-DNA were 

used (see Appendix B for primer sequences).  Bands from secondary PCRs (nested PCRs) were 

gel extracted, purified, quantified, cloned and sequenced.  Sequences were compared using Blast 

to the P. trichocarpa sequence available at the Joint Genome Institute’s (JGI) v1.1 release. 
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3.7 RNA extraction 

Young, healthy apical leaf tissue was placed in a 50 mL falcon tube and flash frozen in 

liquid nitrogen.  Leaves were weighed, ground in a pre-cooled mortar and pestle, and dropped 

with a pre-chilled spatula into labeled tubes.  For tissue collection from xylem and phloem, 

actively growing stems were cut, placed in 10 mL falcon tubes and flash frozen in liquid nitrogen.  

When selecting rosewood stems, only sections containing red wood were used.  Each stem was 

thawed until it became possible to cut down the length of the bark with a razor blade, then re-

frozen in the liquid nitrogen.  The stem was then re-thawed and cut again with the razor blade 

along the original cut.  A scalpel was used to carefully peel the bark away from the wood.  Once 

separated, the bark and the xylem were put into separate falcon tubes and placed back into the 

liquid nitrogen.  For isolation of phloem and cambium tissues, the bright green inner layer of the 

bark was scraped with a scalpel, while for isolation of xylem tissues, the circumference of the 

stem was scraped using a razor.  In both cases tissue was dropped continuously into a mortar 

containing liquid nitrogen, ground, weighed, and dropped into labeled tubes. 

 RNA was extracted using the RNeasy Plant Mini Kit (Qiagen).  The optional on-column 

DNase digestion was not performed.  The RNA was qualified on freshly-prepared agarose gels, 

quantified using a NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific), and stored at -

80 ºC until required. 

3.8 Reverse transcription 

Depending on the experiment in question, RNA was treated with Amplification Grade 

DNaseI (Invitrogen) following the protocol provided.  All reagents for cDNA preparation were 

obtained from Promega and all heating steps were carried out in a thermocycler.  To make cDNA, 

1 µg of RNA, 0.8 µL of 0.5 µg/µL random primers and 0.2 µL of 0.5 µg/µL oligo(dT) primers 
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were aliquoted into 15 µL of RNase free water.  The solution was heated at 72  ºC for 5 min 

followed by 5 min on ice.  A solution of 5 µL AMV RT 5X buffer, 2.5 µL of 10 mM dNTPs, 1.5 

µL of 10 u/µL  AMV RT enzyme and RNase-free water was prepared to a final volume of 25 µL 

and added to the 15 µL containing the RNA.  This 40 µL solution was incubated at 37 ºC for 1 h, 

followed by heat inactivation at 72 ºC for 10 min.  To obtain higher concentrations of RNA, for 

example when preparing standard curves, 2 µg of RNA was used instead of 1 µg for a final 

concentration of 80 ng/µL, keeping all other reagents equal.  For preparation of larger volumes of 

cDNA, all reagents were scaled up equally. 

3.9 Real-time PCR 

Primers were developed using Primer3Plus software according to the guidelines in the 

Power SYBR Green PCR Master Mix and RT-PCR handbook (Applied Biosystems).  All primer 

sequences for real-time analyses are found in Appendix B. When possible, primers were designed 

with the 5’ end in exon A and a 3 bp overhang at the 3’end in exon B.  This ensures that exon A 

must be spliced to exon B before the 3’ end of the primer can properly anneal, and inhibits 

amplification of genomic DNA.  Alternatively, forward and reverse primers were designed to 

straddle an intron.  In this case amplification from genomic DNA results in a larger PCR product 

which is distinguishable from the cDNA product by the build-in melting curve analysis following 

real-time cycling, as well as gel electrophoresis.  If primers could not be designed to exclude 

genomic DNA, RNA was treated with DNaseI prior to cDNA synthesis (see “Reverse 

Transcription” section) and noRT controls (“no Reverse Transcription”, using RNA as template) 

were included in the experiments.  Most genes in poplar have pseudo-genes or paralogs from the 

recent salicoid duplication (Tuskan et al. 2006), and all primers were designed to avoid 

amplification of duplicated regions.  For amplification of a reference gene, primers previously 
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designed in the lab to a poplar ubiquitin gene were used.  Ubiquitin was found to have the most 

reliably steady expression in poplar tissues (Brunner et al. 2004).   

 Two-step real-time PCR was used, which means that the reverse transcription and PCR 

steps were carried out in separate reactions.  Reactions were set up in 25 µL volumes containing 

2X SYBR Green Power Master Mix (Applied Biosystems), 900 nM forward and reverse primers 

(concentration as suggested by ABI), and 0.5 ng to 100 ng of cDNA depending on the 

experiment.  To ensure accuracy, pipetted volumes were never less than 5 µL. Two to three 

technical replicates were set up for each data point, and a no-template control (NTC) was 

included in each experiment to check for contamination of reagents.  Cycling was done using the 

SmartCycler Platform (Cepheid) using the cycling conditions specified by ABI: 10 min at 95 ºC 

(hot start) followed by 40 cycles of 15 s at 95 ºC (denaturation) and 60 s at 60 ºC (annealing and 

extension).  Reactions were checked for primer-dimers and correct amplicon size using the build-

in melting curve and gel electrophoresis of PCR products.  All PCR products were gel-purified, 

cloned and sequenced to check identity.  Except when otherwise indicated, two biological 

replicates were assayed for each tissue; the batch of RNA used in the first leaf replicate was 

extracted in March and the second in April 2008, and the batch of RNA used in the first phloem 

and xylem replicates was extracted in July and the second in August 2008.   

 For calculating fold expression changes between rosewood and wild-type poplar, the 

methods outlined in Applied Biosystem’s The Relative Standard Curve Method in the “Guide to 

Performing Relative Quantification of Gene Expression Using Real-Time Quantitative PCR” 

document was used.  A standard curve was created to calculate the efficiency of each primer set, 

with 3-5 data points of 5-10 fold serial dilutions using wild-type leaf or phloem cDNA.  The input 

amount of cDNA of each experimental data point was interpolated from the cycle threshold (CT) 

value using the equation of the line of the standard curve corresponding to the primer in question.  
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Normalized values were calculated by comparing target gene to reference gene and then 

rosewood tissue to wild-type tissue, and standard deviations were calculated at each step.   

Statistical significance was determined using one-sample one-tailed t-tests of the 

biological replicate means, where the null hypothesis was that the true mean fold upregulation of 

the target gene in rosewood relative to wildtype was equal to one (i.e., no change in target gene 

expression).   A large p value meant that the null hypothesis could not be rejected.  Since each 

biological replicate already had its own standard deviation as a result of technical replicates, the 

means and standard deviations for each tissue were calculated using the following equations 

(Headrick 2010):  

Where  

 

 
In most cases the sample sizes of the first and second data sets were equal (two technical 

replicates; n1=n2=n), and the equations could be simplified thus: 
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Because there were only two biological replicates for each tissue, the tissue-specific t-tests had 

low power (low power means that it is difficult to achieve statistically significant results even in 

the case of biologically significant results).  Therefore, significance tests were also done using all 

biological replicates available for each target gene, pooled from the different tissues.  Results 

where the true mean fold upregulation was 90% or more likely to be larger than one were 

reported (p<0.10).  The error bars in the figures of the results were chosen to represent 80% 

confidence intervals instead of 95% confidence intervals, because the 95% confidence intervals 

were too large to carry any biologically relevant information.   

A second set of primers was used to double-check results of the protein-coding gene real-

time experiments.  No standard curves were generated for these primers and the comparative 

method (“The Comparative CT method” found in the same section of the ABI document) was 

used instead.  No statistical tests could be done on these results since only one biological replicate 

was carried out in each of phloem and xylem tissue samples.  

3.10 In vivo stem transformations 

3.10.1 Cloning 

All primer sequences can be found in Appendix B.  Gateway cloning technology 

(Invitrogen) was used for the induced somatic sector analysis experiments (ISSA).  The CDS 

(coding sequence) of the aspartyl protease gene (ASP2) was amplified from rosewood phloem 

cDNA with platinum PFx DNA Polymerase (Invitrogen).  The novel transcript RoseRNA444 was 

amplified from 5’-RACE-Ready cDNA (made using rosewood leaf RNA, see RACE methods 

section) with the BD Advantage 2 Polymerase Mix (Invitrogen).  A-tailing of products and 

creation of entry vectors were carried out using the materials and protocols provided in the  

pCR8/GW/TOPO TA Cloning Kit with One Shot TOP10 Chemically Competent E. coli 
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(Invitrogen) with one modification: 0.5 µL of TOPO donor vector (5-10 ng/µL) was used instead 

of 1 µL .  Entry clones were cultured and plasmids isolated using the UltraClean15 DNA 

Purification Kit (Mo Bio Laboratories Inc), followed by sequencing using the M13 primers to 

confirm sequence quality and correct orientation.  The destination vector is a Gateway-enabled 

pCAMBIA1305.1 vector created by Australian collaborators.  The pCAMBIA1305.1gateway+ 

vector map, sequence and annotation can be found in Appendix C.  PCAMBIA1305.1gateway+ 

was designed to overexpress a transgene using a 35S promoter, as well as the GUSPlus reporter 

gene also under the control of a 35S promoter.  Creation of the pCAMBIA1305.1-ASP2+ and 

pCAMBIA1305.1-RoseRNA444+ expression vectors were carried out using the materials and 

protocols provided in the Gateway LR Clonase II Enzyme Mix (Invitrogen) with some 

modifications: 0.5 µL of Clonase II enzyme mix was used for the LR reaction instead of 2 µL as 

indicated and 0.5 µL of proteinase K (2 µg/µL) was used to stop the reaction instead of 1 µL as 

indicated.  The resulting expression vectors were transformed into One Shot TOP10 or DH5α E. 

coli cells.  The transgene within each expression vector was sequenced in full with 3-6 X 

coverage. 

3.10.2 Transformations and harvesting 

The transformations were done using a relatively new procedure of in vivo stem 

transformation called “induced somatic sector analysis” (ISSA) (Van Beveren et al. 2006), which 

exploits the fact that plants have meristems which can regenerate somatic tissue.  In the 

technique, cambial initials in a growing stem are infected directly with Agrobacterium harbouring 

the expression plasmid.  Successfully transformed cambial initials divide to form a “sector” of 

transformed tissue, including new phloem and xylem; transformed sectors are identified by GUS 
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assays.  Samples can be harvested after a sufficient period of cambial growth, which is about one-

third the time it would take waiting for an entire tree to grow out of transformed callus.   

The online protocol compiled by the Forest Molecular Biology and Genetics Research 

Group at the University of Melbourne was used for ISSA (available at 

http://www.forestscience.unimelb.edu.au/research/biotech/protocols), which provides details on 

transformation, harvesting, and GUS assays.  For transformations with pCAMBIA1305.1-

RoseRNA444+, the AGL1 Agrobacterium strain was obtained from Australian collaborators, and 

competent cells were made using the Freeze-Thaw transformation method (Weigel and 

Glazebrook 2002).  AGL1 competent cells were transformed with pCAMBIA1305.1-

RoseRNA444+ and pCAMBIA1305.1gateway+ (empty vector for control experiments) as 

described (Weigel and Glazebrook 2002).  Antibiotics used for selection were kamamycin 50 

mL/L for the vector and rifampycin 25 mg/L for the chromosomal Agrobacterium.  No selection 

was used for the Agrobacterium Ti plasmid.  Transformed AGL1 were checked for the presence 

of expression vectors by PCR as described (Weigel and Glazebrook 2002).  Cultures of 

transformed Agrobacterium were propagated by diluting 10 µL into 5 mL and re-growing 

overnight in YEP (Yeast Extract Peptone) media and antibiotics. Preparation of the bacteria for 

inoculation was as follows:  bacteria were grown to an OD of 0.5, centrifuged at 5000 g for 10 

min, resuspended in 0.5 mL of Murashige and Skoog (MS) media, and rechecked by PCR to 

make sure the expression vector had not been lost. 

 Eight healthy, actively growing wild-type trees were selected and their leaves removed.  

One to three branches on each tree were selected for the experiments; ten branches were 

designated for experimental cambial windows and six branches for control cambial windows 

(using the Agrobacterium transformed with empty pCAMBIA1305.1gateway+ vector).  When 

possible, experimental and control windows were set up on different branches of the same tree.  
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Four to six cambial windows were created on each branch, with each window separated by about 

2.5 cm and alternating sides of the branch to avoid cutting off nutrient and water supplies.  

Cambial windows were created with a total area of about 1 cm2 by making two vertical cuts in the 

bark with a scalpel and a horizontal cut to join them at their basal ends.  For inoculation of each 

window the flap of bark was carefully opened and 5-10 µL of Agrobacterium was pipetted at the 

apical end of the window.  The bark was then quickly shut and sealed with parafilm.  Once all 

windows on a branch had been inoculated, parafilm was wrapped around the entire length of the 

branch.  It has been previously observed that sealing with parafilm reduces desiccation and the 

amount of wound tissue (Van Beveren et al. 2006).  In total, 50 cambial windows were inoculated 

with Agrobacterium containing pCAMBIA1305.1-RoseRNA444+ and 30 cambial windows were 

inoculated with Agrobacterium containing pCAMBIA1305.1gateway+.   Branch length and 

diameter at 10 cm from the base were measured to follow growth. 

 Five windows each from the experimental and control transformations were harvested 

two weeks after inoculation to check for transient transformation.  The rest of the windows were 

harvested three months after inoculation for stable transformation, at which point branch length 

and diameter at 10 cm from the base were re-measured.  Each cambial window was cut from its 

branch, cut longitudinally along the pith to remove tissue from the opposite side of the cambial 

window, and stored in a labeled 15 mL tube containing 70 % ethanol.  Bark was removed to 

reveal the newest xylem tissue on the stem side and the cambium with the newest phloem tissue 

on the bark side. Some ~2 mm hand sections were also made using a razor blade.  Both xylem 

and phloem were examined and digitally photographed using a Zeiss Stereo Discovery V12 

stereomicroscope before and after GUS staining.  GUS assays were conducted according to the 

aforementioned online protocol, with the addition of a bleaching step.  The sectors were 

submerged in a solution of 1:1 H202 and glacial acetic acid in 15 mL falcon tubes and heated in a 
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water bath at 90 ºC in the fumehood until the colour had lightened, and subsequently stored in 70 

% ethanol at 4 ºC  until photographed.   

Since it was winter at the time of the experiment and trees must be inoculated while they 

are actively growing, transformation of Agrobacterium and wild-type stems with 

pCAMBIA1305.1-ASP2+ was done by Antanas Spokevicius of the aforementioned research 

group in Australia.   Five cambial windows of approximately 1 cm2 were created in each of five 

six-month old P. alba pyramidalis wild-type clones, for a total of 25 cambial windows.  The 

cambial windows were harvested three months after inoculation, at which point their bark was 

peeled and they were stained in X-GLUC buffer overnight.  Since the X-GLUC only penetrates 

~0.5 mm into the wood, the blue colour of the GUS reaction product would not mask any red 

colouration deeper in the xylem.  Twelve GUS-stained sectors were selected for further visual 

analysis; these were cut transversely and examined for colour changes with a dissecting 

microscope. 

3.11 Rapid amplification of cDNA ends (RACE) 

The SMART RACE cDNA Amplification kit was used for RACE of the novel transcript 

(Clonetech).  RNA was isolated from rosewood leaf tissue as described previously and depending 

on the experiment, was treated with DNase.  The SMART RACE kit uses MMLV RT (Murine 

Leukemia Virus Reverse Transcriptase) and a special oligo d(T) primer to make 3’-RACE-Ready 

cDNA which is then used directly in PCR reactions.  The creation of 5’-RACE-Ready cDNA also 

involves a special adaptor oligonucleotide which anneals to the 3 bp overhang left at the 3’ end of 

the first-strand cDNA.   Primary and nested primers were designed using Primer3Plus software 

according to the specifications in the manual, with 100-200 bp overlap in the 5’- and 3’- RACE 

products such that the 5’ and 3’ primers could be used together as a positive control.  All RACE 
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primers were tested for their ability to amplify at high annealing temperatures (>70 ºC) so that 

touchdown PCR could be used in the experiments.  RACE PCRs reactions were carried out 

according to the manual using buffer and polymerase from the BD Advantage 2 PCR Kit 

(Clonetech) in 25 µL or 50 µL reaction volumes with 2.5 µL or 5 µL of RACE-Ready cDNA 

respectively (the 25 µL reactions were to save reagents in the primary PCRS when the products 

were not gel-purified).  Touchdown cycling was used, starting with 30 cycles and increasing in 5 

cycle increments until product could be seen on agarose gel electrophoresis.  Primary reactions 

were diluted 50-fold and used as template in the nested reactions, which ran for 15-20 cycles.  

Although the manual recommends not using nested PCR in the initial experiments, it was found 

that doing it right after the primary PCRs minimized the extra work generated by cloning and 

sequencing non-specific adaptor-adaptor products.  In addition, products that were not apparent in 

the primary PCRs often appeared in the nested PCRs.  Bands from primary and nested PCRs were 

cut out of the agarose, gel-purified, cloned into PGEM and sequenced.  When sequencing non-

nested products, the M13 primers were used instead of the T7 primers because the RACE adaptor 

contains the T7 sequence. 

3.12 Conservation analyses 

Leaf tissue from Populus deltoides x P. nigra and P. nigra x P. maximowiczii was 

collected from trees belonging to Dan Lefebvre growing in the Queen’s University greenhouse.  

P. alba, P. tremula and Salix alba (willow) trees were identified in the Kingston area by Sharon 

Regan.  Primers were designed using Primer3Plus software to a ~900 bp region upstream of the 

T-DNA insertion according to P. trichocarpa sequence available at the Joint Genome Institute’s 

Populus genome release v1.1 (primer sequences are in Appendix B).  DNA was extracted as 

described above and PCRs were carried out using the BD Advantage 2 Polymerase System 
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(Clonetech) using 0.4 nM of primers and other conditions as indicated in the manual.  Amplicons 

were gel-extracted, cloned into PGEM, and sequenced.  Multiple alignments were generated 

using CLC Sequence Viewer 6.2 using gap open cost 3 and gap extension cost 0, and an identity 

matrix was generated using BioEdit. 

3.13 General Bioinformatics analyses 

The entire range of sense and antisense sequence discovered by the RACE analysis in P. 

alba x P. tremula (2325 bp) was used for bioinformatics analyses, named AT_RACE (the 

sequence is found in Appendix D).  Because the T-DNA insertion resulted in some genomic 

sequence deletion and rearrangement off of the left border, sequence information from 

rosewood’s wild-type allele was used.  A second query named TRI_RACE refers to the P. 

trichocarpa sequence that aligns with AT_RACE (scaffold_57:325806-328000).   

 Several online prediction programs were used to predict ORFs in all six reading frames of 

AT_RACE and TRI_RACE, including ORF Finder (NCBI), AUGUSTUS, Eukaryotic 

GeneMark, and GENESCAN (see Appendix E).  For AUGUSTUS and GeneMark, the 

“Arabidopsis” model option was chosen.  ORFs were also predicted in the amplicons resulting 

from the conservation analysis PCRs in P. alba, P. tremula, P. deltoides x P. nigra and P. nigra x 

P. maximowiczii. 

 Four databases of non-coding RNAs were queried using AT_RACE: fRNAdb, ncRNAdb, 

NONCODE, and Rfam (see Appendix E).  Both the plant category and the “all” category were 

queried in fRNAdb, and both the Arabidopsis category and the “all” category were queried in 

NONCODE.  Default parameters were used in all database BLASTs except in fRNAdb, where E 

values up to 10 were displayed since the default E value was so low (0.0001).  Three databases of 

small non-coding RNAs were queried with AT_RACE using default parameters: the Genomic T-
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DNA Database, the SILVA rRNA database, and the Plant snoRNA database (see Appendix E).  

There is no Blast option integrated into the Plant snoRNA database, but a FASTA file of all of its 

sequences was obtained (421 sequences ranging in size from 17-272 bp from 18 different species) 

and the NCBI tool Blast2Seq was used, trying both discontinuous megablast and blastN with 

word size 11 and 7, and both displaying hits with E values up to 10. 

 Four prediction programs were used on AT_RACE using default parameters:  RNAmmer 

1.2 for rRNA, tRNAscan-SE for tRNA, Snoscan for methylation guide snoRNAs, and snoGPS 

for pseudo-uridylation guide snoRNAs (see Appendix E).  In Snoscan the mammalian search 

model was used and the Arabidopsis rRNA sequences were selected as targets.  In snoGPS two-

stem prediction (double hairpin structure) was used, and the yeast model and yeast target rRNA 

were selected since no plant model or rRNA was available.   A score threshold of 36 bits was 

applied as recommended by the authors to avoid false positives (Schattner 2004). 

3.14 Validation of microRNA prediction tools on nonconserved poplar microRNAs 

Experimentally validated poplar microRNA genes not conserved in Arabidopsis were 

downloaded from miRBase release 14.  The hairpins originate from three studies that cloned 

small RNAs in poplar (Lu et al. 2005; Lu et al. 2008b; Li et al. 2009).   Hairpins that were exact 

duplicates of each other (reported separately because they reside at distinct loci) were grouped as 

one entry, leaving a total of 60 hairpins.  In the cases of peu-miR2911, peu-miR2912a, peu-

miR2912b, peu-miR2913, and peu-miR2915 (from P. euphratica), the hairpin sequence 

predictions end right at the end of the mature microRNA duplexes.  Since some of the programs 

involve parameters which look at sequences which extend past the mature duplex, the P. 

euphratica hairpins were extended on either end using sequence information from P. trichocarpa.  

All P. euphratica hairpins were found to have 100 % identity with P. trichocarpa sequence and 



 

 37 

five nucleotides from the P. trichocarpa sequence were added to both ends of the P. euphratica 

hairpins as padding.  These 60 hairpins were queried in mirEval, mir-Abela, and 

BayesMiRNAfind (see Appendix E).  Default parameters were used with the following 

exceptions: in mirEval, the “other species” option was chosen since there is no plant model, and 

in mir-Abela, three prediction thresholds were attempted (0, -1, and –2).   

 The pre-microRNAs that passed at least one of mirEval, mir-Abela or BayesMiRNAfind 

and that had not already been filtered with MIRcheck-like parameters in their original studies (ie, 

twenty-three of the Lu et al. 2005 pre-miRNAs) were chosen as the validation set for the hairpin 

evaluation methods (MiPred, MIRcheck, complexity and robustness).  The output of MiPred is 

classed into three categories, but for the purposes of this analysis was grouped into two: “not a 

pre-miRNA-like hairpin” and “pseudo pre-miRNA-like hairpin” were grouped together as “fail”, 

and “real miRNA-like hairpin” was a “pass”.  Since MIRcheck is not available as a web server, 

the MIRcheck Perl scripts were downloaded from the Bartel lab website 

(http://web.wi.mit.edu/bartel/pub/software.html).  The hairpins were folded using RNAfold (see 

Appendix E) and the Vienna format of each hairpin was copied into an input file that could be 

used with the “extract_einverted_20-mers.pl” script which runs MIRcheck.  The parameters on 

the script were changed to reflect the MIRcheck default parameters found on the MIRcheck.pm 

module included in the download package.  These include: 

MAX_UNPAIR = 6; max # unpaired bases in putative miRNA 
MAX_STAR_UNPAIR = 6; max # unpaired bases in putative miRNA* 
MAX_SIZEDIFFERENCE = 3; max size difference between miRNA and miRNA* 
MAX_MIR_GAP = 3; longest acceptable run of unpaired bases in miRNA 
MAX_STAR_GAP = 3; longest acceptable run of unpaired bases in miRNA* 
MIN_FBACK_SIZE = 54; shortest acceptable length of foldback including miRNA and miRNA* 
MAX_MIR_AS_BULGE = 2; maximum total # asymmetrically unpaired bases in miRNA 
MIN_UNPAIR = 1; minimum number of unpaired bases in acceptable extended 
miRNAs/miRNA*s 
BP_EXTENSION = 2; number of nt to extend miRNAs and miRNA*s 
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To test complexity of mature miRNAs, a Perl script was written by Jacob Deorksen and Claire 

Chesnais to take as input a 20-mer (candidate mature microRNA) and output “pass” or “fail” to 

four different rules (see Appendix F for the script).  The complexity rules were taken from 

previous computational studies of microRNAs in plants (Jones-Rhoades and Bartel 2004; Lindow 

et al. 2007) and are as follows: 1) The sum of any one mononucleotide must not be more than 12; 

2) The sum of any two mononucleotides must not be more than 17; 3) Each mononucleotide must 

appear at least once; 4) The sum of the count of any three dinucleotides must not be more than 11.  

To check for hairpin robustness the procedure from Jones-Rhoades and Bartel (2004) was 

applied: 500-570 nt were manually extracted surrounding each hairpin prediction, folded with 

RNAfold, and examined visually for persistence of the original hairpin. 

3.15 MicroRNA prediction in the novel transcript 

The analyses described in the validation section were applied to AT_RACE and 

TRI_RACE.   In the first stage of the analysis, AT_RACE and TRI_RACE were each queried in 

the sense and antisense direction for a total of four queries in mirEval, mir-Abela, and 

BayesMiRNAfind.  Identified hairpins then served as the queries for MIRcheck, MiPred, Robust 

check and Complexity check.  Since the locations of mature microRNAs within the predicted 

hairpins were unknown, another Perl script written by Jacob Deorksen and Claire Chesnais 

generates all possible 20-mers from putative hairpins (the script is found in Appendix G).  This 

list was manually filtered to remove any 20-mers that included nucleotides from the loop segment 

or sequence that extended past the base-paired stem.  In the case of the mirEval_AT_sense_2 

hairpin prediction, only 20-mers on the other side of a large asymmetrical bulge were kept.  After 

these manipulations, each hairpin prediction was left with 7-64 possible mature microRNAs, 

which were then used as input for the complexity check script. 
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 An extra program available online called RNAz was added to the analysis (see Appendix 

E).  The multiple alignment generated from the conservation analysis was used as the input with 

default settings. 

 AT_RACE and TRI_RACE were blasted against all of the mature miRNAs deposited in 

the Plant MicroRNA Database (PMRD; see Appendix E).  MicroRNA predictions by mirEval, 

mir-Abela, and BayesMiRfind within AT_RACE or TRI_RACE that were hit in these searches 

were used to re-query the miRNA database.  Alignments between the microRNA predictions and 

mature miRNAs from PMRD were done using CLC Sequence Viewer 6.2 and adjusted manually. 
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Chapter 4 

Results 

4.1 Analyses of lignin and wood phenolics 

Four wood samples were analyzed for % insoluble and soluble lignin using a modified 

Klason method.  On average there was no difference in lignin content between opposite wood 

samples in rosewood and wild-type (Table 2; all data can be found in Appendix H). 

Methanol-soluble compounds extracted from rosewood and wild-type wood were 

separated using liquid chromatography and identified using mass spectrometry.  Phenolic 

glucosides of salicin, pelargonidin, cyanidin, salicortin, salireposide, and phloridzin were 

identified (Figure 2).  UV absorbance was used to qualify the relative amount of each compound 

between rosewood and wild-type samples.  Since absorbance is plotted relative to all of the other 

compounds in a sample, the scale will change depending on the specific contents of each sample; 

therefore absorbance values must be normalized to an internal reference compound.  In the traces 

pictured in Figure 2, the relative absorbance of the internal reference (in blue) is approximately 

equal in both rosewood and wild-type xylem samples, so the other peaks can be directly 

compared, revealing a substantial increase in pelargonidin and cyanidin glucosides.  These 

compounds are red anthocyanins and likely explain the red colour in rosewood’s xylem.  

4.2 Number of T-DNA inserts 

Transformation with the activation-tagging vector pSKI074 can result in the insertion of 

more than one T-DNA (Walden 2002), and the T-DNA copy number affects downstream analysis 

of mutants.  Previous analyses had indicated that rosewood could have two T-DNA inserts 

(Harrison et al. 2007), but Southern blots with two different probes revealed that rosewood  had 
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only one T-DNA insertion (Figure 3).  Two probes complementary to different locations of the T-

DNA were used, both of which annealed to a HindIII cut fragment about the same size as the 

pSKI074 fragment containing the kanamycin terminator (6.81 kb).  This result was validated once 

the T-DNA was localized (next section), since a HindIII cut site is found 287 bp upstream of the 

T-DNA right border, which together with the T-DNA sequence up to the HindIII cut site at its left 

border adds to 6.97 kb (Figure 3C). 

4.3 Localization of the T-DNA insert 

 To determine where the T-DNA had inserted, a version of adaptor PCR analysis was 

used.  The rosewood genome was cut into fragments using a restriction enzyme that also cuts 

once within the T-DNA, and adaptors were ligated to the ends of the fragments.  The fragments 

with T-DNA sequence thus had two known sequences at their ends, the adaptor and one of the T-

DNA borders, and were amplified with PCR, cloned, sequenced, and compared to the database of 

the poplar sequence.  T-DNA insertion is not always perfect, and can be accompanied by 

chromosomal rearrangements (Tax and Vernon 2001).  This is hypothesized to occur if an 

insertion is aborted but successfully inserts into a second site, and is accompanied by flanking 

DNA that was duplicated from the initial insertion attempt (Tax and Vernon 2001).  To check for 

this type of complex insertion, genome walking was done from both left and right borders of the 

T-DNA.  

 Six bands from three separate experiments of adaptor PCR analysis with the T-DNA right 

border were excised, purified, cloned and sequenced, the sequences of which are found in 

Appendix I.  Two of the bands were from the DraI library and four were from the StuI library.  

These sequences reveal that the right border insertion is exact, with no extra vector sequence or 

sequence rearrangements.  On the left border, two PCR bands were cloned and sequenced (one 
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from the DraI library and the other from the EcoRV library), the sequences of which are also 

found in Appendix I. The left border insertion was not exact: 351 bp of vector sequence flanking 

the left border was incorporated, followed by a 21 bp inverted duplication of a section of the 

vector sequence, a 32 bp duplication of rosewood genomic sequence, a 8 bp of unidentified 

sequence, and finally rosewood genomic sequence.  The entire annotated sequence of the T-DNA 

with surrounding rosewood genome can be found in Appendix J (compiled from genome walking 

and RACE results from section to follow).  There was no evidence of translocations around the 

insertion, as ascertained by a comparison of the sequence flanking the right and left borders. 

 The T-DNA inserted into scaffold_57 at 326,850 bp with the right border upstream of the 

left border.  Most gain-of-function phenotypes occur when the enhancers integrate within 5 kb of 

a gene (Walden 2002); although some have been reported as far as 11 kb away (Hsing et al. 

2007).  According to the annotations on the Joint Genome Institute v1.1 Populus trichocarpa 

browser, there are no protein-coding genes within 10 kb of either side of the enhancers (taking 

into account the ~5.7 kb of T-DNA sequence downstream of the enhancers), so the window was 

widened to 20 kb on either side.  There are three JGI v1.1 filtered models in this window: two 

unknown proteins, each about 15 kb away from the enhancers on different sides, and one 

aspartyl-protease family protein, about 12 kb downstream of the enhancers (Table 1 and Figure 

4). 

4.4 Analysis of protein-coding genes near the T-DNA insert 

4.4.1 Expression analysis 

 To test whether the enhancers were causing any neighbouring gene to be up-regulated, 

real-time PCR was used to analyze the expression of the three genes in rosewood relative to wild-

type (717) in leaf, phloem and xylem tissues.  When all of the biological replicates from the three 
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tissues were pooled, the mean upregulation of the upstream unknown gene, the aspartyl protease 

gene, and the downstream unknown gene were 0.965 ± 0.192, 1.69 ± 0.612, and 1.01 ± 0.322 

respectively (Figure 4).  Only the expression of the aspartyl-protease gene was significantly 

higher in rosewood relative to wildtype (one sample one-tailed t-test, t=2.76, p=0.0199, n=6).   

The fold upregulation of the aspartyl-protease gene was highest in leaf tissue (2.37 ± 0.387) 

followed by phloem (1.63 ± 0.264) and then xylem (1.07 ± 0.133).  Standard curves, statistical 

analysis and real-time PCR data are found in Appendices K, L and M.    

 These results were checked with a second set of primers designed to a different region of 

each gene in one biological replicate of phloem and xylem.  Since this was a rough analysis to get 

an idea of the validity of the original data set, the simpler and less time-consuming Comparative 

CT method was used to calculate fold changes instead of the Relative Standard Curve method.  

Because no standard curves are generated, the former method does not take into account 

efficiency differences between the reference and target gene primer sets.  However, based on the 

difference in results obtained by applying both methods to data from the first set of primers, this 

will not likely result in differences in fold change larger than ±1 compared to using the Relative 

Standard Curve method (calculations not shown).   The results with the second primer set were 

generally in the same range as with the first primer set (data and figure in Appendix N).   

 A fourth gene which had been annotated about 5 kb upstream of the T-DNA insertion in 

an earlier version of the JGI P. trichocarpa browser but had since been removed (personal 

communication, Edward Harrison) was also investigated.  The JGI browser shows that several 

Arabidopsis proteins from the GenBank database align to the genomic sequence corresponding to 

the removed poplar gene, several of which are aspartyl protease family proteins.  The putative 

poplar aspartyl-protease gene has a paralog on LGVII (gw1.VII.27751), and so primers were 

designed to exons which were predicted based on alignment with the paralog (within the exons, 
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primers were designed to the most divergent sequence to avoid amplifying the paralog).  Five 

primer sets which were successfully used with genomic DNA were tested on wild-type leaf 

cDNA using realtime PCR along with noRT (“no reverse transcription”) controls (Table 4).  CT 

values with all five primer sets were high (31-35) and were equal to the CTs of the RNA-only 

controls, which suggests that any amplification was due to minor genomic amplification.  In 

contrast, amplification with the ubiquitin reference gene positive control was 8,000 X higher in 

the cDNA sample compared to the RNA-only control.  These results were taken to suggest that 

the putative poplar gene at this location was removed from the newer JGI browser with good 

reason. 

4.4.2 Phenotype recapitulation attempt: over-expression of an aspartyl protease gene 

Since the most highly expressed transcript in rosewood relative to wild-type was the 

aspartyl-protease family gene located ~12 kb downstream of the 4X 35S enhancers, it was cloned 

into a vector containing a 35S promoter and used to transform wild-type plants in an attempt to 

recapitulate rosewood’s phenotype.   Twelve stable cambial sectors harbouring the 

pCAMBIA1305.1-ASP2+ vector were examined, but no colour change was detected between the 

sector and control tissue. 

4.5 Discovery and molecular analysis of a novel transcript next to the 35S enhancers 

4.5.1 Expression analysis 

 Due to the absence of a transcriptional effect on known genes adjacent to the T-DNA 

insertion, the possibility that non-annotated transcripts may exist in this region was considered.  

Since microRNAs are predicted to be almost twice as abundant as protein-coding genes in 

humans (Miranda et al. 2006), the region around the T-DNA was searched for putative 
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microRNAs.  Non-coding RNAs are not annotated in JGI P. trichocarpa v1.1, but miRBase 

release 14 was searched by genomic location, revealing no experimentally verified microRNAs 

near the T-DNA.   

Plant-specific microRNA prediction programs are designed for full-genome analysis, and 

exclude microRNAs that are not conserved between species or are not highly complementary to 

their mRNA targets.  MirEval is an ab initio microRNA prediction program that was trained on 

human microRNAs but was tested in part on Arabidopsis microRNAs (Ritchie et al. 2008).  It is 

available online and is simple to use, in that the only input required is a stretch of sequence.  The 

intergenic sequence on scaffold_57 between the unknown gene upstream of the T-DNA insert 

and the aspartyl protease gene downstream of the T-DNA insert was inputted into mirEval in 2 kb 

segments overlapping each other by 1 kb (more than 2 kb of sequence was found to overload the 

program).  The results are displayed graphically in Figure 5.  Since most gain-of-function 

phenotypes occur when the enhancers insert within 5 kb of a gene (Walden 2002), a sequence 

within 5 kb of the 35S enhancers was of most interest.  Four microRNA predictions are contained 

in this region, all upstream of the T-DNA insertion and designated Mi1, Mi2, Mi3 and Mi4 

(sequences and hairpins structures available in Appendix O).  Mi1, Mi3 and Mi4 were assayed for 

expression in cDNA from rosewood leaf, phloem and xylem tissue (three primer sets each over 

seven annealing temperatures were used in the attempt to amplify the Mi2 sequence in genomic 

DNA to no avail, potentially due to sequence divergence between P. trichocarpa and P. alba x P. 

tremula at this location).  The results are displayed in Figure 6.  Results were positive for Mi1 in 

all tissues, negative for Mi3 in all tissues, and faintly positive for Mi4 in leaf and phloem.  No 

amplification was observed in the noRT controls, which indicates that results were not from 

amplification of any contaminating genomic DNA.  
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 Since Mi1 was closest to the enhancers (~700 bp upstream) and highly expressed 

in all tissues assayed (compared to Mi4), it was chosen to be investigated further.  Real-time PCR 

was used to determine if its expression was upregulated in rosewood compared to wild-type.  The 

results were promising: the mean fold upregulation of Mi1 was 4.39 ± 0.810 in leaf and 6.29  ± 

1.68 in phloem (Figure 7, Appendix P).  No transcript could be detected in wild-type xylem so 

fold upregulation could not be calculated.  When all of the biological replicates were pooled, the 

fold upregulation of Mi1 in rosewood (5.10 ± 1.46) was significantly larger than one (one sample 

one-tailed t-test, t=4.83, p=0.0202, n=3). 

4.5.2 Length and direction: RACE results 

 To further characterize the Mi1 transcript, rapid amplification of cDNA ends (RACE) 

was done in rosewood.  A summary of the RACE results is shown in Figure 8, and the sequenced 

RACE products can be found in Appendices Q and R.   

 Multiple priming sites were used in the RACE analysis.  The first priming site was at Mi1 

(orange in Figure 8).  The first 3’ end discovered ended 153 bp upstream of the T-DNA (“1” in 

Figure 8), and it was uncertain as to whether the product was a result of priming from a real 

polyA tail or from internal priming from a run of A nucleotides within a longer transcript.  New 

primers were designed immediately downstream of the T-DNA (using P. alba x P. tremula 

sequence information obtained from genome walking) and several new 5’ and 3’ products were 

recovered.  Again, it was uncertain as to whether all of the 3’ ends were from real polyA tails.  

Since the sequence obtained from genome walking did not stretch this far, the P. trichocarpa 

sequence was used to design primers to amplify an 846 bp sequence downstream of the T-DNA; 

this product was then sequenced and used to design a third set of RACE primers. 

 The cDNA used to generate RACE products “1” to “6”, “3-3” and “3-5A” (Figure 8) 

were made with RNA not treated with DNase.   According to Clonetech, it is not necessary to 
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treat RNA with DNase when using the SMART RACE kits.    However, there is a small chance 

that any leftover oligo(dT) primer from the reverse transcription reaction could prime runs of As 

in gDNA during the PCR cycling.  Since several runs of As were observed in the transcripts 

isolated, the RACE experiments were re-done with DNase-treated RNA.  Judging from the size of 

the PCR products, all original transcripts were recovered (except for “3-3”), which demonstrates 

that these products were not the result of gDNA amplification (data not shown).  New products 

not present in the original PCRs were also recovered (“C1A”, “C2A”, “C3A”, “C3B”, and “C3C” 

in Figure 8).  To double check that gDNA amplification was not to blame, the RACE experiments 

were also re-done using a “noRT” negative control 3’-RACE-Ready library created from the 

original, untreated RNA.  No products were recovered (data not shown).   

 To check for antisense transcripts, the 3’ primers were used in the 5’RACE-Ready cDNA 

library and the 5’ primers were used in the 3’RACE-Ready cDNA library.  The latter experiment 

resulted in “R1A” and “R1B”, which are antisense 3’ products that overlap with the sense 

transcripts at the Mi1 priming site.  The sense products “R2C”, “R2D”, “R2B” and “R3A” were 

also recovered from this experiment, which was actually the result of the mistaken addition of the 

5’ adaptor to the 3’RACE-Ready library (such that this library was “ready” for both 3’ and 5’ 

RACE).  These products could theoretically have been isolated from the original 5-RACE PCRs, 

and it is unknown why they were not.  No antisense 5’ products were recovered.   

 Novel sense transcripts discovered in the RACE experiments span a range of 1972 bp.  

The most 5’ end in the sense direction occurs 841 bp upstream of the T-DNA insertion, and the 

most 3’ end occurs 1131 bp downstream of the insertion.  The longest full-length sense transcript 

identified so far is “3-5A” at 1157 bp, which was amplified from the wild-type allele.  “3-5A” 

and other 5’-RACE products are interrupted by the T-DNA insertion.  The two antisense 

transcripts cover a range of 476 bp, with the most 3’ end 1194 bp upstream of the T-DNA and at 
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their 5’ ends overlapping with the sense transcripts by 123 bp.  The overlap will likely be found 

to be longer when 5’-RACE products are isolated in the antisense direction in future experiments. 

 Multiple 3’ and 5’ ends were discovered from this analysis, including ten 3’ ends in the 

sense direction and two 3’ ends in the antisense direction.  As previously mentioned, some of the 

3’ ends may be the result of internal priming at runs of As (the 16 bases of genomic DNA 

following the potential 3’ ends are indicated in Figure 8; for example, the genomic DNA 

following product “1” is 16 A’s).  Unfortunately, it is difficult to predict polyA sites in plants 

from sequence information since, in contrast to mammalian polyA sites, there are no sharply 

defined consensus sequences (Li and Hunt 1997; personal communication with Arthur Hunt).  

There are five 5’ ends in the sense direction, some of which could arise from different 

transcription initiation sites.  They could also be artifacts from incomplete cDNA synthesis 

(premature termination caused by RT enzyme pausing) or from degradation of RNA before 

cDNA synthesis, both of which are especially common with longer RNAs.  Of note is that “R2B” 

and “R3-A” have 5’ ends that are within the left border of the T-DNA, and the 5’ end of a third 

product is within the kanamycin resistance mRNA of the T-DNA (not shown in Figure 8 since 

only partly sequenced) (Figure 9).  These transcripts must either originate from a promoter 

upstream of the T-DNA (read-through transcription) or from within the T-DNA (there are two T7 

promoters in the T-DNA, although it is unknown whether they are functional).   Read-through 

transcription has been reported previously, for example when transcription of inverted repeats of 

sense transgenes results in dsRNA that can trigger RNAi (Muskens et al. 2000; Jorgensen et al. 

2006).  There is a transcription terminator in the T-DNA, but in the other direction, and most 

terminators are unidirectional.  Further evidence of read-through transcription comes from RT-

PCR results in rosewood leaf cDNA linking genomic sequence with the right and left T-DNA 

border sequences (green lines in Figure 8; see Appendix S for data). 
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4.5.3 Recapitulation attempt: over-expression of the novel transcript 

 As the new best candidate for rosewood’s phenotype, recapitulation was attempted by 

overexpressing the novel transcript.  In order for transformed cambium to have three months of 

active growth, inoculations had to be done at the end of July 2009.  At that point, transcripts 

isolated from RACE included two 5’ ends (“2a” and “2b”) and two 3’ ends (“1” and “3” in Figure 

8).  Since the more downstream 3’ end was potentially the result of an internal priming event at a 

genomic run of As, the 444 bp region between “2a” and “3” was chosen for recapitulation and 

named RoseRNA444.  RoseRNA444 encompasses the Mi1 prediction and is relatively well 

conserved between P. alba x P. tremula and P. trichocarpa.  It was cloned into the 

pCAMBIA1305.1-gateway+ overexpression vector, transformed into Agrobacterium, and used to 

inoculate 50 cambial windows over 10 wild-type branches.  30 cambial windows over six 

branches were inoculated with the empty vector as a negative control. 

 The ISSA transformations worked with high efficiency.  Transient transformations of 

cambial initials were visible after two weeks, when six pCAMBIA1305.1-RoseRNA444+ and 

five pCAMBIA1305.1-gateway+ cambial windows were analyzed with GUS staining.  All of the 

windows had a dense population of blue dots and lines on the surface of the cambium (Figure 

10A-C).  Stable transformations (when the foreign plasmid is incorporated into the chromosomal 

DNA of transformed cambial initials and passed down to daughter phloem and xylem cells, 

resulting in a “sector” of transformed tissue) were analyzed three months later.  On average, the 

inoculated branches grew 1.42 mm in diameter (0-2.5 mm) and 33.79 cm (2-74 cm) over this 

period, not counting two of the RoseRNA444+ branches that did not grow at all due to disease 

early on (Appendix T).  35 RoseRNA444+ windows and 25 empty vector windows were stained 

with GUS, and several windows contained more than 100 sectors (Figure 10D, Table 5).  

Windows viewed in cross-section demonstrate the different zones of cambial development, 
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including the barrier zone, wound parenchyma, re-established cambium and new xylem and 

phloem (Figure 10G-H).  In total, more than 1000 independently transformed sectors 

overexpressing RoseRNA444 were generated and stained.  Transformation was achieved at high 

efficiency compared to previously reported results in poplar, where on average only 3.3 cambial 

sectors per cm2  were observed over 10 windows created in P. alba pyramidalis analyzed 4.5 

months after inoculation (Van Beveren et al. 2006). 

 Although the transformations themselves were highly successful (and the first example of 

the ISSA technique carried through in its entirety in our lab), the recapitulation was not.  No red 

was seen pre-GUS analysis in the cambial windows analyzed at the transient stage.  It was 

decided that red colouration should have been easily visible if more than 30 GUS sectors were 

present on the xylem side of the stably transformed windows; of the 19/35 windows that fulfilled 

this criteria, none were red.  There was some reddish colouration observed in the wound 

parenchyma zones of several cambial windows, but this was seen in the control sectors as well, 

did not stain with GUS, and is likely due to the accumulation of secondary metabolites in 

response to wounding (Figure 10J-M). 

4.5.4 Conservation analysis 

 As described in the literature review, all but one of the studies that discovered novel 

microRNAs by forward genetics used conservation between related species as a clue to finding 

functional sequences in novel transcripts (Lee et al. 1993; Reinhart et al. 2000; Brennecke et al. 

2003; Johnston and Hobert 2003).  Searching the NCBI plant genome and EST databases did not 

reveal any conservation of the RACE transcripts.  In order to search for sequence conservation in 

more closely related species, tissues from various poplar trees species were obtained and their 

genomic DNA isolated, and a 900 bp region containing the Mi1 prediction was chosen to be 

amplified and sequenced in each.   Two poplar hybrids were available in the Queen’s greenhouse, 
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P. deltoides x P. nigra and P. nigra x P.maximowiczii.  Only one allele from each of these clones 

was sequenced, such that sequence information from two of P.deltoides, P.nigra, P. 

maximowiczii is represented (the alleles are likely not both P. nigra since the region sequenced in 

these two hybrids shared only 41 % sequence identity (Appendix U)).  A multiple alignment of 

the sequenced region is shown in Figure 11, and a recent phylogeny of the poplar genus 

highlighting the species included is shown in Figure 12.  Sequence from the T-DNA allele of 

rosewood (P. alba x P. tremula) was also included in the alignment, which represents intra-

species variation with either the P. alba or P. tremula sequence (the parent identity of the T-DNA 

allele could not be determined since the P. alba and P. tremula sequences both share ~94% 

identity with rosewood’s T-DNA allele, with deviations in different locations). 

 Relative to the surrounding region, RoseRNA444 (the fragment used for recapitulation) is 

fairly well conserved, ending prior to a large insertion in the P. deltoides x P. nigra sequence 

(Figure 11).  Within the Mi1 prediction, there are only four mismatches, and it is possible that 

these are PCR or sequencing errors.  Unfortunately, the sequence conservation is too high to be 

able to zero in on a highly conserved ~20 bp sequence that might represent a mature miRNA.   A 

less related species such as willow might have provided more useful information, and DNA from 

Salix alba was isolated but the region could not be amplified, potentially due to sequence 

divergence.  Although the conservation analysis was not very useful on its own, it proved to help 

with several of the bioinformatics analyses (next section). 
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4.6 Bioinformatics analyses of the novel transcript(s) 

4.6.1 General annotation attempts 

 Although the new locus was discovered following a microRNA prediction, it was 

investigated using several different bioinformatics resources and tools.  The entire range of sense 

and antisense transcripts uncovered by RACE in P. alba x P. tremula (2325 bp; named 

AT_RACE) was used for bioinformatics analyses, as well as a second query named TRI_RACE 

which refers to the P. trichocarpa sequence that aligns with AT_RACE.  Four online programs 

were used to check for open reading frames (ORF Finder, AUGUSTUS, GeneMark, and 

GENESCAN; see Appendix E), in case the locus was a protein-coding gene that had been missed 

by JGI’s annotation pipeline.  According to a recent review on the annotation of unknown 

transcripts, an RNA can be defined as non-coding if it lacks an open reading frame of 100 amino 

acids or more (Forrest et al. 2009).  One ORF larger than 100 AA’s was found in AT_RACE 

(104-115 AA’s depending on the exact ATG start codon used).  However, this putative ORF was 

not present in the TRI_RACE sequence or in any of the poplar species sequenced in the previous 

section, and the region was not well conserved among them (Appendix V).   

 No alignments in the Rfam databases were obtained using AT_RACE as a query.  

Querying three other RNA databases (fRNAdb, ncRNAdb, and NONCODE) revealed a 

concentration of alignments for two short sequences, ATATAATAAATAAAAAA and 

AGAAAAAAGAATAAAGAA, annotated as “mRNA-like_RNA_house mouse” (NONCODE), 

“unclassifiable transcript, Mus musculus” (ncRNAdb), and “Mus musculus non-protein coding 

transcripts” (fRNAdb). Both alignments are about 500 bp downstream of the T-DNA insertion 

and located within the rnd-5_family-4255 repeat as annotated by RepeatMasker on the PopGenIE 

browser.  These matches to mouse RNAs are likely explained by the fact that much more 
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transcriptome work has been done in mice compared to other organisms (Beiter et al. 2009), and 

do not help to functionally characterize the novel transcript.  When the Arabidopsis ncRNA 

database was specified in NONCODE, several ~12 nt matches to Arabidopsis snoRNAs and 

miRNAs appeared.  However, ~12 nt alignments within 100-200 bp snoRNAs or miRNAs are 

very partial, and the E values were all less than five (meaning that one would expect five hits with 

these scores by chance in this database).  Databases specific to categories of RNA were also 

queried, including the Genomic tRNA database, the SILVA rRNA database and the plant 

snoRNA database (Appendix E).  Some alignments were obtained with snoRNAs, but again all 

were partial (20 nt hits in 60-200 nt RNAs).    

 Not all of the data generated by studies that have cloned and sequenced small RNAs in 

poplar have yet made it into the public databases.  The supplementary tables from these studies 

were queried for homology with AT_RACE using the NCBI Blast2Seq tool (Table 1), but no full-

length matches were obtained.  Non-coding RNA prediction programs were not fruitful either; no 

results were obtained from the RNAmmer 1.2 (rRNA), tRNAscan-SE (tRNA), Snoscan (C/D box 

snoRNAs which guide methylation), or SnoGPS (H/ACA box snoRNAs which guide 

pseudouridylation) prediction programs (Appendix E).  Since none of the attempts at annotation 

of the novel transcripts revealed biologically significant homologies or predictions of identity, the 

original microRNA hypothesis was deemed the best option and investigated in more detail. 

4.6.2 Validation of microRNA prediction tools 

 Although the mirEval program was used to make the original microRNA predictions, 

there are several other programs and filters which are suited to the identification and evaluation of 

microRNAs in a stretch of sequence (as opposed to full-genome analyses).  As described in the 

literature review, these methods are for the most part based on animal microRNAs, which are less 

heterogeneous in length and structure than plant microRNAs.  The few methods that are based at 
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least partly on plant microRNAs have concentrated on those conserved between plant species.  

Therefore,  it was important to determine how these programs and filters fared on experimentally 

validated nonconserved poplar microRNAs: which are the best to use, and how many real 

microRNAs do they fail to capture?   

 Sixty poplar microRNAs not conserved with Arabidopsis were chosen as a validation set, 

all identified by small RNA cloning, sequencing and filtering (Lu et al. 2005; Lu et al. 2008b; Li 

et al. 2009).  Forty-two of these microRNAs were validated by northern or RT-PCR subsequent 

to the original cloning (Lu et al. 2005; Lu et al. 2008a; Lu et al. 2008b).  The results of a fourth 

study which found poplar microRNAs in this manner were not included because the sequences 

were not deposited in either miRBase or the Plant MicroRNA Database (PMRD) and the pre-

miRNA sequences (the stem-loops) were not indicated in the article.  Of note is that five of the 

sixty hairpins (ptc-MIR472a, ptc-MIR478a, ptc-MIR482, ptc-MIR530a and ptc-MIR827) are 

conserved in rice. 

 The two steps of ab initio microRNA prediction are identification of a hairpin structure 

and classification of that hairpin as a real or pseudo microRNA.  The former is generally achieved 

by folding and analyzing input sequence in 800-1000 bp sliding windows, and the latter is 

achieved using machine learning algorithms or various filters.  The validation set was first tested 

with online prediction methods that can identify hairpins as well as classify them, which 

consisted of three of the four programs which incorporate machine learning as described in the 

literature review: mirEval, mir-Abela, and BayesMiRNAfind (MiPred only classifies pre-existing 

predictions).  The results are found in Table 7 and Figure 13.  The range of capture of the 

validation microRNAs was 30-60 %; mirEval identified 22/60, BayesMiRNAfind identified 

21/60, and mir-Abela identified 19/60, 27/60 and 35/60 at prediction thresholds of 0, -1, and –2 

respectively.   The prediction threshold refers to the SVM score required to classify a given 
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hairpin as real (the manipulation of this value is a unique feature of the mir-Abela web interface).  

The default threshold is 0, which recovers 3 % of the mir-Abela negative training set and 71 % of 

the mir-Abela positive training set; decreasing the threshold increases sensitivity but decreases 

specificity, thus recovering a higher percentage of false positives.  Estimating values from the 

histogram provided in the mir-Abela study, a threshold of –1 recovers about 95 % of the positive 

training set but 10 % of the negative training set, and a threshold of –2 recovers about 100 % of 

the positive training set but more than 30 % of the negative training set, indicating that 

predictions recovered with these thresholds should be treated with caution. MirEval identified 2 

hairpins not identified by any other program, BayesMiRNAfind identified 5, and mir-Abela 

identified 0, 7 and 7 at prediction thresholds 0, -1 and –2.  28 % of the validation set hairpins 

were not recovered by any of the programs.  Due to the nature of the output of the programs, it is 

unknown if the deficiencies in prediction lie at the identification or classification steps.  In an 

attempt to increase the percentage of real microRNAs recovered, a fourth method that performs 

the first step only (identification of hairpin structures) was explored.  Einverted is an online 

service which finds inverted repeats in a given sequence (Appendix E), and was used in one of 

the earlier studies which predicted plant microRNAs using computation and conservation (Jones-

Rhoades and Bartel 2004).  Using parameters as described in the Jones-Rhoades study (2004), no 

results were obtained when einverted was queried with the sixty validation hairpins (data not 

shown).   

 All of the methods used to evaluate predicted microRNAs outlined in the literature 

review were used in the validation, including a machine learning program lacking a built-in 

identification system (MiPred) and filters of hairpin duplex anatomy (MIRcheck), mature miRNA 

complexity, and robustness of stem-loop structure.  The MiPred analysis was done using the 

online web server, but the other three evaluation methods were more complicated to implement.  
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MIRcheck is not available as a web server, so Perl scripts downloaded from the Bartel lab 

website were used (altered as described in the methods).  Although two rules that screen for 

miRNA complexity are written into the MIRcheck script (Jones-Rhoades and Bartel 2004), visual 

inspection of the results showed that this part of the program was not working.  Instead, Perl 

scripts were written (Jacob Deorksen and Claire Chesnais, unpublished), incorporating the rules 

used in the MIRcheck study as well as two more from a more recent computational plant 

microRNA prediction effort (Lindow et al. 2007).  Robustness of each stem loop was determined 

by folding using an online tool and visual examination as described (Jones-Rhoades and Bartel 

2004).  Since the MIRcheck algorithm itself or very similar parameters were used in the filtering 

processes of two of the studies which contributed hairpins to the validation set (Lu et al. 2008a; 

Lu et al. 2008b; Li et al. 2009), only those hairpins identified by the third study and recovered in 

the identification step using mirEval, BayesMiRNAfind and mir-Abela were used for these 

analyses, which include 23 pre-miRNAs and 17 unique mature miRNAs (Lu et al. 2005).   

 The results of the evaluation are found in Table 8 and Figure 14.  The tool that produced 

the least number of false negatives was the complexity test; all of the validation miRNAs passed 

the first complexity rule (no mononucleotide can appear more than 12 times), 94% passed the 

second and third complexity rules (the sum of the frequency of the two most frequent nucleotides 

cannot be more than 17 and every mononucleotide must appear at least once), and 82% passed 

the fourth (the sum of the frequency of the three most frequent dinucleotides cannot be more than 

11).  The other evaluation tools performed comparably: MiPred recovered 57 % of the 23 

hairpins, 61 % passed MIRcheck and the robustness test, and 17 % were missed by all three. 

4.6.3 MicroRNA prediction at the T-DNA locus 

 The workflow that was tested on the validation hairpins was then applied to AT_RACE 

and TRI_RACE in both sense and antisense directions.  Since all the programs tested were able to 
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detect hairpins that the others had missed, it was deemed worthwhile to use all of them in 

conjunction.  Because the conservation analysis provided sequence information from several 

poplar species on the 900 bp of sequence upstream of the T-DNA, another tool called RNAz 

could be used (Gruber et al. 2007).  RNAz is a machine-learning program that analyzes structural 

conservation and thermodynamic stability in multiple alignments of RNA sequences in order to 

predict conserved RNA secondary structures.  The SVM was trained on 12 well-known classes of 

non-coding RNAs, including the miR-10 family of microRNAs, which have been predicted or 

experimentally confirmed in a large range of species (Ambros 2001).  

 MirEval, BayesMiRNAfind and mir-Abela identified 18 hairpins in AT_RACE and 

TRI_RACE, and RNAz identified three conserved RNA structures, all hairpin-shaped (Figure 15 

and Figure 16) (see Appendix W for their primary sequences).  MirEval was the most prolific 

program, identifying 12 hairpins in total.  No hairpins were identified with mir-Abela using the 

default prediction threshold of zero, but five hairpins were identified when the threshold was 

lowered to -2.  BayesMiRNAfind identified one hairpin only, in the antisense direction in P. 

trichocarpa. Ignoring the four predictions that didn’t pass the complexity rules (see next section), 

the predictions can be roughly organized into nine groups (Figure 16); four groups in the sense 

direction, all upstream of the T-DNA (S1-S4), and five groups in the antisense direction (AS1-

AS5): two upstream of the T-DNA, one interrupted by the T-DNA, and two downstream.  It 

should be noted that the groups are for the convenience of visualization and discussion and don’t 

always represent the same hairpins; in S1, AS1 and AS4, the predictions in AT_RACE are 

different, overlapping hairpins to the predictions in TRI_RACE (Figure 16).  The RNAz 

prediction at S1 is a consensus structure within all of the species included in the multiple 

alignment; the predictions at S4 and AS2 are consensus structures within all except P. 

trichocarpa and P. nigra x P. maximowiczii. 
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 The results of the evaluation tools on each hairpin prediction are found in Table 9 and are 

displayed graphically in Figure 15.  Since the mature miRNAs within the hairpin predictions are 

unknown, the complexity check was done on all 569 20-mers with mature-miRNA potential. 

Each hairpin was scored under two conditions: i) if 50 % or more of the possible miRNAs passed 

rules one, two and three (only 2/17 of the validation set failed this condition); ii) if 50 % or more 

of the possible miRNAs passed all four rules (4/17 of the validation set failed this condition).  

18/22 of the hairpin predictions passed conditions one and two.  Only one prediction 

(mirEval_AT_antisense_1) passed condition one (just barely, with 51 % of its possible miRNAs 

passing) but failed condition two.  For this reason, all hairpins that did not pass all of the 

complexity rules were considered false positives; these are represented in Figure 15  with thin 

dashed lines, and 3/4 overlap with rnd-4_family-4255 repeats.   

 Since the remaining three assessment tools (MiPred, MIRcheck and the robustness check) 

carry about the same prediction value (57 %, 61 %, and 61 % of the validation set recovered), 

their results are represented by black circles within each hairpin prediction, with the number of 

circles corresponding to the number of assessments passed (not shown for the predictions which 

failed the complexity test) (Figure 15).  Six hairpins passed MiPred, twelve passed MIRcheck, 

and nine passed the test of robustness.  RNAz_AT_antisense could not be tested in MiPred 

because in the P. alba x P. tremula sequence context, RNAfold does not generate the same 

structure as the RNAz consensus hairpin (Figure 16).   

4.7 Alignments to previously predicted plant microRNAs 

MiRBase is the official repository of verified microRNAs.  A relatively new database 

called The Plant MicroRNA Database (PMRD) contains all entries in miRBase as well as 

computationally predicted microRNAs that do not have any experimental evidence.  As of 
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October 2009, PMRD contained 2780 miRNA entries for P. trichocarpa.  AT_RACE and 

TRI_RACE were blasted against the mature miRNAs from all plant species and within Populus 

specifically.   Although there were no perfect alignments, there were several partial matches to 

the RNAz prediction from the S1 group (Figure 15): four computationally predicted poplar 

microRNAs (ptc-miRf12006-akr, ptc-miRf10387, ptc-miRF11114-akr, ptc-miRf12492-akr) 

(Lindow et al. 2007), and one moss microRNA discovered by small RNA sequencing (ppt-

miR1039-5p) (Axtell et al. 2007) (Figure 17).  There was also one alignment to the AS3 group 

hairpin mirEval_AT_antisense_3, but it was within the loop region of the hairpin so it was not 

considered further.  None of the targets predicted by psRNATarget for the microRNAs with 

similarity to the S1 predictions have predicted functions (displayed in PMRD), and the original 

publication predicting the poplar microRNAs does not list the functions of putative targets 

(Lindow et al. 2007).  However, putative targets of ppt-miR1039-5p are listed in the original 

paper, including a Phytochrome D and a PI-PLC (phosphatidyinositol-specific phospholipase C).  
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Figure 2.  Separation and qualification of phenolic glucosides in rosewood and wild-type xylem 
Relative absorbance of UV wavelength 280 is shown for phenolic glucosides separated by liquid chromatography in rosewood and wild-type 
xylem (the highest peak in the trace is assigned 100% absorbance and the others are displayed relative to it).  The number above any given peak is 
its retention time.  Peaks labeled in red were identified using mass spectrometry, with their mass/charge ratios displayed.  The internal reference 
(in blue) shows approximately equal relative absorbance in both traces, so the relative abundance of each compound between rosewood and wild-
type can be inferred from the difference in peak height.
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Figure 3.  T-DNA copy number as determined by Southern blot 
Southern blot analysis in rosewood using two different probes.  A: with enhancer probe, where 
positive control fragment is 3.63 kb.  B: with kanamycin probe, where positive fragment is 6.81 
kb.  Rosewood fragment is 6.97 kb.  C:  Depiction of T-DNA insertion in rosewood genome with 
HindIII cut sites and probes indicated. 
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Figure 4.  Expression of protein-coding genes within 20 kb of the T-DNA  
Three protein-coding genes were assayed for expression using real-time PCR, shown in the genomic context of the T-DNA insertion (where the x-
axis is centered at the middle of the 4 X 35S enhancers).  Transcript expression in rosewood is displayed as a ratio relative to wildtype (fold 
upregulation).  Means of fold upregulation are shown for leaf, phloem/cambium, and xylem, calculated from two biological replicates of each 
tissue type.  Pooled refers to the mean upregulation calculated using all biological replicates (n=6).  The 80% confidence intervals are shown for 
each mean.   
** There is a 98.0% chance that the true pooled mean fold upregulation of the aspartyl protease family gene transcript is greater than one (one-
sample one-tailed t-test, t=2.76, p=0.0199, n=6)  
*There is a 93.7% chance that the true leaf mean fold upregulation of the aspartyl protease transcript is greater than one (one sample one-tailed t-
test, t=5.01, p=0.0628, n=2). 
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Figure 5.  MicroRNAs predicted by mirEval surrounding the T-DNA insert. 
The four microRNAs within ~5 kb of the insert that were investigated for expression are shown in pink.  The other microRNA predictions made 
by mirEval in the region (not investigated) are shown in green. 
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Figure 6.  RT-PCR results at three microRNA predictions  
100 ng of leaf, phloem and xylem rosewood cDNA were amplified using primers designed to 
three microRNA predictions made by the online program mirEval within 5 kb of the T-DNA 
enhancers (2, 3, 4).  A ubiquitin gene was used as a positive control (1), and the reverse 
transcription enzyme was not added to negative controls (-) to check for genomic contamination.  
Expected sizes of fragment are indicated next to each agarose gel.  A second, brighter view of the 
amplification at the fourth prediction (Mi4) is provided to highlight the very faint bands present at 
the expected size (5). 
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Figure 7.  Expression levels of the novel transcript at the Mi1 prediction 
Transcript expression in rosewood is displayed as a ratio relative to wildtype (fold upregulation).  
Means of fold upregulation are shown for leaf, phloem/cambium, and xylem, calculated from two 
biological replicates of each tissue type (with the exception of Mi1 in the phloem where the value 
of the one biological replicate is shown).  Pooled refers to the mean upregulation calculated using 
all biological samples (n=6 for the protein-coding gene transcripts, n =3 for the unannotated 
transcript Mi1).  No transcript at Mi1 could be detected in wild-type xylem so fold upregulation 
could not be calculated.  The 80% confidence intervals are shown for each mean. 
**There is an approximately 98% chance that the true mean fold upregulation of the target gene 
transcript is greater than one (Mi1 pooled: one sample one-tailed t-test, t=4.83, p=0.0202, n=3; 
ASP2 pooled: one sample one-tailed t-test, t=2.76, p=0.0199, n=6). 
*There is an approximately 94% chance that the true mean fold upregulation of the target gene 
transcript is greater than one (Mi1 leaf: one sample one-tailed t-test, t=5.92, p=0.0533, n=2; ASP2 
leaf: one sample one-tailed t-test, t=5.01, p=0.0628, n=2). 



 

 66 

 

 

 

 

 

 

 

 

 

Figure 8.  RACE characterization of the novel transcript locus 
The vertical dashed grey line represents the location of the T-DNA insertion.  3’ ends are shown in red and pink, 5’ ends are shown in blue, and 
non-directional RT-PCR data are shown in green.  The naming to the left of each RACE result is explained in the text. 
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Figure 9.  The T-DNA insertion within rosewood, annotated 
Note the right border inserted upstream of the left border.  The 5’ ends of three RACE products which begin within the T-DNA are pictured above 
the T-DNA. 
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Figure 10.  GUS-staining of cambial windows after in vivo stem transformations 
A to F: Cambial windows where bark has been peeled back.  Top sections are bark, phloem and 
cambium, bottom sections are xylem.  A to C are transient transformations, harvested two weeks 
after inoculations with Agrobacterium.  D to F are stable transformations, harvested ~ 3 months 
after inoculations.  G and H are stable transformations pictured in cross-section.  I to M 
demonstrate how the barrier zone or parts of it are sometimes red, and should not be confused 
with potentially red new xylem.  J and L are before GUS-staining, and K and M are the same 
sections after GUS-staining, showing that the red sections were not transformed.  Sections A to C 
and F to M were obtained from RoseRNA444+ lines as indicated in the table.  Sections E and F 
were obtained from branch five, windows five and one respectively of  the empty vector lines 
(see Appendix T for growth information of these branches). Abbreviations: bz = barrier zone, wp 
= wound parenchyma, nx=new xylem, np=new phloem, ca=cambium.   
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Figure 11.  Multiple alignment of ~1 kb of genomic sequence upstream of the T-DNA 
insertion from several Populus species. 
Top: context of the multiple alignment in relation to the T-DNA insert and in relation to an 
alignment between P. trichocarpa and P. alba tremula along the full range of the transcripts 
found by RACE.  In this graphic, white is highly conserved and black in unconserved.  Bottom: 
multiple alignment, with the amplicon used for recapitulation (purple arrows) and the original 
mirEval microRNA prediction Mi1 (green arrows) indicated.  Residue colours indicate 
conservation, where highest to lowest is red, yellow, green, turquoise and blue.
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Figure 12.  Populus phylogenetic tree   
Based on ISSR (inter simple sequence repeat) data (Hamzeh et al. 2006).  Species used in the 
conservation analysis are highlighted with coloured boxes. 
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Figure 13.  Validation of three online microRNA prediction programs 
mirEval, BayesMiRNAFind, and mir-Abela were applied to 60 experimentally validated, non-
conserved poplar microRNAs (the validation set).  For each program, the  percentage of 
validation set microRNAs recovered is shown (blue), as well as the percentage of validation set 
microRNAs that were recovered by that program and not any others (red).  mir-Abela was used at 
three threshold levels (0, -1, and -2), where threshold refers to the SVM score required to classify 
a given hairpin as real (a lower threshold increases sensitivity at the expense of specificity). 
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Figure 14.  Validation of four microRNA filtering methods 
Filters consisting of complexity of the mature miRNA, MiPred, MIRcheck and robustness of the 
stem-loop were applied to 23 experimentally validated, non-conserved poplar microRNAs from 
Lu et al. 2005 which had passed the computational identification methods in Figure 13. 
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Figure 15.  MicroRNA and non-coding RNA predictions within the novel transcript 
Graphical alignments from conservation analyses are shown at the top, with RoseRNA444 fragment used for recapitulation (purple).  MicroRNAs 
and conserved non-coding RNAs were predicted in the sense (middle) and antisense (bottom) directions.  See legend and text for further details.   
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Figure 16.  Secondary structures of hairpins predicted within the novel transcript 
Sequences were folded with RNAfold (Hofacker et al. 1994).  Hairpins are grouped by location 
(S=sense, AS=antisense), with overlapping, distinct hairpins differentiated by letter. The 
consensus RNAz predictions are coloured by the program to highlight the compensatory, 
consistent or inconsistent mutational patterns with respect to the structure: red means one type of 
base pair exists at that location (unlabeled), yellow means two types of base pairs exist at that 
location (Y), and pale red (PR) or pale yellow (PY) mean one or two  incompatible pairs exist at 
that location respectively.
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Figure 17.  PMRD alignments at the S1 RNAz hairpin prediction  
1) Matches to four computationally predicted P. trichocarpa microRNAs  (Lindow et al. 2007). 
2) Matches to an experimentally verified miRNA in moss (Axtell et al. 2007).  For each:  A. The 
alignment of the mature miRNAs in question with RNAz_Tri_sense.  B.  The S1 RNAz 
consensus structure with the putative mature miRNA in question boxed in blue.  C.  Multiple 
alignment used for the RNAz prediction, showing base pair differences in pink and with the 
putative mature miRNA in question boxed in blue.



 

 76 

 
 

 

 

 

 

 

Table 2.  Fold change in Klason lignin content between opposite wood samples from 
rosewood (RW) and wildtype (717) stems on four biological replicates (1-4). 

 

Sample
% insoluble 
lignin

Fold change 
insoluble 
lignin % soluble lignin

Fold change 
soluble lignin

RW 1 22.4 1.21 2.629 0.7638
717 1 18.5 3.442
RW 2 21.1 1.03 3.436 1.079
717 2 20.4 3.184
RW 3 20.5 0.89 3.267 1.026
717 3 23.1 3.185
RW 4 22.8 0.88 2.638 1.169
717 4 26.0 2.256
Average 1.00 1.009
STDEV 0.16 0.174  
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Table 3.  Summary of gene models within proximity to T-DNA insertion site 

fgenesh4_pm.C_scaffold_57000013 scaffold_57:310928-313324 (+ strand) 16, 611 Unknown protein AT4G35870.1

estExt_Genewise1_v1.C_570194 scaffold_57:332464..335952 (+ strand) 11, 967
Aspartyl protease 

family protein
AT2G17760.1

fgenesh4_pg.C_scaffold_57000038 scaffold_57:336640..339150 (- strand) 16, 143 Unknown protein AT3G01160.1

Candidate Gene ID Location
5’ end from centre 
of enhancers (bp)

JGI Annotation 
Description

Best hit 
Arabidopsis 

Homolog
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Table 4.  Real-time PCR expression data of a putative aspartyl-protease gene 
Primer Set Template Threshold CT 

UBQ 
cDNA 17.86 

RNA 30.71 

ASP1-6 
cDNA 31.03 

RNA 31.08 

ASP1-7 
cDNA 32.68 

RNA 32.78 

ASP1-8 

cDNA 
No amplification 

(primer dimer 
only) 

RNA 
No amplification 

(primer dimer 
only) 

ASP1-10 
cDNA 35.3 

RNA 34.78 

ASP1-11 
cDNA 31.7 

RNA 31.5 
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Table 5.  Approximate numbers of GUS-stained sectors in cambial windows transformed 
with pCAMBIA1305.1-RoseRNA444+ 

On xylem face 
(cambial sectors)

On phloem face 
(cambial sectors 
and/or phloem 

sectors)
1

2 1 5 10 J, K
2 >100 >100 L, M
3 >100 >100 H
4 >100 >100 G
5 20 30

3 1 5 8
2 1 1
3 40 40
4 2 2

4 1 20 35
2 >100 >100
3 >100 >100 D
4 50-100 >100
5 50-100 >100
6 30-40 50-100

5
6 1 20-30 30-40

2 20 30-40
3 30-40 30-40
4 1 1

7 1 2 4
2 30-40 40-50
3 20-30 20-30
4 20-30 40-50
5 20 20
6 0 0

8 1 5 21
2 50-100 >100
3 50-100 50-100 I
4 50 50-100
5 25 20-30
6 Not stained*

9 1 0 0
2 30-50 50-100
3 30-50 50-100
4 10-20 30-40
5 10 10

10 Not analyzed**

**Not analyzed because little or no growth occurred, and branch was heavily diseased

Analyzed after 2 weeks for transient results

*Did not stain because during the staining process the phloem was pressed up against the 
xylem, and the solution wasn't in contact with the surfaces

Branch #
Window # (from 
bottom of stem)

Approximate # of sectors

Appearance in 
figure

Not analyzed**
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Table 6.  Small RNA resources in poplar 

Publication Species Tissue
Total # small RNA 

Sequences 
Filtered small 

RNAs*

Lu et al. 2005 P. trichocarpa
Developing xylem 
from  1 year old 

trees

 898 (cloned and 
sequenced)

89

Barakat et al. 2007 P. balsamifera
Leaves and 

vegetative buds 
from mature trees

77,000 
(pyrosequencing)

12,337 (5,998 leaf 
and 6,339 bud)

Lu et al. 2008b P. trichocarpa

Abiotically stressed 
whole plantlets, 1.5 
monthes old (AL); 

Mechanically 
stressed developing 
xylem from 1 year 

old trees (ML)

3,827 (2648 AL and 
1179 ML)

113 (66 AL, 39 ML, 
8 both)

Li et al. 2009 P. euphratica
Dehydrated whole 
plants, 1 year old

1341 54

*non redundant, non-known rRNAs, tRNAs, snRNAs, transposons or retrotransposons as checked by Blast  
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Lu et al 2005 (36) ptc-MIR481c x x x x yes
ptc-MIR473a yes yes* x yes yes ptc-MIR481d x x x x x
ptc-MIR473b x x x x x ptc-MIR481e x x x x x
ptc-MIR474a x yes* x x x ptc-MIR482 yes x yes yes yes
ptc-MIR474b yes x x x x Lu et al 2008 (16)
ptc-MIR474c x x x x yes Ptc-MIR530a yes x yes yes yes
ptc-MIR475a x yes* x x x Ptc-MIR530b yes x x x x
ptc-MIR475b x x x yes yes Ptc-MIR827 yes yes* yes yes yes
ptc-MIR475c x yes* yes yes yes Ptc-MIR1444a yes yes* yes yes yes
ptc-MIR475d yes x yes yes yes Ptc-MIR1444b yes yes* yes yes yes
ptc-MIR476a yes yes yes yes yes Ptc-MIR1444c yes yes* yes yes yes
ptc-MIR476(b-c) yes yes* yes yes yes Ptc-MIR1445  x x x x x
ptc-MIR477a yes yes yes yes yes Ptc-MIR1446a yes x yes yes yes
ptc-MIR477b yes yes yes yes yes Ptc-MIR1446b yes x yes yes yes
ptc-MIR478a x x x yes yes Ptc-MIR1446c yes yes* yes yes yes
ptc-MIR478b x x x x x Ptc-MIR1446d yes yes* yes yes yes
ptc-MIR478c x x x x yes Ptc-MIR1446e x x yes yes yes
ptc-MIR478d x x x yes yes Ptc-MIR1447 x x x x x
ptc-MIR478e x x x x yes Ptc-MIR1448 yes yes* yes yes yes
ptc-MIR478f x x x yes yes Ptc-MIR1449 x x x x x
ptc-MIR478h x x x x x Ptc-MIR1450 yes yes* yes yes yes
ptc-MIR478(i-->n) x x x x yes Li et al 2009 (8)
ptc-MIR478o x x x x x peu-MIR2910 x x x yes yes
ptc-MIR478p x x x x x peu-MIR2911 x yes* x x x
ptc-MIR478q x x x x x peu-MIR2912a x x x x x
ptc-MIR478r x x x x yes peu-MIR2912b yes yes* x x x
ptc-MIR478s x x x x x peu-MIR2913 x x x yes yes
ptc-MIR478u x x x x x peu-MIR2914 x x x x yes
ptc-MIR479 x yes* x x x peu-MIR2915 x x x yes yes
ptc-MIR480a x x x x x peu-MIR2916 yes yes x x yes

ptc-MIR480b x x x x x Total # detected  (/60) 22 21 19 27 35
ptc-MIR481a x yes x x x Unique # detected (/60) 2 5 0 7 7
ptc-MIR481b x x x x x Total # missed (/60) 17

Hairpin

Prediction program

Hairpin

Prediction program

 

 

Table 7.  Validation of three online microRNA prediction programs  
The validation set consists of 60 experimentally validated microRNAs from poplar not conserved 
with Arabidopsis.  MicroRNAs missed by all three programs are shown in red.  MicroRNAs that 
were predicted uniquely by one program are shown in blue.  Starred entries indicate cases where 
the location of the mature microRNA was not correctly predicted. 
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1) Any 
mono>12

2) Any 
mono+mono>17

3) Any 
mono=0

4) Any 
di+di+di>11

ptc-MIR473a yes yes yes yes yes yes yes

ptc-MIR474a yes yes yes x x x x

ptc-MIR474b yes x yes x x x x

ptc-MIR474c yes yes yes x x yes x

ptc-MIR475a x yes yes

ptc-MIR475b yes yes yes

ptc-MIR475c yes yes yes yes yes yes yes

ptc-MIR475d yes yes yes yes yes yes x

ptc-MIR476a yes yes yes yes yes yes yes

ptc-MIR476(b-c) yes yes yes yes yes yes yes

ptc-MIR477a yes yes yes

ptc-MIR477b yes yes yes

ptc-MIR478a yes x x

ptc-MIR478c x x x

ptc-MIR478d x x yes

ptc-MIR478e yes yes yes yes yes yes* yes

ptc-MIR478f yes yes yes yes yes x x

ptc-MIR478(i-->n) yes x yes

ptc-MIR478r x x x

ptc-MIR479 yes yes yes yes x yes yes

ptc-MIR481a x x yes

ptc-MIR481c x yes* x

ptc-MIR482 yes yes x yes yes yes yes

Total % detected 100 94 94 82 57 61 61

*Hairpin was correctly predicted but the location of the mature microRNA was not
**Complexity rules apply to the mature miRNA only, so hairpins with identical mature miRNAs are grouped together 

yes yes yes yes

yes yes yes yes

yes yes yes yes

yes yes yes yes

Hairpin

Complexity rules**
MiPred MIRcheck Robustness

yes yes yes yes

 

 

 

 

 

Table 8.  Validation of four microRNA filtering methods 
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% of 20mers 
passed rules 1, 
2, 3

% of 20mers 
passed rules 1, 2, 
3, 4

mirEval_AT_sense_1 100 100 x yes x

mirEval_Tri_Sense 100 89 x yes x
RNAz_AT_sense_1 100 97 x yes x
RNAz_Tri_sense 96 94 x yes x

S2 Abela_AT_sense_1 64 64 yes x yes
S3 mirEval_AT_sense_2 100 100 x x x

Abela_AT_sense_2 75 75 yes yes yes
RNAz_AT_sense_2 87 87 x x x
mirEval_AT_antisense_1 100 81 x x x
mirEval_Tri_Antisense_1 100 100 x x x
mirEval_AT_antisense_2 78 78 yes yes yes
Abela_AT_antisense 100 86 yes yes yes
RNAz_AT_antisense 86 86 - x x
mirEval_AT_antisense_3 69 67 yes yes x
mirEval_Tri_Antisense_2 89 89 yes yes x
mirEval_Tri_Antisense_3 100 100 x x x
Bayes_Tri_Antisense 100 93 x yes yes

AS5 mirEval_Tri_Antisense_4 100 100 x x x
mirEval_AT_sense_3 0 0 x x yes
mirEval_AT_antisense_4 51 40 x yes yes
Abela_Tri_antisense_1 15 0 x yes yes

Abela_Tri_antisense_2 8 0 x x yes

Total passed (/22) 19 18 6 12 9

Group Prediction name

Complexity-check

MiPred MIRcheck Robustness

Low-complexity

S1

S4

AS1

AS2

AS3

AS4

 

 

 

 

 

Table 9.  Evaluation of the microRNA predictions within the novel transcript 
Putative pre-miRNA hairpins are labeled by prediction program, species in which the prediction 

was made (AT=alba tremula, Tri=trichocarpa), and prediction order starting from most upstream 
of the T-DNA insertion. 
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Chapter 5 

Discussion 

One of the activation-tagged poplar trees from the Regan lab population is named 

rosewood for the red colour of its xylem, which was found to be due to increased levels of the 

anthocyanin pelargonidin 3-0 glucoside.  In this thesis, rosewood’s T-DNA insertion site was 

analyzed and a novel transcript was identified and studied.  One T-DNA insert was found to be 

located in an intergenic region of scaffold_57.  Three protein-coding genes (two proteins of 

unknown function and an aspartyl-protease family protein) within 20 kb of either side of the T-

DNA were analyzed for overexpression using real-time PCR, and the aspartyl protease family 

transcript was found to be mildly upregulated in rosewood compared to wild-type (2.18-2.57 X in 

leaf and 1.40-1.86 X in phloem).  This gene was cloned behind a constitutive promoter and 

transformed in wild-type stem tissue in an unsuccessful attempt to recapitulate rosewood’s red-

wood phenotype.  Subsequently, a novel transcript was identified by RT-PCR about 700 bp 

upstream of the T-DNA enhancers and found to be upregulated by about 4.5 X in leaf and 6 X in 

phloem in rosewood compared to wild-type.  The novel transcript was molecularly characterized 

using RACE, and potential identities were explored using bioinformatics analyses. 

5.1 An increase in anthocyanin content is responsible for rosewood’s red wood 

 Since the red or orange coloured wood of other poplar mutants resulted is due to the 

downregulation of enzymes involved in monolignol biosynthesis, we thought the lignin pathways 

in rosewood might be similarly affected. Surprisingly, several lines of evidence reveal that the 

anthocyanin pathway has been modified instead.   Wood from CCR deficient poplars had 8-47 % 

reduced lignin content (Meyermans et al. 2000), but Klason lignin analysis revealed no change in 
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lignin content between rosewood and the wild-type control.  The red colour in the wood of CCR- 

and CAD-deficient mutants has been explained by the incorporation of cinnamaldehydes or 

ferulic acid intermediates into the lignin polymer (Higuchi et al. 1994; Baucher et al. 1996; 

Lapierre et al. 2004; Leple et al. 2007), but while phenolic aldehydes should have been apparent 

in the liquid chromatography analyses of rosewood, none were identified (Shawn Mansfield, 

personal communication).  Instead, pelargonidin and cyanidin glucosides were substantially 

increased in rosewood  (which provides a logical explanation for the red colour of the wood), 

while methanol extractions from CAD and CCR deficient wood did not reveal any difference in 

anthocyanin content (Baucher et al. 1996; Leple et al. 2007).  Finally, the wood of CCR mutants 

remains red when dry (S. Mansfield, person communication), but rosewood’s wood turns brown, 

likely because the red anthocyanins are oxidized once the bark has been removed.   

 Anthocyanins are the red, blue, or purple flavonoid pigments responsible for the vivid 

colours of flower and fruits used to attract pollinators and dispersers.  They are also found in 

vegetative tissues, where they can protect the photosynthetic apparatus from the photo-inhibition 

effect (where over-excitation from excess energy can lead to the creation of damaging reactive 

oxygen species).  Like the lignins, the biosynthesis of anthocyanins and other flavonoids derives 

from the phenylpropanoid pathway.  The pathways diverge after the formation of the cinnamoyl 

CoAs, which in lignin biosynthesis are converted to the cinnamaldehydes and in flavonoid 

biosynthesis are converted to the chalcones.  It is interesting that rosewood may be the first 

example of the existence of the pelargonidin-based anthocyanin in Populus.  In a recent depiction 

of flavonoid biosynthesis pathways in poplar (Figure 18), the metabolites starting from 

dihydrokaempferol (a dihydroflavonol) to pelargonidin (the anthocyanidin precursor to 

pelargonidin-3-0 glucoside) are represented as unsupported (Tsai et al. 2006).   This depiction is 

mainly due to the suggestion that neither of the two Populus isoforms of dihydroflavonol 4-
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reductase (DFR) is able to reduce dihydrokaempferol to leucopelargonidin (Peters and Constabel 

2002).  While most plant DFRs have an asparagine at residue 134, the Populus and Petunia DFRs 

have an aspartic acid at this location.  The petunia DFR cannot reduce dihydrokaempferol, and 

Peters and Constabel (2002) have asserted that the aspartic acid at residue 134 is responsible, 

based on the finding that residue 134 plays a role in substrate specificity (Johnson et al. 2001).  

However, the effect of replacing the asparagine with an aspartic acid was never experimentally 

investigated, only the effect of replacing the asparagine with leucine (Johnson et al. 2001).   In its 

natural form, Gerbera DFR has an asparagine at residue 134 and can accept all dihydroflavonol 

substrates.  When the asparagine was replaced with a leucine by site-directed mutagenesis, 

Gerbera DFR had an increased affinity for dihydrokaempferol (Johnson et al. 2001).   It 

remained an open question whether the replacement of the asparagine with an aspartic acid would 

have the opposite effect.   The finding of pelargonidin in rosewood suggests that an aspartic acid 

at residue 134 does not necessarily equate with an inability to reduce dihydrokaempferol.  This is 

further supported by the isolation of a DFR isoform from Medicago trunculata (MtDFR2) which 

has an asparagine at position 134 and which can reduce DHK (although less readily than another 

isoform with an aspartic acid at position 133, MtDFR1) (Xie et al. 2004). 

5.2 Molecular characterization of a novel transcript 

Multiple transcripts were isolated using RACE that taken together span about 2000 bp 

(Figure 8).  Because several RACE products span the insertion site (including the longest full-

length amplification at 1200 bp), it is possible that the functions of at least some of the transcripts 

are “knocked out” by the T-DNA.  However, this would not result in a phenotype in the first 

generation of transformants unless the negative mutation was dominant, which is relatively rare.  

On the other hand, truncated versions of transcripts may keep some function.  For example, if the 
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transcript is a pri-miRNA (as bioinformatics results would suggest), the pri-miRNA gets cleaved 

into a shorter pre-miRNA that can function on its own, as evidenced by the use of artificial pre-

miRNAs.  Therefore, upregulation of a truncated transcript may still have the same effect as 

upregulation of a non-truncated transcript.  In addition, at least some of the transcripts are not 

interrupted by the T-DNA, as evidenced by the three polyadenylation sites upstream of the T-

DNA, two of which could not have resulted from internal priming (Figure 8). 

 Perhaps the most interesting result from the RACE analysis was the isolation of about 

500 bp of antisense transcript at the upstream end of the RACE results, which overlaps with the 

sense transcripts by about 120 bp (and probably more, since the antisense 5’ ends have yet to be 

isolated).  Natural antisense transcripts (NATs) are part of a group of RNAs called long non-

coding RNAs, which often have properties of messenger RNAs and which are only recently 

gaining attention in the literature (Griffiths-Jones 2007).  Although genome-wide screening 

approaches used to assess the proportion and diversity of NAT pairs has been accelerating, little 

has been done experimentally to confirm function and physiological relevance (Beiter et al. 

2009).  Possible regulatory functions of antisense transcripts are drawn from a small set of 

examples from different species (Faghihi and Wahlestedt 2009).  The act of transcription itself 

can be regulatory, for example by competition of two interfering promoters for the binding of 

regulatory elements, or by hindrance of the initiation or elongation of one transcript by the 

oncoming transcript in the opposite direction (Beiter et al. 2009; Faghihi and Wahlestedt 2009).  

In addition, the transcription of one gene can result in histone modifications that can repress or 

induce transcription initiation of an overlapping gene (Wilusz et al. 2009).   Duplex formation 

between sense and antisense transcripts can mask regulatory features, affecting gene splicing, 

export, or stability (Faghihi and Wahlestedt 2009; Wilusz et al. 2009).  Antisense transcripts may 

also work as guide RNAs to recruit factors that promote or inhibit transcription, such as histone 
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modifiers or triggers of DNA methylation (Beiter et al. 2009; Faghihi and Wahlestedt 2009).  

NAT duplexes also intersect with another burgeoning field in that they can lead to RNA 

interference.  One well-cited example is of the NAT pair in Arabidopsis where a gene of 

unknown function overlapping a protein-coding gene involved in proline synthesis (P5CDH) was 

induced by salt stress, formed an RNA duplex with P5CDH, and through RNAi produced siRNAs 

which downregulated P5CDH expression (Borsani et al. 2005).  Another genome-wide study 

found small RNAs that matched 646 of 1008 protein-coding NAT pairs in Arabidopsis (Jin et al. 

2008).   Finally, one partner of a NAT pair may be non-functional, potentially arising from a 

cryptic promoter signal or bi-directional promoter activity (Beiter et al. 2009). 

That said, the members of an antisense pair cannot just regulate each other without at 

least one member having an outside function.  The sense and antisense members of a NAT pair 

can be both coding, both non-coding, or one of each, and the latter form is the most common 

observed so far (Beiter et al. 2009; Wilusz et al. 2009).  Analysis of the RACE transcripts did not 

reveal any open reading frames of at least 100 amino acids that were conserved between the 

activation-tagged line and the other poplar species investigated, so this NAT pair appears to 

consist of two non-coding transcripts.  There are hundreds of types of non-coding RNA genes: the 

9.0 release of the Rfam database, which is an organized collection of structural RNA, contains 

examples from 603 different non-coding RNA families (Griffiths-Jones et al. 2005).  More well 

known types include microRNAs (described in the literature review) and snoRNAs (small 

nucleolar RNAs), which guide modifications of rRNA or other small nuclear RNAs.  The 

mlncRNAs (mRNA-like non-coding RNAs) are a class of longer RNAs almost none of which 

have been functionally characterized, although studies have shown cell-type specific expression 

and associations with various diseases (Forrest et al. 2009).  Long non-coding RNAs have several 

potential functions: they could bind to proteins to modulate processing, activity, localization or 
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stability, they could play a structural or organizational role, or they could be precursors to small 

RNAs such as siRNA or miRNAs (Wilusz et al. 2009).  These functions are difficult to 

investigate experimentally, and ab initio annotation of non-coding RNAs is notoriously difficult 

because unlike protein transcripts, they don’t have obvious sequence signatures like codons and 

splice signals, and they don’t have sequence bias (Griffiths-Jones 2007).  Therefore, their 

annotation relies on homology and secondary structure prediction, approaches that are not always 

fruitful, especially since not all non-coding RNAs have conserved secondary structures (Griffiths-

Jones 2007).   

 The novel transcript at the T-DNA locus was originally identified by following up on a 

prediction made by the microRNA prediction program mirEval.  Since then, the transcript was 

found to extend much past the length of the original prediction, but the entire region remains un-

annotated in PopGenIE (the most centralized resource for poplar genomics which includes gene 

model predictions from various sources, EST information, and even microRNA predictions).  No 

further information on its identity could be found by querying databases of non-coding RNAs or 

by using programs that can predict non-coding RNAs, so the microRNA hypothesis remained the 

best option. 

5.3 MicroRNA prediction tool validation 

 Almost all examples of microRNA discovery in plants have been based on small RNA 

cloning, conservation between species, or rigid complementarity between miRNAs and targets.  

Indeed, there is only one case of microRNA discovery following a forward genetic screen in 

plants (Palatnik et al. 2003).  In that study, microarray results helped to deduce the identity of an 

upregulated RNA transcript near the enhancers.  Since Palatnik et al. (2003) was published, the 

field of computational microRNA prediction has blossomed.  Compared to the expense, time 
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investment and ambiguity of a task such as a microarray, using computational tools to identify 

functional candidates is quick and cost-effective.  Unfortunately, the ab initio discovery of 

nonconserved microRNAs in plants remains unprecedented.  One part of this thesis was therefore 

devoted to validating various online prediction programs and filters on a set of experimentally 

verified, nonconserved poplar microRNAs, an effort which exceeds the scope of finding the cause 

of the rosewood phenotype itself but which was deemed worthwhile given the need to evaluate 

and refine the tools necessary to discover non-coding RNA in plants.   

 The ability of three online programs to correctly identify and assess plant microRNAs 

was tested on a set of 60 poplar microRNAs.  MirEval, mir-Abela, and BayesMiRNAfind 

recovered between 30-60 % of the validation set.  Each program recovered hairpins missed by the 

other two, suggesting it is worthwhile to use them in conjunction.  However, almost a third of the 

real microRNAs (17/60) were not recovered by any program, which means they have high false 

negative rates when it comes to predicting nonconserved poplar microRNAs.  The first limitation 

of these programs is that the hairpins are filtered after they are identified, so not all putative 

hairpins structures are reported.  Real microRNAs will be missed if the positive training set used 

for any given machine learning algorithm does not reflect plant microRNAs (in the case of 

mirEval and mir-Abela), or if pre-SVM filtering steps are too stringent or ill-chosen (mir-Abela 

pre-filters on robustness, and BayesMiRNAfind filters on stem-length, folding free energy, loop 

length and base pairing).  Examining the real hairpins that were not recovered gives some insight 

into the source of the problem; all have large heterogeneous loops, a feature lacking in animal 

microRNAs (Figure 19).  Since the computational prediction of microRNAs is still relatively 

new, maybe new web services will appear that do a better job of handling the heterogeneous loop 

problem.  On the other hand, sensitive computational prediction of this type of microRNA might 

just not be possible without inclusion of an unacceptable number of false positives, and discovery 
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of this form of microRNAs may always remain in the domain of experimental methods such as 

small RNA sequencing. 

 Four tools used to evaluate putative microRNAs were also applied to a subset of the 

initial validation set of confirmed poplar microRNAs. The filter on mature miRNA complexity 

was found to produce the least number of false negatives (100 %, 94 %, 94 % and 82 % passed 

rules 1, 2, 3, and 4 respectively). MIRcheck, MiPred, and the robustness filter performed 

comparably with each other, each recovering about 60 % of the validation set.  It is interesting to 

compare the performance of MIRcheck and MiPred.  MIRcheck was specifically developed to 

assess plant microRNAs, but it recovered only one less hairpin than MiPred, which was trained 

on human microRNAs.  This is perhaps not surprising considering that the MIRcheck parameters 

were developed based on highly conserved plant microRNAs known at the time (Jones-Rhoades 

and Bartel 2004; Jones-Rhoades et al. 2006), which was acceptable for its purpose as part of a 

larger workflow using conservation as one of the key criteria in microRNA prediction (Jones-

Rhoades and Bartel 2004).  What is surprising is that more recent studies dealing with 

experimental data in the form of sequenced small RNAs would use MIRcheck or similar 

parameters to filter their candidate microRNAs (Barakat et al. 2007; Lu et al. 2008b; Li et al. 

2009).  These studies are not limited to searching for conserved microRNAs, therefore using a set 

of filters based on conserved microRNAs has likely limited their discovery potential, as the 

current validation has demonstrated.  In situations where experimental data exists, where 

nonconserved microRNAs are suspected, and where false negatives should be avoided, 

MIRcheck should not be used as a filter, only as a source of extra information. 

 All of the programs and methods used in the validation were used to predict microRNAs 

in the sequence covering the range of novel transcripts at the locus of rosewood’s T-DNA.  The 

predictions at four of the nine groupings (Figure 15) carry the most weight.  The S1 group 
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contains a prediction by mirEval in P. alba x P. tremula that matches a functional, hairpin-shaped 

RNA structure predicted by RNAz based on structural conservation between all of the poplar 

species in the alignment.  In addition, an 18 bp segment of the S1 hairpin is similar to four other 

computational predicted poplar mature microRNAs (Lindow et al. 2007).  Finally, a 163 bp 

transcript detected by RACE (“2a” and “C1A”; Figure 8) just covers the mirEval/RNAz 

prediction (with 15-30 bp extra sequence on either end), suggesting that this could be the pre-

miRNA that has been cleaved from a longer pri-miRNA (for example the fragment spanning “2a” 

and “3”).  These results are quite convincing, but there are some remaining issues.  First, it must 

be noted that there are false positive rates associated with each of these predictions.  Although the 

false positive rate for the RNAz prediction is low at 5 % (Gruber et al. 2007), the false positive 

rate of mirEval is 12 % and that of the SVM used to identify the four poplar microRNAs is 19 % 

(Xue et al. 2005; Lindow et al. 2007).  Second, MiPred or the test of robustness did not support 

the predictions at S1, although both of these had high false negative rates in the validation set 

(~29 %).  Most importantly, the S1 predictions were contained within RoseRNA444, which was 

not successful in recapitulating rosewood’s phenotype.  However, this does not necessarily mean 

that a microRNA does not exist at S1 (see discussion of ISSA results to follow).  

 The second most convincing predictions exist at the S4 and AS2 groups (Figure 15).  The 

S4 group contains a prediction by mir-Abela in P. alba x P. tremula, the AS2 group contains 

predictions by both mirEval and mir-Abela in P. alba x P. tremula, and all three predictions 

passed all three assessments (MIRcheck, MiPred, and the robustness test). RNAz predicted 

functional, hairpin-shaped RNA structures at both locations, although they are based on structural 

conservation between only three of the five poplar species in the alignment (P. alba, P. tremula, 

and P. nigra x P. deltoides).  Again, all of the predictions have associated false positive rates: 

mir-Abela’s is 10 % (Sewer et al. 2005) and mirEval's still 12 %, although that of RNAz for these 
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predictions is very low at 1 % (Gruber et al. 2007). The consensus RNAz hairpins both have large 

bulges in one of their stem loop arms (Figure 16), and presumably for this reason they do not pass 

MiPred, MIRcheck, or the robustness test.  When folded in the sequence context of each 

individual poplar species, the primary sequence that makes up the consensus RNAz hairpin at 

AS2 doesn’t fold into the same structure (there are other, more energy-favourable base-pairing 

patterns assumed).  But the main problem with the S4 and AS2 group predictions is the lack of 

primary sequence and secondary conservation with P. trichocarpa and P. nigra x P. 

maximowiczii.  It is possible that the putative microRNA is not conserved between all poplar 

species, given the rapidity with which microRNAs can evolve (Lindow and Krogh 2005).  The 

phylogeny of the Populus genus is still poorly understood (Hamzeh et al. 2006), and so it would 

be difficult to deduce whether these omissions make evolutionary sense.  In the one study of 

poplar microRNAs that did not filter microRNA candidates by matching to the P. trichocarpa 

genomic sequence (Li et al. 2009), all of the “new” P. euphratica microRNAs could still be 

exactly matched to sequence in the P. trichocarpa genome (data not shown). However, it is 

possible that P. euphratica is very closely related to P. trichocarpa and does not reflect the case 

for all poplar species (P. euphratica has not been included in phylogenetic studies (Hamzeh et al. 

2006)).  Finally, there is no evidence yet that transcript actually exists at the AS2 location in the 

antisense direction (more antisense RACE needs to be done). 

 At AS3, mirEval predicts microRNAs in both the P. alba x P. tremula and P. trichocarpa 

sequences, and both predictions passed MIRcheck and MiPred.  The extent of structural 

conservation in the other poplar species is unknown because the sequence used in the multiple 

alignment for RNAz does not extend this far.  Like AS2, there is no evidence yet that transcripts 

exist at the AS3 location in the antisense direction.  The other groups (S2, S3, AS1, AS4, and 

AS5) have less support; there is only one prediction at each location (the two at AS1 and AS4 are 
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separate, overlapping hairpins), none have predicted structural conservation (no results in RNAz 

or not enough sequence information), S3, AS1 and AS5 did not pass any of MIRcheck, MiPred, 

or the robustness test, AS5 overlaps with RepeatMasker repeats, and there is not yet any evidence 

of transcript in the antisense direction at AS4 and AS5.   

 The existence of several putative microRNAs points to the possibility of a microRNA 

cluster.  A recent study which examined the poplar, Arabidopsis and rice microRNAs in version 

13 of miRBase found that ~20 % of these microRNAs occur in clusters of two to eight members 

(using the criteria that successive microRNAs must be within 10 kb of each other) (Merchan et al. 

2009).  Most clusters contained copies from the same miRNA family, called “homologous” 

clusters, but a few contained unrelated microRNAs (which better reflects the potential situation at 

rosewood’s T-DNA allele).  These “heterologous” clusters mostly consisted of two non-

conserved microRNAs in intergenic regions, with hairpins separated by 81-670 bp.  The members 

of at least one of the clusters (ptc-MIR482-1448) are co-transcribed, as evidenced by EST data 

(Merchan et al. 2009).  Interestingly, the targets of members of the heterologous clusters are 

related proteins. 

5.4 MicroRNAs and natural antisense transcripts? 

A hypothesis of microRNA identity for the transcripts at the T-DNA locus does not clash 

with the existence of antisense transcripts.  In fact, there have been several cases where 

microRNAs appear on natural antisense transcripts, so far occurring in three categories.  The first 

type are those microRNAs which are antisense to sense protein-coding genes at the same locus.  

There have been two reports of such “nat-miRNAs”, including microRNAs antisense to MADs 

box genes in rice (Lu et al. 2008a) and microRNAs antisense to a retrotransposon-like gene in 

mice (Seitz et al. 2003; Davis et al. 2005).  These situations likely do not apply to rosewood since 
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no conserved open reading frame larger than 100 AA’s could be found in the range of the RACE 

transcripts.   

 However, the two other types of antisense microRNAs are similar to what might exist at 

rosewood’s T-DNA locus.  The first involves clusters of microRNAs where members exist on 

opposite strands, including ath-MIR399d-399e, ath-MIR395e-395f, ath-MIR395a-395b, and osa-

MIR399e-399a (Jones-Rhoades and Bartel 2004; Merchan et al. 2009).  A search in miRBase 

reveals that homologs of these families in poplar are also transcribed from sense and antisense 

strands.   The second type occurs when a hairpin transcribed in the antisense direction can also 

form a stem-loop structure similar to its sense counterpart, which can occur if the sense 

microRNA has few G: U base pairs or unpaired nucleotides (Tyler et al. 2008) and which is the 

case for the hairpins predicted at AS2 and S4.  The authors of a study documenting this 

phenomenon analyzed 76 Drosophila microRNAs from miRBase based on free energy and 

structural parameters, and found that more than one quarter of their antisense versions were 

plausible microRNAs (Tyler et al. 2008).  Small RNA cloning from Drosophila heads revealed 

mature miRNAs from the antisense versions of four of these candidates, and they were able to 

show that one of these candidates, dme-miR-iab-4, generates a  functional miRNA with distinct 

regulatory activity to the miRNA generated by its sense counterpart (dme-miR-iab-8).   

5.5 An alternative hypothesis 

 Although the computational evidence for microRNAs at rosewood’s T-DNA locus is 

convincing, there is a plausible alternative: H/ACA box snoRNAs.  H/ACA box snoRNAs have 

two stem-loops, which resemble microRNA hairpin precursors in structure (Figure 20).  In 

addition, plant snoRNAs are also often transcribed in clusters (Bachellerie et al. 2002). To see if 

the microRNA prediction tools could discriminate between an H/ACA box snoRNA and a 
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microRNA, an H/ACA box snoRNA from Arabidopsis was randomly chosen from the Plant 

snoRNA database (Figure 20).  To its credit, BayesMiRNAfind did not detect either of the two 

stem-loops of AtsnoR5a, but mirEval predicted the stem-loop to the right in Figure 20B and mir-

Abela predicted both stem-loops.  The stem-loop to the left passed MIRcheck and MiPred.  These 

results are somewhat disturbing.  None of the programs described in the literature review ever 

mentioned H/ACA snoRNAs or deliberately included them in their negative training sets, and it 

would be an important issue to consider in the future.   

 The prediction of H/ACA snoRNAs is difficult because the conserved motifs (the “H 

box” is ANANNA and the “ACA box” is ACA) are short and not very well conserved (Schattner 

et al. 2004).  In the analysis of AT-RACE with snoGPS, no predictions were made with a score 

above 36, which is the score recommended to avoid false positives (Schattner et al. 2004).  

However, when the analysis was redone with no score cut-off, 20 hits appeared with scores 

ranging from 20 to 34 (data not shown).  Some of these could be true positives, but it is difficult 

to tell.  SnoGPS is not set up for predicting snoRNAs in poplar; predictions are made based on 

pairing with rRNA targets, and the only target files currently available in snoGPS are human, 

yeast or Archaea.   In addition, score tables differ depending on the species in question, and no 

plant score tables are yet available.   

 One of the main reasons the H/ACA snoRNA box hypothesis does not seem as likely as 

the microRNA hypothesis is the difference in their biological roles.  Each snoRNA can guide 

modifications to one or two rRNAs or snRNAs (small nuclear RNAs) (Bachellerie et al. 2002).  

The effects of the modifications on the rRNAs are not entirely known but it is hypothesized that 

they subtly affect RNA folding and protein interaction (Bachellerie et al. 2002).  It does not seem 

likely that enhancement of a subtle folding effect of a certain rRNA or snRNA would result in the 

striking red wood phenotype of rosewood.  On the other hand, microRNA targets in plants are 
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often transcription factors, which when downregulated can have large effects on plant physiology.  

Another fact that lends support to the microRNA hypothesis is that the secondary structure of the 

163 bp transcript (“2a” and “C1A”; Figure 8) resembles that of a microRNA; snoGPS on this 

transcript gives zero results, even with no score cut-off. 

5.6 Linking phenotype to genotype 

There are several reasons to propose that rosewood’s red-wood phenotype is due to 

upregulation of the novel transcript(s) by the T-DNA enhancers.  First, it is improbable that the 

phenotype has occurred due to somaclonal variation.  Somaclonal variation refers to mutations 

that arise from the tissue culture process during transformation and are unlinked to the T-DNA or 

transposon insertion.  These mutations can include translocations, insertions, deletions, ploidy 

changes, point mutations, and activation of dormant transposons (Bhat and Srinivasan 2002).  

However, the mutant phenotypes caused by tissue culture are usually developmental, such as 

changes in leaf or flower morphology, changes in the timing of flowering, or sterility (Bhat and 

Srinivasan 2002).  In addition, the mutation would have to be dominant to have appeared in 

rosewood, which is a first –generation transformant and heterozygous for the T-DNA.  Second, 

no protein-coding genes within 20 kb of either side of the enhancers are upregulated or make 

sense with the phenotype.  Third, the novel transcript(s) are in very close proximity to the T-DNA 

(some are actually interrupted by the insertion) and are upregulated by at least 6 X in the phloem, 

as found by real-time PCR. 

 Although the fragment that was used in the attempt to recapitulate rosewood’s phenotype 

(RoseRNA444) is only one among the entire range of transcripts later uncovered, the microRNA 

prediction with the most confidence (S1 group) was contained within it. The fact that the 

recapitulation was not successful does not necessarily indicate that a microRNA does not exist at 
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the S1 location.  Perhaps the S1 microRNA is one within a cluster of microRNAs, that only when 

upregulated together produced rosewood’s phenotype.  Maybe it was the antisense transcript that 

was overexpressed by the enhancers, not the S1 microRNA on the sense strand, since antisense 

transcript was isolated at the location of the Mi1 amplicon where real-time PCR was carried out.  

It is unknown whether the real-time results reflect the expression levels of the sense, antisense or 

both transcripts.  Both transcripts could be upregulated by ~6 X in the phloem, or one transcript 

could be upregulated ~12 X and the other not at all, or one could be upregulated ~24 X and the 

other downregulated ~12 X, etc.  The antisense transcript could regulate the microRNA by way 

of one of the previously discussed mechanisms (RNA masking, etc), and its overexpression could 

actually have prevented the S1 microRNA from being transcribed or binding to proteins.  Another 

possibility for why the recapitulation didn’t work is that the trees used in the ISSA experiments 

were not tilted.  The red colour phenotype has been observed to be more intense in opposite wood 

(and absent from tension wood), and tilting the trees helps to induce tension and opposite wood.  

Red wood has still been routinely harvested from non-tilted clones (and most branches grow 

sideways to some degree, so some opposite wood is formed on its own), but future recapitulation 

experiments should take the extra precaution of tilting the trees.  Finally, it is possible that the 

overexpression experiment itself did not work, since due to the nature of ISSA (the location of 

transformed tissue is only revealed upon tissue-destroying GUS assays), real-time could not be 

conducted on transformed tissue to confirm overexpression of the desired construct. 

 There are two main sources of variable transgene expression within transformed sectors.  

The first is the variability inherent in the 35S promoter, which is known to result in a skewed 

bimodal activity, with many low expressors and few high expressors (Butaye et al. 2004).   This 

issue can be addressed by producing a large number of independent transformation events, some 

of which are bound to be high-expressing.  In the ISSA experiments, each sector is an 
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independent transformation; with 35 RoseRNA windows and assuming approximately 30 sectors 

per window (varied from 1 to more than 100, see Table 5), at least 1000 independent 

transformations were analyzed, thus making it highly likely that at least some would have highly 

expressed the RoseRNA444 transgene.  However, there have been observations that ISSA can 

result in “mild” phenotypes due to competition in the cambium (Antanas Spokevicius, personal 

communication).  If a transformed cell has reduced viability due to expression changes, it can be 

outcompeted by surrounding cells and purged from the cambium; thus any cells that do survive 

this competition may be low expressors. 

 The second potential source of variable transgene expression is silencing, both 

transcriptional and post-transcriptional.  DNA-DNA pairing has been shown to induce 

methylation, which can block transcription (Mette et al. 2000; Muskens et al. 2000).  Since the 

RoseRNA444 transgene has the potential to form a stem-loop, DNA-DNA pairing could occur 

even with a single copy insertion.  When RNA interference is triggered by sense transgenes, it is 

called senseRNAi, and involves the formation of double-stranded RNA by way of RNA-

dependant RNA polymerase.  As senseRNAi silences the transgene itself as well as endogenous 

genes with homology to the transgene, downregulation phenotypes are often observed where 

overexpression was expected (for an example, see Jouanin et al. 2000).  It has been shown that in 

order for sense RNAi to work efficiently, the transgene must be translatable (Que et al. 1997; 

Jorgensen et al. 2006).  Presumably this is because nonsense codons result in the shuttling of the 

transcript towards the nonsense-mediated decay pathway, thereby making the transcript unstable 

(Que et al. 1997).   It is therefore unclear whether senseRNAi would affect a transgene such as 

RoseRNA444, which does not contain an ORF.  Other silencing scenarios include those arising 

from inverted repeat insertions of the T-DNA, although the chance of this happening in every 

independent transformation event is low.  In an inverted repeat, the sense and antisense versions 
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of the transgene are in proximity to one another, which can result in DNA: DNA interactions, or 

antisense-RNAi resulting from read-through transcription of the T-DNAs. 

 The successful overexpression attempts using ISSA by the group in Australia have 

involved an Arabidopsis gene overexpressed in poplar or eucalyptus, in other words a gene 

heterologous to the endogenous gene (Antanas Spokevicius, personal communication).  When 

genes native to the species in question have been over-expressed (homologous to endogenous 

genes), some form of homology-dependant gene silencing has been proposed to explain the 

unexpected phenotypes that have resulted.    For example, an early ISSA study involved the 

overexpression of a eucalyptus gene in both eucalyptus and poplar stems (Spokevicius et al. 

2007).  An effect opposite to that expected was observed in the transformed segments of the 

eucalyptus stems, and it was hypothesized that homology-dependant gene silencing had occurred.  

In contrast, no transformed segments were observed in the poplar stems.  The authors 

hypothesized that the overexpression experiments were successful but resulted in cell lethality, 

based on support from previous experiments with the gene in question.  However, the difference 

in silencing due to heterologous versus homologous transgene overexpression is not black and 

white.  There have been several examples of successful recapitulations where native genes have 

been overexpressed, especially in Arabidopsis (Weigel et al. 2000) and also in poplar (Sharon 

Regan, personal communication).  Still, using a heterologous gene in overexpression experiments 

is likely a safer route.  Unfortunately, this was not possible for RoseRNA444, since the sequence 

is not conserved in Arabidopsis or other plants, and the sequence is probably too well conserved 

between the various poplar species to avoid homology-dependant gene silencing. 

 Another way to avoid silencing caused by senseRNAi is to create pre-transformed poplar 

lines that are dysfunctional in silencing.  Sgs2 (an RNA-dependant RNA polymerase) and sgs3 (a 

coiled-coil protein of unknown function) mutants are so named for their “Suppressor of Gene 
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Silencing” phenotypes (Butaye et al. 2004).  All individuals overexpressing gusA (with a 35S 

promoter) in these mutant backgrounds showed a clear GUS phenotype (in contrast to those in the 

wild-type background) but were otherwise phenotypically unaffected.  The problem is that it 

would take a long time (~10 years) to create homozygous lines for the sgs2 and sgs3 mutant 

backgrounds in trees. 

 The best option might then be to recapitulate phenotypes from tissue culture instead of 

from the stem meristem.  Because all of the cells in the resulting tree would be transformed, 

GUS-staining would not be necessary, and real-time PCR could be used to assay levels of 

transgene expression to rule out the possibility of silencing.  In addition, there would be no 

possibility of subdued (and potentially difficult to detect) phenotypes resulting from competition 

from non-transformed cells in the stem.  The downside to full-plant recapitulation is the length of 

time required: almost a year until the tree can be transferred to soil, and an additional year for the 

tree to grow large enough to induce tension and opposite wood. 

5.7 Future directions 

Although rosewood was not the lignin mutant expected, an anthocyanin mutant is 

interesting.  If rosewood reveals a novel level of regulation in the anthocyanin synthesis pathway, 

it could have implications beyond the Populus genus.  Anthocyanins are well-known for their 

wide-ranging health benefits, either due directly to their antioxidant properties or to their 

induction of endogenous antioxidant defense systems (Butelli et al. 2008).  Although berries 

contain the highest amounts of anthocyanins, they are expensive and generally not consumed in 

large amounts.  As such, there are on-going efforts to engineer foods such as tomatoes for 

increased anthocyanin content by overexpressing regulatory factors of its biosynthetic pathway, 

often derived from other plants such as maize or snapdragon  (for a recent example, see Butelli et 
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al. 2008).  Any knowledge gained from the study of rosewood could help the initiative, especially 

if a new microRNA is implicated. 

In all cases where microRNAs were found using forward genetic strategies, the 

phenotype was shown to be rescued (for knockout mutants) or recapitulated (for activation-tagged 

mutants) with various size fragments before undertaking other analyses (Lee et al. 1993; Reinhart 

et al. 2000; Brennecke et al. 2003; Johnston and Hobert 2003; Palatnik et al. 2003).  As 

suggested in the previous section, recapitulation should be done from tissue culture as well as the 

ISSA technique; because of the time investment required, the cloning for recapitulation should be 

done as soon as possible even if the locus has not been fully characterized.  A host of different 

sizes and directions of fragments should be tried at the same time, from both sides of T-DNA, and 

many transformed lines should be generated to account for the potential of silencing or 35S 

promoter expression variability. 

 In the meantime, the first step in validating a microRNA hypothesis is evidence of a 

small RNA.  A good place to start would be the 18 bp segment of the S1 hairpin that is similar to 

the four other computationally predicted poplar mature microRNAs (Lindow et al. 2007), but all 

hairpins predicted in the bioinformatics analysis are good candidates.  Small RNAs can be 

detected by northern blot or by creation of a library of adaptor-ligated small RNAs followed by 

PCR.  The main caveat of a northern blot is its reduced sensitivity compared to PCR (Jones-

Rhoades and Bartel 2004).  However, improvements to sensitivity have been made using special 

probes or chemical cross linking (Pall and Hamilton 2008; Varallyay et al. 2008).  The second 

issue with the northern blot is that it does not reveal the boundaries of any given small RNA 

detected.  However, northern blot does not require specific knowledge of a mature miRNA; PCR 

would require many primers to be designed and tested within the candidate region.  A third option 

would be to use one of the newly available commercial kits that are based on hybridization in 
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solution as opposed to a solid-support system (for example, the mirVana miRNA detection kit 

from Invitrogen). 

 More sequence information (stretching past the 900 bp region sequenced in this work) 

from the various poplar species may help to narrow the search for potential mature miRNAs 

within putative pre-miRNA hairpins.  In 4/5 of the scenarios where microRNAs were found using 

forward genetic strategies, conservation with at least one other species was used to find highly 

conserved regions (20-60 bp) in a fragment that could recapitulate the phenotype, followed by 

probing on a northern blot with oligonucleotides designed to the conserved region (Lee et al. 

1993; Reinhart et al. 2000; Brennecke et al. 2003; Johnston and Hobert 2003; Palatnik et al. 

2003).  Sequence information from different species would also increase the accuracy of RNAz 

predictions, which can accommodate up to six sequences.  Although six sequences were used in 

the present analysis, P. alba and P. tremula are very related (92% sequence identity; see 

Appendix U) and P. alba x P. tremula represents only intraspecies variation; sequencing at least 

two other species would thus provide valuable information. 

 The novel locus needs to be characterized more fully on a molecular basis.  5’ ends in the 

antisense direction have yet to be identified.  Their elusiveness might be due to low expression in 

the tissue type assayed, and other RNA sources should be tested and different primer sets 

attempted.  Full-length transcripts should be determined by PCR (long-range when required) 

spanning the various 3’- and 5’- RACE products; for example, one could attempt to find a 1.5 kb 

transcript that extends from the most 5’ end to the most 3’ end in the sense direction.   One could 

also determine whether there are transcripts that extend further upstream or downstream of the 3’ 

and 5’ ends already identified, in both sense and antisense directions, and the bioinformatics 

analyses outlined here should be re-applied to any new transcript.  It would be useful to determine 

which 3’-RACE products are the result of true polyadenylation sites and which are a result of 
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internal priming.  Mock RT-PCR with genomic DNA and the RACE primers might resolve this 

question (it would determine if the A runs in the genomic DNA can be primed with the oligo(dT) 

primer).  Finally, the expression of sense versus antisense transcripts should be resolved, perhaps 

by adopting a strand-specific strategy such as a northern blot with RNA probes.  If after more 

RACE analysis, a region can be confidently identified where there is no overlap between sense 

and antisense transcripts, real-time PCR could be done instead. 

 A new integrative browser for exploring the P. trichocarpa genome has recently 

appeared online, called PopGenIE (Sjodin et al. 2009).  PopGenIE provides the option of 

displaying gene models from older versions of JGI.  There are two filtered gene models from JGI 

v1.0 within 20 kb of rosewood’s enhancers that had been removed from the 1.1 and 2 versions: 

fgenesh1_pg.C_scaffold_57000037 and eugene3.00570040, about 4 kb and 11 kb upstream of the 

enhancers respectively (Figure 21).  The gene model fgenesh1_pg.C_scaffold_57000037 

corresponds to ASP1, the putative aspartyl-protease gene for which no RNA could be detected in 

this thesis.  However, of the five primer sets that were designed with no knowledge of the ASP1 

intron-exon structure, only one (ASP1-11) amplifies within the exons of 

fgenesh1_pg.C_scaffold_57000037, and only one technical replicate was done with ASP1-11 in 

wild-type leaf cDNA (Table 4).   In addition, it was recently realized that the Mi4 primers 

amplify a region contained within ASP1-11 amplicon, and there was very weak amplification in 

rosewood leaf and phloem with the Mi4 primer set (Figure 6).  It is possible that there is 

increased expression of ASP1 (fgenesh1_pg.C_scaffold_57000037) in rosewood compared to 

wild-type , which may account for the difference in results between the ASP1 and Mi4 

experiments.  Although ASP1 is not as near to the enhancers or as abundantly expressed in 

rosewood as the novel transcript(s), it and eugene3.00570040 are still worth investigating further. 
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Finally, further investigation at the phenotypical level could include assaying the 

expression of enzymes involved in the biosynthesis of the anthocyanins using real-time PCR.  

The biosynthesis of pelargonidin and cyanidin glucosides occur in parallel, and upstream 

enzymes include UDP-glucose: flavonoid 3-0-glucosyltransferase (UFGT), anthocyanidin 

synthase (ANS), dihydroflavonol 4-reductase (DFR), and flavanone 3-hydroxylase (F3H) (Figure 

18).  One complicating factor is that UFGT, ANS, and DFR have at least two copies each in 

poplar, based on Populus gene models that are predicted to encode full-length proteins only (Tsai 

et al. 2006).  Another is that the increase in anthocyanin content may have resulted from a 

downregulation of enzyme activity in the pathway (especially if a microRNA has been 

upregulated at the genomic level), increasing the number of potential enzymes to be assayed.  

Most of the enzymes that divert dihydroflavonols away from anthocyanin synthesis are multi-

copy in poplar; for example, there are at least four copies of flavonol synthase (FLS) (Tsai et al. 

2006). 
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Figure 18.  Possible network of flavonoid biosynthesis genes in Populus. 
Different flavonoid classes are shaded in colour.  Metabolites/enzymatic steps that are 
unsupported in Populus are boxed in red.  The apparent absence of dihydrokaempferol may be 
attributed to F3′H/F3′5′H that converts dihydrokaempferol into dihydroquercetin and 
dihydromyricetin, or it can be attributed to FLS catalytic activity that converts dihydroflavonols 
into flavonols.  Neither Populus DFR isoform is predicted to be active toward dihydrokaempferol 
(Tsai et al. 2006). 
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Figure 19.  Examples of validated poplar microRNAs missed by online prediction programs 
Mature microRNAs are coloured in red by the online MiPrecursor tool (Appendix E).  All poplar 
microRNAs were identified by small RNA sequencing; ptc-MIR473b, ptc-MIR478b, ptc-
MIR480a and ptc-MIR481b were identified by Lu et al. (2005), ptc-MIR1445, ptc-MIR1447, and 
ptc-MIR1449 were identified by Lu et al. (2008), and peu-MIR2912a was identified by Li et al. 
(2009).
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Figure 20.  H/ACA box snoRNA secondary structure 
A.  A H/ACA box snoRNA in which both guide regions interact with a substrate RNA is shown. 
The H/ACA snoRNA sequence motifs are indicated, including left and right guide sequences, ‘H’ 
and ‘ACA’ boxes, 5' and 3' stems and the downstream U-rich region (Schattner et al. 2004).  B. 
The minimum free energy structure (folded by RNAfold) of AtsnoR5a, a H/ACA box snoRNA 
from Arabidopsis,  is shown.  MicroRNA prediction programs were used on AtsnoR5a sequence 
to test whether they could discriminate between microRNAs and H/ACA box snoRNAs, both of 
which have stem-loop structures.
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Figure 21.  Screenshot from PopGenIE browser, showing JGI filtered models centered on the location of the T-DNA insertion  
Filtered models from versions 1.0, 1.1 and 2.0 in a 40 kb window centered on the T-DNA are shown.  Version 1.1 genes were investigated using 
real-time PCR (boxed in red).  Version 1.0 genes that need to be further investigated are boxed in pink and purple. 
(http://www.popgenie.org/popgenie1/) 
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Chapter 6 

Summary and conclusions 

The task of investigating rosewood’s phenotype and genotype has been full of interesting 

surprises.  Chemical analyses showed that rosewood was not affected in lignin biosynthesis as 

expected but rather in the anthocyanin synthesis pathways.  The detection of a pelargonidin-

derived anthocyanin refutes previous suggestions that this synthesis pathway does not exist in 

poplar (Tsai et al. 2006).  Instead of a protein-coding gene, it appears that a novel, non-coding 

RNA transcript has been upregulated by the enhancers.  This transcript may be a member of a 

natural antisense pair and may contain one or many novel microRNAs.   If the microRNA 

hypothesis is correct, rosewood will be the second microRNA to be discovered in plants using a 

forward genetics approach, and the first such microRNA in poplar trees.  In addition, this thesis 

contains the first successful in vivo stem transformation applied in its entirety in the Regan lab. 

Activation-tagged populations of plants represent untapped resources in the discovery 

and characterization of microRNAs, which are increasingly shown to be an important source of 

genetic regulation.  Gain-of-function phenotypes are especially suited to microRNA discovery; 

because of their small size, the chances of a T-DNA or transposon landing on either side of one 

are much higher than insertion within one.  MicroRNAs also appear to be highly redundant with 

each other (Jones-Rhoades et al. 2006), often occurring in large families.  Despite this, there are 

only four published examples where upregulated microRNAs were shown to be the cause of 

activation-tagged phenotypes (Aukerman and Sakai 2003; Palatnik et al. 2003; Kim et al. 2005; 

Williams et al. 2005).  It is likely that many mutants are put aside when no protein-coding gene 

can be found responsible for the mutant phenotype, for lack of clear methods to implicate genes 

that have not yet been annotated or to detect non-protein coding sources of genetic regulation.  In 
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this thesis a general workflow to analyze plant sequence for non-coding RNAs was developed 

and an ab initio methodology for predicting microRNAs in plant sequence was established.  

Hopefully, these will help guide the analysis of new activation-tagged lines as well as the analysis 

of those that have been put aside. 
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Appendix A 

pSKI074 activation-tagging vector and probes used for Southern blots 

HindIII and NotI cut sites labelled; probe sites are in green. 

 

 

 

 

 

 

 

 

 

 

 

 
 
>ENHANCER PROBE SEQUENCE (314 BP) 
CGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGACCAGAGGGCTATTGAGACTTTTC
AACAAAGGGTAATATCGGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTCATCGAAAGGACA
GTAGAAAAGGAAGATGGCTTCTACAAATGCCATCATTGCGATAAAGGAAAGGCTATCGTTCAAGATGCCTC
TACCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAACATCGTGGAAAAAGAAGACGTTCCAACCA
CGTCTTCAAAGCAAGTGGATTGATGTGATA 
 
>KANAMYCIN TERMINATOR PROBE SEQUENCE (454 BP) 
GCGTGGCTTTATCTGTCTTTGTATTGTTTCATCAATTCATGTAACGTTTGCTTTTCTTATGAATTTTCAAA
TAAATTATCGATAGTACTACGAATATTTCGTATCGCTGATCTTCTCAATCACAATGATGCGTAGTGACCCG
ACAAATAATTTAAGCGTCCTTAATACCAATCCTAAAATAATTGAGGCAAATAAAATTTTTTTGTAATTTTT
ATGATAGCAGATCGATTCTCCAGCAAGCCTGCAACAAAATATTGTGTATTTCTAAATAGATTTTGATATTA
AAATCCCGAGAAAGCAAAATTGCATTTAACAAAACAGTAATTTAGTACATTAATAAAAATTATGCTCAAAC
ATTTCCATGAAATTAAAACATAATTACATTTTACAACACAATATTTTGCGATATTATTGCCTTTCGCCAAT
TTAACACTGGAAGCAATTAAAGTAGGCC 
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Appendix B 

Primers used in this thesis and not provided in kits 

Task: Genome Walking 

Role Name Primer Sequence (5’-3’) 

Anneals to enhancer region of T-DNA; 
primary PCR 

RB GSP1 GGACCCCCACCCACGAGGAACATCGTGG 

Anneals to enhancer region of T-DNA; 
nested PCR 

RB GSP2 GATTGATGTGATATCTAGATCCGAAACTATCAGTG 

Anneals to left border of T-DNA; primary 
PCR 

LB GSP1 CATCCGACATGGCGCGACCGACCTCAACG 

Anneals to left border of T-DNA; nested 
PCR 

LB GSP2 GCTCTGGGGCGTGCAAGGTTCCGGAACG 

 

Task: Real-time PCR, protein coding genes 
Role Name Primer Sequence (5’-3’) 

Real-time of ubiquitin (reference gene) 
P717UBQ-Fw TCCAAGACAAGGAAGGCATCC 
P717UBQ-Rv AGCACCAAGTGAAGGGTTGACTC 

Real-time of aspartyl protease gene 
(ASP2) 

ASP2-Fw.1 CTTTCAATCAAGGGCAACCACGCAGTTC 
ASP2-Rv.1 GATCATTCAGGTATGTAAATGAGGTACCGG 

Double-check of real-time of aspartyl 
protease gene (ASP2) 

ASP2-4-Fw TGCCCTAGTGATCAGAGCAA 
ASP2-4-Rv CCAAGTCCAAACAAGCCATT 

Real-time of unknown gene #1 
(upstream; UNK) 

Unk2-Fw CAGAGACCACTGATGCCTGA 
Unk2-Rv.2 AAATGTCTGCTTGGGAATGG 

Double-check real-time of unknown 
gene #1 (upstream; UNK) 

UNK-4-Fw AACTGTCTCTGGGGAGCAAA 
UNK-4-Rv GCTCGATCCTCTTGCAGTCT 

Real-time of unknown gene #2 
(downstream; RUNK) 

Runk-Fw TGCAGGATCATCAGATAGCAAC 
Runk-Rw.1 TGAGCTTTTTCAGCCTGTTTC 

Double-check real-time of unknown 
gene #2 (downstream; RUNK) 

Runk-4-Fw ATGAACCACAGCGTGTGAAG 
Runk-4-Rv ATCCTGACCCTCCTCTTGGT 

Real-time of putative aspartyl protease 
gene (ASP1) 

ASP1-6-Fw CTCCGCTTCATTCAAGAATTATG 
ASP1-5/6-Rv GAGTCTGCGTCCCCTTAACA 
ASP1-7-Fw AAAACCTGTTAAGGTCGCATC 
ASP1-7-Rv CCAGTTTCTAGTCAAAGCAGCAT 
ASP1-8-Fw TTCAGCAGCTGCCCTTAAAT 
ASP1-8-Rv CAACAAATTCTCGTGCGCA 
ASP1-10-Fw TATGCTTTGGACATGGTGGA 
ASP1-10-Rv GCGAACTCTACATCAATGGATG 
ASP1-11-Fw TCTGGACATTGCTGCTCCC 
ASP1-11-Rv TGGGTCGGGTTCACATTG 
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Task: Cloning for overexpression 
Role Name Primer Sequence (5’-3’) 

Amplification of the aspartyl-
protease CDS and sequencing  in 
pCAMBIA1305.1gateway+ 

ASP2ORF-TOPO-Fw GTTGCCAGTGAAAGATAGTGTTCC 

ASP2ORF-TOPO-Rv.1 CCCAGCATCGAGTCATGTTTACTA 

Amplification of full-length cDNA 
(RoseRNA444) 

RoseRNA_Fw_1 GTCGCTATATTGACTTGCGG 
RoseRNA_Rv GCAAGTAAACCCTTTATAGCAACA 

 

Task: RT-PCR and qPCR of putative microRNAs within 5kb of the enhancers 

Role Name Primer Sequence (5’-3’) 

RT-PCR and qPCR of Mireval 
prediction #1 

Mi1_Fw_1_2 CGGTGGAGAGATCAGCTTTT 
Mi1_Rv_1 GGCTTCTGGTAACAGGATTCAA 

RT-PCR of Mireval prediction #3 
Mi3_Fw_1 TTGCATTTGATGTGTGTTCATC 
Mi3_Rv_1_2 TGGACTGCTAGATCGCAGAG 

RT-PCR of Mireval prediction #4 
Mi4_Fw_1 TCTTATCGAGGGAGGGATTG 
Mi4_Rv_1 TACTGGGTCGGGTTCACATT 

 

Task: RACE and RT-PCR of the novel transcript 
Role Name Primer Sequence (5’-3’) 

RACE Batch 1 primers 
RACE_Mi1_3'_2 TTGGGTCTTTTTCGGTGGAGAGATCAGC 
RACE_Mi1_5'_2(2) AAAACAGAAAACGCAGCCTTGCCGAAGC 

RACE Batch 1 primers, 
nested 

Nested_RACE_3(1) CAGCCTGAGTCTTGCCGCTGTTTGAA 
Nested_RACE_5’_1 TCAAACAGCGGCAAGACTCAGGCTGTTA 

RACE Batch 2 primers 
RACE_Mi1_3’_3 GGACGATGATCACGGCCACGTGTAA 
RACE_Mi1_5’_3 CAGCTCAAAACAAGTCGTACCCTGCAAC 

RACE Batch 2 primers, 
nested 

Nest_RACE_3’_3 CGCGTTGAAATAAACTCGGGTGTGAATC 
Nest_RACE_5’_3 TGGCCGTGATCATCGTCCTATAGTTTCC 

PCR in Rosewood to get 
sequence for RACE 
batch 3 primer design 

PostT-DNA_349_Fw TGGTCATAACACCGACTGGA 

PostT-DNA_1314_Rv GATTGGTCCTCCTTGTTGTTG 

RACE Batch 3 primers 
3’_RACE_postTDNA_696 CCGTGATCCGGATTATTAGACCCATAGC 
5’_RACE_postTDNA_713 TTCCAGGTGTGATGCTATGGGTCT 

RACE Batch 3 primers, 
nested 

Nested_3’_RACE_postDNA_714 GACCCATAGCATCACACCTGGAAA 
Nested_5’RACE_postTDNA_ 696 GCTATGGGTCTAATAATCCGGATCACGG 

RT-PCR right border-
genomic fusion 

Upstream_RB_Fw1 GCAAGTGGAATGACATACGAAAATC 
TDNA_RB_Rv2 AAAGCAAGTGGATTGATGTGA 

RT-PCR left border-
genomic fusion 

T-DNA_LB_Fw2 TAACGCTGCGGACATCTACA 
Downstream_LB_Rv1 CCGTGATCATCGTCCTATAGTTT 
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Task: Genomic amplification for conservation analysis  
Role Name Primer Sequence (5’-3’) 

~850kb region amplified and sequenced  
in P. alba x P. tremula, P. alba, P. tremula, 
P. deltoides x P. nigra (attempt in S. alba) 

FullRACE_Fw2 TTCTTTTGCCCCAGATCAAC 

FullRACE_Rv2 TTTGGGACCGAGTAAACCTC 
~750 kb region amplified and sequenced 
in P. nigra x P. maximowiczii  (attempt in 
S. alba) 

FullRACE_Fw1 ACTTGTTACCTTCCCGCATT 

FullRACE_Rv2 TTTGGGACCGAGTAAACCTC 

Primers attempted in S. alba genome 

RoseRNA_Fw_1 GTCGCTATATTGACTTGCGG 
RoseRNA_Fw_2 TTGCGGAAGTCTTCAAAAAG 
RoseRNA_Rv GCAAGTAAACCCTTTATAGCAACA 
Mi1_Fw_1_2 CGGTGGAGAGATCAGCTTTT 
Mi1_Rv_1 GGCTTCTGGTAACAGGATTCAA 
Mi3_Fw_1 TTGCATTTGATGTGTGTTCATC 
Mi3_Rv_1_2 TGGACTGCTAGATCGCAGAG 
Mi4_Fw_1 TCTTATCGAGGGAGGGATTG 
Mi4_Rv_1 TACTGGGTCGGGTTCACATT 
P717UBQ-Fw TCCAAGACAAGGAAGGCATCC 
P717UBQ-Rv AGCACCAAGTGAAGGGTTGACTC 
UBQref1.fwd GCAGAGGTTGATTTTTGCTGGGAAGC 
UBQref2.rev ACGGAGACGCAGCACCAAGTGA 
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Appendix C 

pCAMBIA1305.1gateway+ vector map, sequence and annotation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
CaMV35S 
promoter 
with 1X 
enhancer 
for 
GUSPLUS 
 
 
 
 
 
 
GUSPLUS 
ORF 
 
 

>PCAMBIA1305.1GATEWAY+ 
AGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAA
CTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGC
ACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGCTAGAGCAGCTTGAGC
TTGGATCAGATTGTCGTTTCCCGCCTTCAGTTTAGCTTCATGGAGTCAAAGATTCAAATA
GAGGACCTAACAGAACTCGCCGTAAAGACTGGCGAACAGTTCATACAGAGTCTCTTACGA
CTCAATGACAAGAAGAAAATCTTCGTCAACATGGTGGAGCACGACACACTTGTCTACTCC
AAAAATATCAAAGATACAGTCTCAGAAGACCAAAGGGCAATTGAGACTTTTCAACAAAGG
GTAATATCCGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTTATTGTGAAG
ATAGTGGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGAAAGGCCATC
GTTGAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATC
GTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTCC
ACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAA
GGAAGTTCATTTCATTTGGAGAGAACACGGGGGACTCTTGACCATGGTAGATCTGAGGGT
AAATTTCTAGTTTTTCTCCTTCATTTTCTTGGTTAGGACCCTTTTCTCTTTTTATTTTTT
TGAGCTTTGATCTTTCTTTAAACTGATCTATTTTTTAATTGATTGGTTATGGTGTAAATA
TTACATAGCTTTAACTGATAATCTGATTACTTTATTTCGTGTGTCTATGATGATGATGAT
AGTTACAGAACCGACGAACTAGTCTGTACCCGATCAACACCGAGACCCGTGGCGTCTTCG
ACCTCAATGGCGTCTGGAACTTCAAGCTGGACTACGGGAAAGGACTGGAAGAGAAGTGGT
ACGAAAGCAAGCTGACCGACACTATTAGTATGGCCGTCCCAAGCAGTTACAATGACATTG
GCGTGACCAAGGAAATCCGCAACCATATCGGATATGTCTGGTACGAACGTGAGTTCACGG
TGCCGGCCTATCTGAAGGATCAGCGTATCGTGCTCCGCTTCGGCTCTGCAACTCACAAAG
CAATTGTCTATGTCAATGGTGAGCTGGTCGTGGAGCACAAGGGCGGATTCCTGCCATTCG
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AAGCGGAAATCAACAACTCGCTGCGTGATGGCATGAATCGCGTCACCGTCGCCGTGGACA
ACATCCTCGACGATAGCACCCTCCCGGTGGGGCTGTACAGCGAGCGCCACGAAGAGGGCC
TCGGAAAAGTCATTCGTAACAAGCCGAACTTCGACTTCTTCAACTATGCAGGCCTGCACC
GTCCGGTGAAAATCTACACGACCCCGTTTACGTACGTCGAGGACATCTCGGTTGTGACCG
ACTTCAATGGCCCAACCGGGACTGTGACCTATACGGTGGACTTTCAAGGCAAAGCCGAGA
CCGTGAAAGTGTCGGTCGTGGATGAGGAAGGCAAAGTGGTCGCAAGCACCGAGGGCCTGA
GCGGTAACGTGGAGATTCCGAATGTCATCCTCTGGGAACCACTGAACACGTATCTCTACC
AGATCAAAGTGGAACTGGTGAACGACGGACTGACCATCGATGTCTATGAAGAGCCGTTCG
GCGTGCGGACCGTGGAAGTCAACGACGGCAAGTTCCTCATCAACAACAAACCGTTCTACT
TCAAGGGCTTTGGCAAACATGAGGACACTCCTATCAACGGCCGTGGCTTTAACGAAGCGA
GCAATGTGATGGATTTCAATATCCTCAAATGGATCGGCGCCAACAGCTTCCGGACCGCAC
ACTATCCGTACTCTGAAGAGTTGATGCGTCTTGCGGATCGCGAGGGTCTGGTCGTGATCG
ACGAGACTCCGGCAGTTGGCGTGCACCTCAACTTCATGGCCACCACGGGACTCGGCGAAG
GCAGCGAGCGCGTCAGTACCTGGGAGAAGATTCGGACGTTTGAGCACCATCAAGACGTTC
TCCGTGAACTGGTGTCTCGTGACAAGAACCATCCAAGCGTCGTGATGTGGAGCATCGCCA
ACGAGGCGGCGACTGAGGAAGAGGGCGCGTACGAGTACTTCAAGCCGTTGGTGGAGCTGA
CCAAGGAACTCGACCCACAGAAGCGTCCGGTCACGATCGTGCTGTTTGTGATGGCTACCC
CGGAGACGGACAAAGTCGCCGAACTGATTGACGTCATCGCGCTCAATCGCTATAACGGAT
GGTACTTCGATGGCGGTGATCTCGAAGCGGCCAAAGTCCATCTCCGCCAGGAATTTCACG
CGTGGAACAAGCGTTGCCCAGGAAAGCCGATCATGATCACTGAGTACGGCGCAGACACCG
TTGCGGGCTTTCACGACATTGATCCAGTGATGTTCACCGAGGAATATCAAGTCGAGTACT
ACCAGGCGAACCACGTCGTGTTCGATGAGTTTGAGAACTTCGTGGGTGAGCAAGCGTGGA
ACTTCGCGGACTTCGCGACCTCTCAGGGCGTGATGCGCGTCCAAGGAAACAAGAAGGGCG
TGTTCACTCGTGACCGCAAGCCGAAGCTCGCCGCGCACGTCTTTCGCGAGCGCTGGACCA
ACATTCCAGATTTCGGCTACAAGAACGCTAGCCATCACCATCACCATCACGTGTGAATTG
GTGACCAGCTCGAATTTCCCCGATCGTTCAAACATTTGGCAATAAAGTTTCTTAAGATTG
AATCCTGTTGCCGGTCTTGCGATGATTATCATATAATTTCTGTTGAATTACGTTAAGCAT
GTAATAATTAACATGTAATGCATGACGTTATTTATGAGATGGGTTTTTATGATTAGAGTC
CCGCAATTATACATTTAATACGCGATAGAAAACAAAATATAGCGCGCAAACTAGGATAAA
TTATCGCGCGCGGTGTCATCTATGTTACTAGATCGGGAATTAAACTATCAGTGTTTGACA
GGATATATTGGCGGGTAAACCTAAGAGAAAAGAGCGTTTATTAGAATAACGGATATTTAA
AAGGGCGTGAAAAGGTTTATCCGTTCGTCCATTTGTATGTGCATGCCAACCACAGGGTTC
CCCTCGGGATCAAAGTACTTTGATCCAACCCCTCCGCTGCTATAGTGCAGTCGGCTTCTG
ACGTTCAGTGCAGCCGTCTTCTGAAAACGACATGTCGCACAAGTCCTAAGTTACGCGACA
GGCTGCCGCCCTGCCCTTTTCCTGGCGTTTTCTTGTCGCGTGTTTTAGTCGCATAAAGTA
GAATACTTGCGACTAGAACCGGAGACATTACGCCATGAACAAGAGCGCCGCCGCTGGCCT
GCTGGGCTATGCCCGCGTCAGCACCGACGACCAGGACTTGACCAACCAACGGGCCGAACT
GCACGCGGCCGGCTGCACCAAGCTGTTTTCCGAGAAGATCACCGGCACCAGGCGCGACCG
CCCGGAGCTGGCCAGGATGCTTGACCACCTACGCCCTGGCGACGTTGTGACAGTGACCAG
GCTAGACCGCCTGGCCCGCAGCACCCGCGACCTACTGGACATTGCCGAGCGCATCCAGGA
GGCCGGCGCGGGCCTGCGTAGCCTGGCAGAGCCGTGGGCCGACACCACCACGCCGGCCGG
CCGCATGGTGTTGACCGTGTTCGCCGGCATTGCCGAGTTCGAGCGTTCCCTAATCATCGA
CCGCACCCGGAGCGGGCGCGAGGCCGCCAAGGCCCGAGGCGTGAAGTTTGGCCCCCGCCC
TACCCTCACCCCGGCACAGATCGCGCACGCCCGCGAGCTGATCGACCAGGAAGGCCGCAC
CGTGAAAGAGGCGGCTGCACTGCTTGGCGTGCATCGCTCGACCCTGTACCGCGCACTTGA
GCGCAGCGAGGAAGTGACGCCCACCGAGGCCAGGCGGCGCGGTGCCTTCCGTGAGGACGC
ATTGACCGAGGCCGACGCCCTGGCGGCCGCCGAGAATGAACGCCAAGAGGAACAAGCATG
AAACCGCACCAGGACGGCCAGGACGAACCGTTTTTCATTACCGAAGAGATCGAGGCGGAG
ATGATCGCGGCCGGGTACGTGTTCGAGCCGCCCGCGCACGTCTCAACCGTGCGGCTGCAT
GAAATCCTGGCCGGTTTGTCTGATGCCAAGCTGGCGGCCTGGCCGGCCAGCTTGGCCGCT
GAAGAAACCGAGCGCCGCCGTCTAAAAAGGTGATGTGTATTTGAGTAAAACAGCTTGCGT
CATGCGGTCGCTGCGTATATGATGCGATGAGTAAATAAACAAATACGCAAGGGGAACGCA
TGAAGGTTATCGCTGTACTTAACCAGAAAGGCGGGTCAGGCAAGACGACCATCGCAACCC
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ATCTAGCCCGCGCCCTGCAACTCGCCGGGGCCGATGTTCTGTTAGTCGATTCCGATCCCC
AGGGCAGTGCCCGCGATTGGGCGGCCGTGCGGGAAGATCAACCGCTAACCGTTGTCGGCA
TCGACCGCCCGACGATTGACCGCGACGTGAAGGCCATCGGCCGGCGCGACTTCGTAGTGA
TCGACGGAGCGCCCCAGGCGGCGGACTTGGCTGTGTCCGCGATCAAGGCAGCCGACTTCG
TGCTGATTCCGGTGCAGCCAAGCCCTTACGACATATGGGCCACCGCCGACCTGGTGGAGC
TGGTTAAGCAGCGCATTGAGGTCACGGATGGAAGGCTACAAGCGGCCTTTGTCGTGTCGC
GGGCGATCAAAGGCACGCGCATCGGCGGTGAGGTTGCCGAGGCGCTGGCCGGGTACGAGC
TGCCCATTCTTGAGTCCCGTATCACGCAGCGCGTGAGCTACCCAGGCACTGCCGCCGCCG
GCACAACCGTTCTTGAATCAGAACCCGAGGGCGACGCTGCCCGCGAGGTCCAGGCGCTGG
CCGCTGAAATTAAATCAAAACTCATTTGAGTTAATGAGGTAAAGAGAAAATGAGCAAAAG
CACAAACACGCTAAGTGCCGGCCGTCCGAGCGCACGCAGCAGCAAGGCTGCAACGTTGGC
CAGCCTGGCAGACACGCCAGCCATGAAGCGGGTCAACTTTCAGTTGCCGGCGGAGGATCA
CACCAAGCTGAAGATGTACGCGGTACGCCAAGGCAAGACCATTACCGAGCTGCTATCTGA
ATACATCGCGCAGCTACCAGAGTAAATGAGCAAATGAATAAATGAGTAGATGAATTTTAG
CGGCTAAAGGAGGCGGCATGGAAAATCAAGAACAACCAGGCACCGACGCCGTGGAATGCC
CCATGTGTGGAGGAACGGGCGGTTGGCCAGGCGTAAGCGGCTGGGTTGTCTGCCGGCCCT
GCAATGGCACTGGAACCCCCAAGCCCGAGGAATCGGCGTGACGGTCGCAAACCATCCGGC
CCGGTACAAATCGGCGCGGCGCTGGGTGATGACCTGGTGGAGAAGTTGAAGGCCGCGCAG
GCCGCCCAGCGGCAACGCATCGAGGCAGAAGCACGCCCCGGTGAATCGTGGCAAGCGGCC
GCTGATCGAATCCGCAAAGAATCCCGGCAACCGCCGGCAGCCGGTGCGCCGTCGATTAGG
AAGCCGCCCAAGGGCGACGAGCAACCAGATTTTTTCGTTCCGATGCTCTATGACGTGGGC
ACCCGCGATAGTCGCAGCATCATGGACGTGGCCGTTTTCCGTCTGTCGAAGCGTGACCGA
CGAGCTGGCGAGGTGATCCGCTACGAGCTTCCAGACGGGCACGTAGAGGTTTCCGCAGGG
CCGGCCGGCATGGCCAGTGTGTGGGATTACGACCTGGTACTGATGGCGGTTTCCCATCTA
ACCGAATCCATGAACCGATACCGGGAAGGGAAGGGAGACAAGCCCGGCCGCGTGTTCCGT
CCACACGTTGCGGACGTACTCAAGTTCTGCCGGCGAGCCGATGGCGGAAAGCAGAAAGAC
GACCTGGTAGAAACCTGCATTCGGTTAAACACCACGCACGTTGCCATGCAGCGTACGAAG
AAGGCCAAGAACGGCCGCCTGGTGACGGTATCCGAGGGTGAAGCCTTGATTAGCCGCTAC
AAGATCGTAAAGAGCGAAACCGGGCGGCCGGAGTACATCGAGATCGAGCTAGCTGATTGG
ATGTACCGCGAGATCACAGAAGGCAAGAACCCGGACGTGCTGACGGTTCACCCCGATTAC
TTTTTGATCGATCCCGGCATCGGCCGTTTTCTCTACCGCCTGGCACGCCGCGCCGCAGGC
AAGGCAGAAGCCAGATGGTTGTTCAAGACGATCTACGAACGCAGTGGCAGCGCCGGAGAG
TTCAAGAAGTTCTGTTTCACCGTGCGCAAGCTGATCGGGTCAAATGACCTGCCGGAGTAC
GATTTGAAGGAGGAGGCGGGGCAGGCTGGCCCGATCCTAGTCATGCGCTACCGCAACCTG
ATCGAGGGCGAAGCATCCGCCGGTTCCTAATGTACGGAGCAGATGCTAGGGCAAATTGCC
CTAGCAGGGGAAAAAGGTCGAAAAGGTCTCTTTCCTGTGGATAGCACGTACATTGGGAAC
CCAAAGCCGTACATTGGGAACCGGAACCCGTACATTGGGAACCCAAAGCCGTACATTGGG
AACCGGTCACACATGTAAGTGACTGATATAAAAGAGAAAAAAGGCGATTTTTCCGCCTAA
AACTCTTTAAAACTTATTAAAACTCTTAAAACCCGCCTGGCCTGTGCATAACTGTCTGGC
CAGCGCACAGCCGAAGAGCTGCAAAAAGCGCCTACCCTTCGGTCGCTGCGCTCCCTACGC
CCCGCCGCTTCGCGTCGGCCTATCGCGGCCGCTGGCCGCTCAAAAATGGCTGGCCTACGG
CCAGGCAATCTACCAGGGCGCGGACAAGCCGCGCCGTCGCCACTCGACCGCCGGCGCCCA
CATCAAGGCACCCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCA
GCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCA
GGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGA
TAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCAC
CATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCT
TCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCA
GCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAAC
ATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTT
TTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGG
CGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGC
TCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGC
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GTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCC
AAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAAC
TATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGT
AACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCT
AACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACC
TTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGT
TTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTG
ATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGCATTCTAGGTACTAAAACAATTCATCCAGTAAAATATAATATTTTATTTTCTCCCAA
TCAGGCTTGATCCCCAGTAAGTCAAAAAATAGCTCGACATACTGTTCTTCCCCGATATCC
TCCCTGATCGACCGGACGCAGAAGGCAATGTCATACCACTTGTCCGCCCTGCCGCTTCTC
CCAAGATCAATAAAGCCACTTACTTTGCCATCTTTCACAAAGATGTTGCTGTCTCCCAGG
TCGCCGTGGGAAAAGACAAGTTCCTCTTCGGGCTTTTCCGTCTTTAAAAAATCATACAGC
TCGCGCGGATCTTTAAATGGAGTGTCTTCTTCCCAGTTTTCGCAATCCACATCGGCCAGA
TCGTTATTCAGTAAGTAATCCAATTCGGCTAAGCGGCTGTCTAAGCTATTCGTATAGGGA
CAATCCGATATGTCGATGGAGTGAAAGAGCCTGATGCACTCCGCATACAGCTCGATAATC
TTTTCAGGGCTTTGTTCATCTTCATACTCTTCCGAGCAAAGGACGCCATCGGCCTCACTC
ATGAGCAGATTGCTCCAGCCATCATGCCGTTCAAAGTGCAGGACCTTTGGAACAGGCAGC
TTTCCTTCCAGCCATAGCATCATGTCCTTTTCCCGTTCCACATCATAGGTGGTCCCTTTA
TACCGGCTGTCCGTCATTTTTAAATATAGGTTTTCATTTTCTCCCACCAGCTTATATACC
TTAGCAGGAGACATTCCTTCCGTATCTTTTACGCAGCGGTATTTTTCGATCAGTTTTTTC
AATTCCGGTGATATTCTCATTTTAGCCATTTATTATTTCCTTCCTCTTTTCTACAGTATT
TAAAGATACCCCAAGAAGCTAATTATAACAAGACGAACTCCAATTCACTGTTCCTTGCAT
TCTAAAACCTTAAATACCAGAAAACAGCTTTTTCAAAGTTGTTTTCAAAGTTGGCGTATA
ACATAGTATCGACGGAGCCGATTTTGAAACCGCGGTGATCACAGGCAGCAACGCTCTGTC
ATCGTTACAATCAACATGCTACCCTCCGCGAGATCATCCGTGTTTCAAACCCGGCAGCTT
AGTTGCCGTTCTTCCGAATAGCATCGGTAACATGAGCAAAGTCTGCCGCCTTACAACGGC
TCTCCCGCTGACGCCGTCCCGGACTGATGGGCTGCCTGTATCGAGTGGTGATTTTGTGCC
GAGCTGCCGGTCGGGGAGCTGTTGGCTGGCTGGTGGCAGGATATATTGTGGTGTAAACAA
ATTGACGCTTAGACAACTTAATAACACATTGCGGACGTTTTTAATGTACTGAATTAACGC
CGAATTAATTCGGGGGATCTGGATTTTAGTACTGGATTTTGGTTTTAGGAATTAGAAATT
TTATTGATAGAAGTATTTTACAAATACAAATACATACTAAGGGTTTCTTATATGCTCAAC
ACATGAGCGAAACCCTATAGGAACCCTAATTCCCTTATCTGGGAACTACTCACACATTAT
TATGGAGAAACTCGAGCTTGTCGATCGACAGATCCGGTCGGCATCTACTCTATTTCTTTG
CCCTCGGACGAGTGCTGGGGCGTCGGTTTCCACTATCGGCGAGTACTTCTACACAGCCAT
CGGTCCAGACGGCCGCGCTTCTGCGGGCGATTTGTGTACGCCCGACAGTCCCGGCTCCGG
ATCGGACGATTGCGTCGCATCGACCCTGCGCCCAAGCTGCATCATCGAAATTGCCGTCAA
CCAAGCTCTGATAGAGTTGGTCAAGACCAATGCGGAGCATATACGCCCGGAGTCGTGGCG
ATCCTGCAAGCTCCGGATGCCTCCGCTCGAAGTAGCGCGTCTGCTGCTCCATACAAGCCA
ACCACGGCCTCCAGAAGAAGATGTTGGCGACCTCGTATTGGGAATCCCCGAACATCGCCT
CGCTCCAGTCAATGACCGCTGTTATGCGGCCATTGTCCGTCAGGACATTGTTGGAGCCGA
AATCCGCGTGCACGAGGTGCCGGACTTCGGGGCAGTCCTCGGCCCAAAGCATCAGCTCAT
CGAGAGCCTGCGCGACGGACGCACTGACGGTGTCGTCCATCACAGTTTGCCAGTGATACA
CATGGGGATCAGCAATCGCGCATATGAAATCACGCCATGTAGTGTATTGACCGATTCCTT
GCGGTCCGAATGGGCCGAACCCGCTCGTCTGGCTAAGATCGGCCGCAGCGATCGCATCCA
TAGCCTCCGCGACCGGTTGTAGAACAGCGGGCAGTTCGGTTTCAGGCAGGTCTTGCAACG
TGACACCCTGTGCACGGCGGGAGATGCAATAGGTCAGGCTCTCGCTAAACTCCCCAATGT
CAAGCACTTCCGGAATCGGGAGCGCGGCCGATGCAAAGTGCCGATAAACATAACGATCTT
TGTAGAAACCATCGGCGCAGCTATTTACCCGCAGGACATATCCACGCCCTCCTACATCGA
AGCTGAAAGCACGAGATTCTTCGCCCTCCGAGAGCTGCATCAGGTCGGAGACGCTGTCGA
ACTTTTCGATCAGAAACTTCTCGACAGACGTCGCGGTGAGTTCAGGCTTTTTCATATCTC
ATTGCCCCCCGGGATCTGCGAAAGCTCGAGAGAGATAGATTTGTAGAGAGAGACTGGTGA
TTTCAGCGTGTCCTCTCCAAATGAAATGAACTTCCTTATATAGAGGAAGGTCTTGCGAAG
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GATAGTGGGATTGTGCGTCATCCCTTACGTCAGTGGAGATATCACATCAATCCACTTGCT
TTGAAGACGTGGTTGGAACGTCTTCTTTTTCCACGATGCTCCTCGTGGGTGGGGGTCCAT
CTTTGGGACCACTGTCGGCAGAGGCATCTTGAACGATAGCCTTTCCTTTATCGCAATGAT
GGCATTTGTAGGTGCCACCTTCCTTTTCTACTGTCCTTTTGATGAAGTGACAGATAGCTG
GGCAATGGAATCCGAGGAGGTTTCCCGATATTACCCTTTGTTGAAAAGTCTCAATAGCCC
TTTGGTCTTCTGAGACTGTATCTTTGATATTCTTGGAGTAGACGAGAGTGTCGTGCTCCA
CCATGTTATCACATCAATCCACTTGCTTTGAAGACGTGGTTGGAACGTCTTCTTTTTCCA
CGATGCTCCTCGTGGGTGGGGGTCCATCTTTGGGACCACTGTCGGCAGAGGCATCTTGAA
CGATAGCCTTTCCTTTATCGCAATGATGGCATTTGTAGGTGCCACCTTCCTTTTCTACTG
TCCTTTTGATGAAGTGACAGATAGCTGGGCAATGGAATCCGAGGAGGTTTCCCGATATTA
CCCTTTGTTGAAAAGTCTCAATAGCCCTTTGGTCTTCTGAGACTGTATCTTTGATATTCT
TGGAGTAGACGAGAGTGTCGTGCTCCACCATGTTGGCAAGCTGCTCTAGCCAATACGCAA
ACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACC
CCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACA
ATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCGGGGATCC
TCTAGAGGGCCCGACGTCGCATGCCTGCAGGTCACTGGATTTTGGTTTTAGGAATTAGAA
ATTTTATTGATAGAAGTATTTTACAAATACAAATACATACTAAGGGTTTCTTATATGCTC
AACACATGAGCGAAACCCTATAAGAACCCTAATTCCCTTATCTGGGAACTACTCACACAT
TATTCTGGAGAAAAATAGAGAGAGATAGATTTGTAGAGAGAGACTGGTGATTTTTGCGGA
CTCTAGCATGGCCGCGGGATATCACCACTTTGTACAAGAAAGCTGAACGAGAAACGTAAA
ATGATATAAATATCAATATATTAAATTAGATTTTGCATAAAAAACAGACTACATAATACT
GTAAAACACAACATATCCAGTCACTATGGTCGACCTGCAGACTGGCTGTGTATAAGGGAG
CCTGACATTTATATTCCCCAGAACATCAGGTTAATGGCGTTTTTGATGTCATTTTCGCGG
TGGCTGAGATCAGCCACTTCTTCCCCGATAACGGAGACCGGCACACTGGCCATATCGGTG
GTCATCATGCGCCAGCTTTCATCCCCGATATGCACCACCGGGTAAAGTTCACGGGAGACT
TTATCTGACAGCAGACGTGCACTGGCCAGGGGGATCACCATCCGTCGCCCGGGCGTGTCA
ATAATATCACTCTGTACATCCACAAACAGACGATAACGGCTCTCTCTTTTATAGGTGTAA
ACCTTAAACTGCATTTCACCAGTCCCTGTTCTCGTCAGCAAAAGAGCCGTTCATTTCAAT
AAACCGGGCGACCTCAGCCATCCCTTCCTGATTTTCCGCTTTCCAGCGTTCGGCACGCAG
ACGACGGGCTTCATTCTGCATGGTTGTGCTTACCAGACCGGAGATATTGACATCATATAT
GCCTTGAGCAACTGATAGCTGTCGCTGTCAACTGTCACTGTAATACGCTGCTTCATAGCA
CACCTCTTTTTGACATACTTCGGGTATACATATCAGTATATATTCTTATACCGCAAAAAT
CAGCGCGCAAATACGCATACTGTTATCTGGCTTTTAGTAAGCCGGATCCACGCGTTTACG
CCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGCATTCTGCCGACATGGA
AGCCATCACAGACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTT
GCGTATAATATTTGCCCATGGTGAAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGT
TTAAATCAAAACTGGTGAAACTCACCCAGGGATTGGCTGAGACGAAAAACATATTCTCAA
TAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAATATA
TGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAG
TTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCATATCACCAGCTCACCGT
CTTTCATTGCCATACGGAATTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAA
AGGCCGGATAAAACTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCA
GCTGAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGAAATGCCTCAAAATGTTCTT
TACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATTTTAG
CTTCCTTAGCTCCTGAAAATCTCGCCGGATCCTAACTCAAAATCCACACATTATACGAGC
CGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGCGGCCGCCATAGTGACTGGATATG
TTGTGTTTTACAGTATTATGTAGTCTGTTTTTTATGCAAAATCTAATTTAATATATTGAT
ATTTATATCATTTTACGTTTCTCGTTCAGCTTTTTTGTACAAACTTGTGATATCACTAGT
GCGGCCGCCTGCAGGTCGACTAGAATAGTAAATTGTAATGTTGTTTGTTGTTTGTTTTGT
TGTGGTATTGTTGTAAAAATACCGGAGTCCTCTCCAAATGAAATGAACTTCCTTATATAG
AGGAAGGGTCTTGCGAAGGATAGTGGGATTGTGCGTCATCCCTTACGTCAGTGGAGATAT
CACATCAATCCACTTGCTTTGAAGACGTGGTTGGAACGTCTTCTTTTTCCACGATGCTCC
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construct TCGTGGGTGGGGGTCCATCTTTGGGACCACTGTCGGCAGAGGCATCTTGAACGATAGCCT
TTCCTTTATCGCAATGATGGCATTTGTAGGTGCCACCTTCCTTTTCTACTGTCCTTTTGA
TGAAGTGACAGATAGCTGGGCAATGGAATCCGAGGAGGTTTCCCGATATTACCCTTTGTT
GAAAAGTCTCAATAGCCCTTTGGTCTTCTGAGACTGTATCTTTGATATTCTTGGAGTAGA
CGAGAGTGTCGTGCTCCACCATGTTGACGAAGATTTTCTTCTTGTCATTGAGTCGTAAAA
GACTCTGTATGAACTGTTCGCCAGTCTTCACGGCGAGTTCTGTTAGATCCTCGATCTGAA
TTTTTGACTCCATGGCCTTTGATTCAGTAGGAACTACTTTCTTAGAGACTCCAATCTCTA
TTACTTGCCTTGGTTTATGAAGCAAGCCTTGAATCGTCCATACTGGAATAGTACTTCTGA
TCTTGAGAAATATATCTTTCTCTGTGTTCTTGATGCAGTTAGTCCTGAATCTTTTGACTG
CATCTTTAACCTTCTTGGGAAGGTATTTGATCTCCTGGAGATTATTACTCGGGTAGATCG
TCTTGATGAGACCTGCCGCGTAGGCCTCTCTAACCATCTGTGGGTCAGCATTCTTTCTGA
AATTGAAGAGGCTAATCTTCTCATTATCGGTGGTGAACATGGTATCGTCACCTTCTCCGT
CGAACTTTCTTCCTAGATCGTAGAGATAGAGAAAGTCGTCCATGGTGATCTCCGGGGCAA
AGGAGATCAGCTTGGCTCTAGTCGACCATATGGGAGAGCTCA 
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Appendix D 

P. alba x P. tremula sequence used as query in bioinformatics analyses 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T-DNA 
inserted 
prior to 
highlighted 
sequence 

>AT_RACE  
CCATGTAAAGTAATGAACAATACAAATTTTAAGCTCATTTACATAAATATCATAATACAC
TTAATGTTAGGATCTTAATATTTATATCTTATTTTTAAAAAAATGTTAGAGAATTTTGAT
GAGTTGAATAAAAATTATAAAGTTATAGACTTTTCCAACCCTTATTTTTCTCTTCTTCAA
TTTTTTAATTCTCTTTCCTTGACTTTTCTTGTTAGCCTTTTATTCTCTCTCTTCTTTTGC
CCCAGATCAACCTTTTATCATCTAAGCAAATACTTCCCTAGTTGCTGTAGAGAGAACATG
TGCATAGGATACCTTTCACTTGTTACCTTCCCGCATTAAAGACTACATTAGTTGTCGCTA
TATTGACTTGCGGAAGTCTTCAAAAAGAAGTAAAGCTTTGGGACTTTTTCGGTGGAGAGA
TCAGCTTTTTCAAAGTTCAATTAAAAACTAACAGCCTGAGTCTTGCCGCTGTTTGAAGGT
TTAATGACTTTGAATCCTGTTACCAGAAGCCATTTCAATAATCACAAGGGAAAAACAACT
CCTCCTGCTTCGGCAAGGCTGCGTTTTCTGTTTTTCTTTAGGGTTGCTACTGGATCGAAT
CCCAAATCACCAACAGTTGACTGCAGTCGGCTGATGATAAATGCTTCCTCTCCATGAGAG
GGAGTCTTTGCTTCTGGAAGTCTGAAAGCTCTAAGGGTGAAACATGTGGCGTTAATTAAG
GCTATGAAAGGAAGTGGAAGACCAAGAACTTTGATCAATTCCTGGAACCTTCCTGTTGCT
ATAAAGGGTTTACTTGCAAAGTCTTGCAAATAACAAAAGGAAATAACTTGTTTCATTTCA
TGTTCACTTTTGACTTTGGTTGGCAACATAAACCTGCAAATGTAATAAAGAGAGAGAGAG
AGAGAGGAAGCTTCTCATTTTTTTTTTTATTTAGACAAACTACATCGTTGTTTCTCCATG
TCATTCACCATGTAATACCACCAACTTTACCTTCTGGGTGCTCACCAAAAGATGAAGTCT
GGTGATAATGACAAATACTTCAAAAAAAAAAAAAAAACCTCGAGGTTTACTCGGTCCCAA
AACCATTAAAATAGCAAGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACT
ACAACTCTTACGAAAAAGAAATGTAACAAAAAGCAGGAATTGGATATGTAGCCATAGGTA
ATTTCCTCCATGCTTCCTGTGACTCCCTCCGTCTTTGACTTTGTAGACTTCAAAGTTGCA
GCCAGGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAACGGAGAGATGGAAACTATAGGA
CGATGATCACGGCCACGTGTAAATGGAAATAACCATCCACATATTCATCGATCTAAAGTA
TTGATTAACCACTCAAACTCTTGGAAAAAACTAGCACGCGTCTAGTTCAGTATAAACGCG
TTGAAATAAACTCGGGTGTGAATCTCATCTAAAGAATTCAAAGTTGCAGGGTACGACTTG
TTTTGAGCTGAATAGTTTACAAGCTGCCTTAATAGAAAAATTTGCCATTGTGGTCATAAC
ACCGACTGGATTAAATAAATTCATTTTGTTTTAAAAAATAAAATGAGATCATGATAACAT
AAGAAAAAAATATTTTTTAGCTCAATTCTTATCCCGTTAAATATAAAATGATGAAATATG
ATAAAGAAAAAACAGCCTAAAAAAATCAACTTTGATCAACCCGAGATAGAAAGACAAACA
TGTAACTCCATTAATCAAGATCAAGTCAACCCCAGTTATTCTACCACACCCGAAACCTGG
ATCAAGATATCATAATTACCCTATAGAAAAAAAAATAAAAAAAATCACAAAACTTTTTTT
TTTAAAAAAAATATCAACCTACATTAACTTTTTAAATCCGTGATCCGGATTATTAGACCC
ATAGCATCACACCTGGAAAATAATGAAACTCAATTCTCAATTAATCAAGTATTTAAGGAT
GAGATTGAAAAAAAAATTTAATTATACAAAACGATTAAAAACAAAAAATAACAATTAAAA
GAATAAGGATTAAAATTGTAATAGAAATAAATTTTATATTTTATTGAAGGGTGAAATTGA
AAAGAAAAATTAATTTAGAAAAATGACCAAAAAACAACCAAAAGAATGATTATCAAAATT
AACATACAAAATAAAAATATTTTTTTTATTAAAGGGTGAAATTGAGAAGAAAATTAACTT
AAACAAAAAAAATCAAAAGAATGAGAATCAAATTGGTAAAAACAATACGTTATAAATTTA
GATTGAATGATGAAATTAAAAGTCAATAAAAAATTTATAAAAGGG 



 

 131 

Appendix E 

Bioinformatics tools 

Name Use Publication/source Website 
JGI Poplar Integrative exploration of the Populus trichocarpa 

genome 
Joint Genomics 
Institute 

http://genome.jgi-
psf.org/Poptr1_1/Poptr1_1.home.html 

PopGenIE Integrative exploration of the Populus trichocarpa 
genome 

(Sjodin et al. 2009) http://www.PopGenIE.db.umu.se/PopGenIE/ 

ORF Finder Finds all open reading frames of a selectable minimum 
size in a user's sequence 

NCBI tool http://www.ncbi.nlm.nih.gov/projects/gorf/ 

AUGUSTUS Predicts genes in eukaryotic genomic sequences (Stanke et al. 2004) http://augustus.gobics.de/submission 
Eukaryotic 
GeneMark 

Predicts genes in eukaryotic genomic sequences (Lomsadze et al. 2005) http://exon.gatech.edu/GeneMark/eukhmm.c
gi 

GENESCAN Predicting the locations and exon-intron structures of 
genes in genomic sequences from a variety of organisms. 

(Burge and Karlin 
1997) 

http://genes.mit.edu/GENSCAN.html 

fRNAdb A comprehensive non-coding RNA sequence database (Kin et al. 2007) http://www.ncrna.org/frnadb/ 
ncRNAdb Non-coding RNA database (Szymanski et al. 

2007)() 
http://biobases.ibch.poznan.pl/ncRNA 

Rfam Search for homology to known structural RNA families (Griffiths-Jones et al. 
2005) 

http://rfam.janelia.org/ 

NONCODE Database of all kinds of noncoding RNAs (Liu et al. 2005) http://159.226.118.44:8080/index.htm 
Genomic T-RNA 
Database 

Gene predictions made by the program tRNAscan-SE on 
complete genomes (including Populus trichocarpa) 

(Chan and Lowe 2009) http://lowelab.ucsc.edu/GtRNAdb/ 

SILVA rRNA 
database 

Comprehensive, quality checked and regularly updated 
datasets of aligned small and large subunit ribosomal 
RNA sequences for all three domains of life 

(Pruesse et al. 2007) http://www.arb-silva.de 

Plant snoRNA 
database 

Brings together information from three independent 
computer-assisted searches of the Arabidopsis genome 
for box C/D snoRNA genes and from studies of ncRNAs 

Scottish Crop Research 
Institute - 
Computational Biology 

http://bioinf.scri.sari.ac.uk/cgi-
bin/plant_snorna/home 

Blast2sequence Aligns two (or more) sequences using BLAST NCBI http://blast.ncbi.nlm.nih.gov/Blast.cgi 
RNAmmer 1.2 Predicts 5s/8s, 16s/18s, and 23s/28s ribosomal RNA in 

genomic sequence 
(Lagesen et al. 2007) http://www.cbs.dtu.dk/services/RNAmmer/ 
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tRNAscan-SE Searches for tRNA genes in genomic sequence (Lowe and Eddy 1997) http://lowelab.ucsc.edu/tRNAscan-SE/ 
Snoscan Searches for C/D box methylation guide snoRNA genes 

in genomic sequence 
(Schattner et al. 2005) http://lowelab.ucsc.edu/snoscan/ 

snoGPS Searches for H/ACA snoRNA genes in genomic 
sequence 

(Schattner et al. 2005) http://lowelab.ucsc.edu/snoGPS/ 

miRBase Searchable database of published, experimentally verified 
miRNA sequences 

(Griffiths-Jones et al. 
2008)(Ritchie et al. 
2008) 

http://www.mirbase.org/ 

mirEval Computational method for miRNA gene prediction (Xue et al. 2005) http://tagc.univ-mrs.fr/mireval/ 
miR-abela Computational method for miRNA prediction (Sewer et al. 2005) http://www.mirz.unibas.ch/cgi/pred_miRNA

_genes.cgi 
BayesMiRNAfind Computational method for miRNA gene prediction (Yousef et al. 2006) https://bioinfo.wistar.upenn.edu/miRNA/miR

NA/login.php 
miPred Computational method for miRNA gene prediction (Jiang et al. 2007) http://www.bioinf.seu.edu.cn/miRNA/ 
RNAfold Secondary structure prediction of single stranded RNA or 

DNA sequences. 
(Hofacker et al. 1994)  http://rna.tbi.univie.ac.at/cgi-

bin/RNAfold.cgi 
RNAz Predict structurally conserved and thermodynamically 

stable RNA secondary structures in multiple sequence 
alignments 

(Washietl et al. 2005; 
Gruber et al. 2007) 

http://rna.tbi.univie.ac.at/cgi-bin/RNAz.cgi 

PMRD (Plant 
MicroRNA Database) 

Searchable database of published predicted miRNA 
sequences, not necessarily experimentally verified 

(Zhang et al. 2009) http://bioinformatics.cau.edu.cn/PMRD/ 

MiPrecursor Fold and draw a pre-miRNA with the mature miRNA 
shown in red 

The Bioinformatics 
Centre, University of 
Copenhagen, Denmark 

http://people.binf.ku.dk/morten/services/miPr
ecursor/miPrecursor.cgi 
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Appendix F 

Perl script to test 20-mers against four complexity rules 

#!/usr/bin/perl -w 
 
#****************************************************************** 
# 
# Tests 20-mers against four complexity rules 
# Date modified: Feb 11 2010 
# Authors: Jacob Deorksen, Claire Chesnais 
# 
#****************************************************************** 
 
 
$file =$ARGV[0]; 
$out = $ARGV[1]; 
 
#Parameters for checking 20-mer complexity 
$MAX_SINGLE = 12; #Max count of any given nucleotide 
$MAX_SUM = 17;  #Max sum of the count of any two nucleotides 
$MAX_DINUC=11;  #Max sum of the count of any three dinucleotides 
 
open(O,">$out"); 
open(F,$file); 
 
#Holds the identifier for the sequence 
$sequenceId=''; 
 
#Loop through each line 
foreach $line (<F>) { 
    $start = substr $line,0,1; 
     
    #Check the first character to see if it's a '<' - 
    #this is indicative of a new sequence 
    #All subsequent lines are assumed to be 20-mers 
     
    if ($start eq ">"){ 
 $sequenceId = substr $line,0,(length($line)-1);  
    }else{  
 chomp($line); 
 if (length($line)>1){ 
      
     #Test 1 - Test that the count of any given 
     #nucleotides does not exceed 12 
     $A =  countChars('A',$line); 
     $T =  countChars('T',$line); 
     $C =  countChars('C',$line); 
     $G =  countChars('G',$line); 
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     #the results for the test 1 
     $test1 = ($A<=$MAX_SINGLE && 
        $T<=$MAX_SINGLE && 
        $C<=$MAX_SINGLE && 
        $G<=$MAX_SINGLE); 
      
     #Test 2 - Test that the sum of the count of any 
     #two nucleotides does not exceed 17 
     $AnT = $A + $T; 
     $AnC = $A + $C; 
     $AnG = $A + $G; 
     $TnC = $T + $C; 
     $TnG = $T + $G; 
     $CnG = $C + $G; 
     #results for test 2 
     $test2 = ($AnT<=$MAX_SUM && 
        $AnC<=$MAX_SUM && 
        $AnG<=$MAX_SUM && 
        $TnC<=$MAX_SUM && 
        $TnG<=$MAX_SUM && 
        $CnG<=$MAX_SUM); 
      
     #Test 3 - Test that there is at least 1 of every nucleotide 
     $test3 = ($A!=0 && $T!=0 && $C!=0 && $G!=0); 
      
     #Test 4 - Test that the sume of count of any 
     #three dinucleotides does not exceed 11 
     $AA = &countSubstrings("AA",$line); 
     $AT = &countSubstrings("AT",$line); 
     $AC = &countSubstrings("AC",$line); 
     $AG = &countSubstrings("AG",$line); 
      
     $TA = &countSubstrings("TA",$line); 
     $TT = &countSubstrings("TT",$line); 
     $TC = &countSubstrings("TC",$line); 
     $TG = &countSubstrings("TG",$line); 
      
     $CA = &countSubstrings("CA",$line); 
     $CT = &countSubstrings("CT",$line); 
     $CC = &countSubstrings("CC",$line); 
     $CG = &countSubstrings("CG",$line); 
      
     $GA = &countSubstrings("GA",$line); 
     $GT = &countSubstrings("GT",$line); 
     $GC = &countSubstrings("GC",$line); 
     $GG = &countSubstrings("GG",$line); 
      
     #Store the results in an array and sort 
     #it to find the maximum count 
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     @dinuc = ($AA, $AT, $AC, $AG, 
        $TA, $TT, $TC, $TG, 
        $CA, $CT, $CC, $CG, 
        $GA, $GT, $GC, $GG); 
     @dinuc = reverse sort(@dinuc); 
     #the results of test 4 
     $test4 = ($dinuc[0] + $dinuc[1] + $dinuc[2] <= $MAX_DINUC); 
      
     #Output the results 
     print O "$sequenceId"; 
 
     if ($test1 && $test2 && $test3){ 
  print O "\tPASS"; 
     }else{ 
  print O "\tFAIL"; 
     } 
      
     if ($test1 && $test2 && $test3 && $test4){ 
  print O "\tPASS"; 
     }else{ 
  print O "\tFAIL"; 
     } 
      
     print O "       "; 
      
     if ($test1){ 
  print O "\tPASS"; 
     }else{ 
  print O "\tFAIL"; 
     } 
      
     if ($test2){ 
  print O "\tPASS"; 
     }else{ 
  print O "\tFAIL"; 
     } 
      
     if ($test3){ 
  print O "\tPASS"; 
     }else{ 
  print O "\tFAIL"; 
     } 
      
      if ($test4){ 
  print O "\tPASS"; 
     }else{ 
  print O "\tFAIL"; 
     } 
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     print O "\n";   
     print O "$line"; 
     print O "\n"; 
 } 
    }    
} 
close(O); 
 
#Find the number of occurences of a given string inside another string 
sub countSubstrings { 
   my($search, $contents) = @_; 
   my $offset = length($contents); 
    my $result = rindex($contents, $search, $offset); 
    $count=0; 
    while ($result != -1) { 
 $count++; 
 $offset = $result - 1; 
 $result = rindex($contents, $search, $offset);  
    } 
    return $count; 
} 
 
#Finds the number of occurences of a char inside a string 
#Original function from miRcheck scripts 
sub countChars{ 
    my ($char,$seq) = @_; 
    my (@seq,$count,$a) = (); 
    $count = 0; 
    @seq = split("",$seq); 
    foreach $i (@seq){ 
        if ($i eq $char) {++$count;} 
    } 
    return($count); 
} 
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Appendix G 

Perl script to extract 20-mers from longer sequences 

#!/usr/bin/perl -w 
 
#****************************************************************** 
# 
# Finds all possible subsequence with a length of 20 bases 
# Date modified: Feb 11 2010 
# Authors: Jacob Deorksen, Claire Chesnais 
# 
#****************************************************************** 
 
$file =$ARGV[0]; 
$out = $ARGV[1]; 
 
open(O,">$out"); 
open(F,$file); 
 
$SEQUENCE_LENGTH = 20; 
 
#Holds the identifier for the sequence 
$sequenceId=''; 
 
#Loop through each line 
foreach $line (<F>) { 
    $start = substr $line,0,1; 
     
    #Check the first character to see if it's a '<' 
    #this is indicative of a new sequence 
    #If it isn't a new sequence, find all possible 
    #subsequences with a length of 20 
     
    if ($start eq ">"){ 
 $sequenceId = substr $line,0,(length($line)-2); 
  
 #Add some spacing for cleaner output 
 print O "\n\n\n";  
    }else{ 
 #We assume the current line is the sequence 
 chomp($line); 
  
 #Store an offset for the start position of the subsequence 
 $pos=0;  
 $subseq = substr $line,$pos,$SEQUENCE_LENGTH; 
  
 #Loop through all possible sub sequences of the proper length 
 while(!($subseq eq "") && $pos < length($line) - $SEQUENCE_LENGTH){ 
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     #print the sub sequence 
     print O $sequenceId; 
     print O "_$pos\n"; 
     print O "$subseq\n"; 
     $pos++; 
     $subseq = substr $line,$pos,$SEQUENCE_LENGTH; 
 } 
    } 
} 
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Appendix H 

Data from Klason lignin analysis on opposite wood stem segments 

 

 

 

Sample tissue (g)
crucible 
(g)

+retentate 
(g) retentate (g) % insol. lignin A205

4% acid 
(g)

+sample 
(g)

sample 
(g) dil. factor

% sol. 
lignin

RW 1 0.2007 29.6127 29.6576 0.0449 22.4 0.5046 0.9 1 0.1 10 2.629
717 1 0.2017 62.3949 62.4322 0.0373 18.5 0.6641 0.9 1 0.1 10 3.442
RW 2 0.2013 23.2721 23.3146 0.0425 21.1 0.6615 0.9 1 0.1 10 3.436
717 2 0.2016 23.6003 23.6415 0.0412 20.4 0.6139 0.9 1 0.1 10 3.184
RW 3 0.2032 23.4685 23.5101 0.0416 20.5 0.6349 0.9 1 0.1 10 3.267
717 3 0.2015 24.0299 24.0764 0.0465 23.1 0.6139 0.9 1 0.1 10 3.185
RW 4 0.2014 24.1542 24.2001 0.0459 22.8 0.5081 0.9 1 0.1 10 2.638
717 4 0.2007 24.666 24.7182 0.0522 26.0 0.4331 0.9 1 0.1 10 2.256

soluble lignininsoluble lignin
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Appendix I 

GenomeWalking sequencing results 

NAMING 
“R” = ROSEWOOD 
“D”, “S”, “E” = FROM DRAI, STUI OR ECORV  LIBRARIES, RESPECTIVELY 
1100, 400 ETC = ESTIMATED SIZE OF PCR BAND  
 
LEGEND 
NESTED ADAPTOR PRIMER  
RB GSP2 
LB GSP2 
T-DNA RIGHT BORDER SEQUENCE 
LEFT BORDER SEQUENCE 
PSKI074 VECTOR SEQUENCE  
DUPLICATED AND INVERTED VECTOR SEQUENCE 
DUPLICATED ROSEWOOD GENOMIC SEQUENCE (NOT PRESENT IN WILD-TYPE ALLELE) 
UNKNOWN ORIGIN 
ROSEWOOD GENOMIC SEQUENCE 
 
RIGHT BORDER WORK 
>RD1100 Consensus (T7 AND SP6 READS, BOTH IN-HOUSE AND ROBARTS 
SEQUENCING) 
ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTAAAAAAATGTTAGAGAATTTTGATGAGTTGAATAA
AAATTATAAAGTTATAGACTTTTCCAACCCTTATTTTTCTCTTCTTCAATTTTTTAATTCTCTTTCCTTGA
CTTTTCTTGTTAGCCTTTTATTCTCTCTCTTCTTTTGCCCCAGATCAACCTTTTATCATCTAAGCAAATAC
TTCCCTAGTTGCTGTAGAGAGAACATGTGCATAGGATACCTTTCACTTGTTACCTTCCCGCATTAAAGACT
ACATTAGTTGTCGCTATATTGACTTGCGGAAGTCTTCAAAAAGAAGTAAAGCTTTGGGACTTTTTCGGCGG
AGAGATCAGCTTTTTCAAAGTTCAATTAAAAACTAACAGCCTGAGTCTTGCCGCTGTTTGAAGGTTTAATG
ACTTTGAATCCTGTTACCAGAAGCCATTTCAATAATCACAAGGGAAAAACAACTCCTCCTGCTTCGGCAAG
GCTGCGTTTTCTGTTTTTCTTTAGGGTTGCTACTGGATCGAATCCTAAATCACCAACAGTTGACTGCAGTC
GGCTGATGATAAATGCTTCCTCTCCATGAGAGGGAGTCTTTGCTTCTGGAAGTCTGAAAGCTCTAAGGGTG
AAACATGTGGCGTTAATTAAGGCTATGAAAGGAAGTGGAAGACCAAGAACTTTGATCAATTCCTGGAACCT
TCCTGTTGCTATAAAGGGTTTACTTGCAAAGTCTTGCAAATAACAAAAGGAAATAACTTGTTTCATTTCAT
GTTCACTTTTGACTTTGGTTGGCAACATAAACCTGCAAATGTAATAAAGAGAGAGAGAGAGAGAGGAAGCT
TCTCATTTTTTTTTATTTAGACAAACTACATCGTTGTTTCTCCATGTCATTCACCATGTAATACCACCAAC
TTTACCTTCTGGGTGCTCACCAAAAGATGAAGTCTGGTGATAATGACAAATACTTCAAAAAAAAAAAAAAA
ACCTCGAGGTTTACTCGGTCCCAAAACCATTAAAATAGCAAGTGGAATGACATACGAAAATCACTGCTTGA
GGTTTTCAAAACTACAACTCTTACGAAAAAGAAATGTAACAAAAAGCAGGAATTGGATATGTAGCCACAAA
CACTGATAGTTTCGGATCTAGATATCACATCACTCAATC 
 
>RD425  
ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTTTTGACTTTGGTTGGCAACATAAACCTGCAAATGT
AATAAAGAGAGAGGGAGGAAGCTTCTCATTTTTTTTATTTAGACAAACTACATCGTTGTTTCTCCATGTCA
TTCACCATGTAATACCACCAACTTTACCTTCTGGGTGCTCACCAAAAGATGAAGTCTGGTGATAATGACAA
ATACTTCAAAAAAAAAAACCTCGAGGTTTACTCGGTCCCAAAACCATTAAAATAGCAAGTGGAATGACATA
CGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTACGAAAAAGAAATGTAACAAAAAGCAGGAATT
GGATATGTAGCCACAAACACTGATAGTTTCGGATCTAGATATCACATCAATCA 
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>RS1100 Consensus (T7 AND SP6 READS, BOTH IN-HOUSE AND ROBARTS 
SEQUENCING)  
ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTATAATACACTTAATGTTAGGATCTTAATATTTATA
TCTTATTTTTAAAAAAATGTTAGAGAATTTTGATGAGTTGAATAAAAATTATAAAGTTATAGACTTTTCCA
ACCCTTATTTTTCTCTTCTTCAATTTTTTAATTCTCTTTCTTTGACTTTTCTTGTTAGCCTTTTATTCTCT
CTCTTCTTTTGCCCCAGATCAACCTTTTATCATCTAAGCAAATACTTCCCTAGTTGCTGTAGAGAGAACAT
GTGCATAGGATACCTTTCACTTGTTACCTTCCCGCATTAAAGACTACATTAGTTGTCGCTATATTGACTTG
CGGGAGTCTTCAAAAAGAAGTAAAGCTTTGGGACTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGTTCAAT
TAAAAACTAACAGCCTGAGTCTTGCCGCTGTTTGAAGGTTTAATGACTTTGAATCCTGTTACCAGAAGCCA
TTTCAATAATCACAAGGGAAAAACAACTCCTCCTGCTTCGGCAAGGCTGCGTTTTCTGTTTTTCTTTAGGG
TTGCCACTGGATCGAATCCCAAATCACCAACAGTTGACTGCAGTCGGCTGATGATAAATACTTCCTCTCCA
TGAGAGGGAGTCTTTGCTTCTGGAAGTCTGAAAGCTCTAAGGGTGAAACATGTGGCGTTAATTAAGGCTAT
GAAAGGAAGTGGAAGACCAAGAACTTTGATCGATTCCTGGAACCTTCCTGTTGCTATAAAGGGTTTACTTG
CAAAGTCTTGCAAATAACAAAAGGAAATAACTTGTTTCATTTCATGTTCACTTTTGGCTTTGGTTGGCAAC
ATAAACCTGCAAATGTAATAAAGAGAGAGAGAGAGAGAGGAAGCTTCTCATTTTTTTTTATTTAGACAAAC
TACATCGTTGTTTCTCCATGTCATTCACCATGTAATACCACCAACTTTACCTTCTGGGTACTCACCAAAAG
ATGAAGTCTGGTGATAATGACAAATACTTCAAAAAAAAAAAACCTCGAGGTTTACTCGGTCCCAAAACCAT
TAAAATAGCAAGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTACGAAAAA
GAAATGTAACAAAAAGCAGGAATTGGATATGTAGCCACAAACACTGATAGTTTCGGATCTAGATATCAATC 
 
>RS500  
ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTAACCTTCCTGTTGCTATAAAGGGTTTACTTGCAAA
GTCTTGCAAATAACAAAAGGAAATAACTTGTTTCATTTCATGTTCACTTTTGACTTTGGTTGGCAACATAA
ACCTGCAAATGTAATAAAGAGAGAGAGAGAGAGAGGAAGCTTCTCATTTTTTTTTTATTTAGACAAACTAC
ATCGTTGTTTCTCCATGTCATTCACCATGTAATACCACCAACTTTACCTTCTGGGTGCTCACCAAAAGATG
AAGTCTGGTGATAATGACAAATACTTCAAAAAAAAAAAACCTCGAGGTTTACTCGGTCCCAAAACCATTAA
AATAGCAAGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTACGAAAAAGAA
ATGTAACAAAAAGCAGGAATTGGATATGTAGCCACAAACACTGATAGTTTCGGATCTAGATATCACATCAA
TC 
 
>RS400  
ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTTTTGACTTTGGTTGGCAACATAAACCTGCAAATGT
AATAAAGAGAGAGAGAGAGGAAGCTTCTCATTTTTTTTATTTAGACAAACTACATCGTTGTTTCTCCATGT
CATTCACCATGTAATACCACCAACTTTACCTTCTGGGTGCTCACCAAAAGATGAAGTCTGGTGATAATGAC
AAATACTTCAAAAAAAAAAAACCTCGAGGTTTACTCGGTCCCAAAACCATTAAAATAGCAAGTGGAATGAC
ATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTACGAAAAAGAAATGTAACAAAAAGCAGGA
ATTGGATATGTAGCCACAAACACTGATAGTTTCGGATCTAGATATCACATC 
 
>RS200  
ACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTCATGTCATTCACCATGTAATACCACCAACTTTACC
TTCTGGGTGCTCACCAAAAGATGAAGTCTGGTGATAATGACAAATACTTCAAAAAAAAAAAACCTCGAGGT
TTACTCGGTCCCAAAACCATTAAAATAGCAAGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAA
ACTACAGCTCTTACGAAAAAGAAATGTAACAAAAAGCAGGAATTGGATATGTAGCCACAAACACTGATAGT
TTCGGATCTAGATATCACAT 
 
 
LEFT BORDER WORK 
>RD900 Consensus (T7 AND SP6 READS) 
GCTCTGGGGCGTGCAGGTTCCGGAACGAACATCGGTCTCAATGCAAAAGGGGAACGCCAGGCTCTGTTGGC
CCCTCGAGGTCGACGGTATCGATAAGCTTATCGATATCTAGATCTCGAGCTCGAGATCTAGATATCGATCG
TGAAGTTTCTCATCTAAGCCCCCATTTGGACGTGAATGTAGACACGTCGAAATAAAGATTTCCGAATTAGA
ATAATTTGTTTATTGCTTTCGCCTATAAATACGACGGATCGTAATTTGTCGTTTTATCAAAATGTACTTTC
ATTTTATAATAACGCTGCGGACATCTACATTTTTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCC
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TCCATATTGACCATCATACTCATTGCTGATCCATGTAGATTTCCCGGACATGAAGCCATTTACAATTGAAT
ATATCCTGGAAATCTACATGGATCAGCAAAAGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAGAAAGATA
CCCCTCCGTCTTTGACTTTGTAGACTTCAAAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTTCCCCCCAC
TTAACGGAGAGATGGAAACTATAGGACGATGATCACGGCCACGTGTAAATGGAAATAACCATCCACATATT
CATCGATCTAAAGTATTGATTAACCACTCAAACTCTTGGAAAAAACTAGCACGCGTCTAGTTCAGTATAAA
CGCGTTGAAATAAACTCGGGTGTGAATCTCATCTAAAGAATTCAAAGTTGCAGGGTACGACTTGTTTTGAG
CTGAATAGTTTACAAGCTGCCTTAAGCCATTGTGGTCATAACACCGACTGGATTAAATAAATTCATTTTGT
TTTACCAGCCCGGGCCGTCGACCACGCGTGCCCTATAGT 
 
>RE750 Consensus (T7 AND SP6 READS) 
GCTCTGGGGCGTGCAAGGTTCCGGAACGAACATCGGTCTCAATGCAAAAGGGGAACGCCAGGCTCTGTTGG
CCCCTCGAGGTCGACGGTATCGATAAGCTTATCGATATCTAGATCTCGAGCTCGAGATCTAGACATCGATC
GTGAAGTTTCTCATCTAAGCCCCCATTTGGACGTGAATGTAGACACGTCGAAATAAAGATTTCCGAATTAG
AATAATTTGTTTATTGCTTTCGCCTATAAATACGACGGATCGTAATTTGTCGTTTTATCAAAATGTACTTT
CATTTTATAATAACGCTGCGGACATCTACATTTTTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTC
CTCCATATTGACCATCATACTCATTGCTGATCCATGTAGATTTCCCGGACATGAAGCCATTTACAATTGAA
TATATCCTGGAAATCTACATGGATCAGCAAAAGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAGAAAGAT
ACCCCTCCGTCTTTGACTTTGTAGACTTCAAAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTTCCCCCCA
CTTAACGGAGAGATGGAAACTATAGGACGATGATCACGGCCACGTGTAAATGGAAATAACCAGCCCGGGCC
GTCGACCACGCGTGCCCTATAGT 
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Appendix J 

T-DNA with surrounding rosewood genomic sequence 

Blue =Rosewood 
genomic 
sequence 

 

 

 

 

 

 

 

 

 

Blue highlight= RB 
GSP2 
 
 
 
Orange = 
Enhancers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Purple = T7 
promoter 
 

CCATGTAAAGTAATGAACAATACAAATTTTAAGCTCATTTACATAAATATCATAA
TACACTTAATGTTAGGATCTTAATATTTATATCTTATTTTTAAAAAAATGTTAGA
GAATTTTGATGAGTTGAATAAAAATTATAAAGTTATAGACTTTTCCAACCCTTAT
TTTTCTCTTCTTCAATTTTTTAATTCTCTTTCCTTGACTTTTCTTGTTAGCCTTT
TATTCTCTCTCTTCTTTTGCCCCAGATCAACCTTTTATCATCTAAGCAAATACTT
CCCTAGTTGCTGTAGAGAGAACATGTGCATAGGATACCTTTCACTTGTTACCTTC
CCGCATTAAAGACTACATTAGTTGTCGCTATATTGACTTGCGGAAGTCTTCAAAA
AGAAGTAAAGCTTTGGGACTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGTTCAA
TTAAAAACTAACAGCCTGAGTCTTGCCGCTGTTTGAAGGTTTAATGACTTTGAAT
CCTGTTACCAGAAGCCATTTCAATAATCACAAGGGAAAAACAACTCCTCCTGCTT
CGGCAAGGCTGCGTTTTCTGTTTTTCTTTAGGGTTGCTACTGGATCGAATCCCAA
ATCACCAACAGTTGACTGCAGTCGGCTGATGATAAATGCTTCCTCTCCATGAGAG
GGAGTCTTTGCTTCTGGAAGTCTGAAAGCTCTAAGGGTGAAACATGTGGCGTTAA
TTAAGGCTATGAAAGGAAGTGGAAGACCAAGAACTTTGATCAATTCCTGGAACCT
TCCTGTTGCTATAAAGGGTTTACTTGCAAAGTCTTGCAAATAACAAAAGGAAATA
ACTTGTTTCATTTCATGTTCACTTTTGACTTTGGTTGGCAACATAAACCTGCAAA
TGTAATAAAGAGAGAGAGAGAGAGAGGAAGCTTCTCATTTTTTTTTTTATTTAGA
CAAACTACATCGTTGTTTCTCCATGTCATTCACCATGTAATACCACCAACTTTAC
CTTCTGGGTGCTCACCAAAAGATGAAGTCTGGTGATAATGACAAATACTTCAAAA
AAAAAAAAAAAACCTCGAGGTTTACTCGGTCCCAAAACCATTAAAATAGCAAGTG
GAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTACGAAA
AAGAAATGTAACAAAAAGCAGGAATTGGATATGTAGCCACAAACACTGATAGTTT
CGGATCTAGATATCACATCAATCCACTTGCTTTGAAGACGTGGTTGGAACGTCTT
CTTTTTCCACGATGTTCCTCGTGGGTGGGGGTCCATCTTTGGGACCACTGTCGGT
AGAGGCATCTTGAACGATAGCCTTTCCTTTATCGCAATGATGGCATTTGTAGAAG
CCATCTTCCTTTTCTACTGTCCTTTCGATGAAGTGACAGATAGCTGGGCAATGGA
ATCCGAGGAGGTTTCCCGATATTACCCTTTGTTGAAAAGTCTCAATAGCCCTCTG
GTCTTCTGAGACTGTATCTTTGATATTCTTGGAGTAGACGAGAGTGTCGTGCTCC
ACCATGTTGGGGATCTAGATATCACATCAATCCACTTGCTTTGAAGACGTGGTTG
GAACGTCTTCTTTTTCCACGATGTTCCTCGTGGGTGGGGGTCCATCTTTGGGACC
ACTGTCGGTAGAGGCATCTTGAACGATAGCCTTTCCTTTATCGCAATGATGGCAT
TTGTAGAAGCCATCTTCCTTTTCTACTGTCCTTTCGATGAAGTGACAGATAGCTG
GGCAATGGAATCCGAGGAGGTTTCCCGATATTACCCTTTGTTGAAAAGTCTCAAT
AGCCCTCTGGTCTTCTGAGACTGTATCTTTGATATTCTTGGAGTAGACGAGAGTG
TCGTGCTCCACCATGTTGGGGATCTAGATATCACATCAATCCACTTGCTTTGAAG
ACGTGGTTGGAACGTCTTCTTTTTCCACGATGTTCCTCGTGGGTGGGGGTCCATC
TTTGGGACCACTGTCGGTAGAGGCATCTTGAACGATAGCCTTTCCTTTATCGCAA
TGATGGCATTTGTAGAAGCCATCTTCCTTTTCTACTGTCCTTTCGATGAAGTGAC
AGATAGCTGGGCAATGGAATCCGAGGAGGTTTCCCGATATTACCCTTTGTTGAAA
AGTCTCAATAGCCCTCTGGTCTTCTGAGACTGTATCTTTGATATTCTTGGAGTAG
ACGAGAGTGTCGTGCTCCACCATGTTGGGGATCTAGATATCACATCAATCCACTT
GCTTTGAAGACGTGGTTGGAACGTCTTCTTTTTCCACGATGTTCCTCGTGGGTGG
GGGTCCATCTTTGGGACCACTGTCGGTAGAGGCATCTTGAACGATAGCCTTTCCT
TTATCGCAATGATGGCATTTGTAGAAGCCATCTTCCTTTTCTACTGTCCTTTCGA
TGAAGTGACAGATAGCTGGGCAATGGAATCCGAGGAGGTTTCCCGATATTACCCT
TTGTTGAAAAGTCTCAATAGCCCTCTGGTCTTCTGAGACTGTATCTTTGATATTC
TTGGAGTAGACGAGAGTGTCGTGCTCCACCATGTTGGGGATCCACTAGTTCTAGA
GCGGCCGCCACCGCGGTGGAGCTCCAATTCGCCCTATAGTGAGTCGTATTACAAT
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Grey = Derived 
from pUC19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Purple= T7 
promoter 
 
Brown = 
Terminator  
 

TCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAAC
TTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGC
CCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCGAC
GCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGA
CCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTT
TCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTA
GGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTG
ATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTT
GGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAAC
CCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATT
GGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATT
AACGTTTACAATTTCCCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTA
TTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACC
CTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTC
CGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACC
CAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGG
TTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAA
GAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTAT
CCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAA
TGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACA
GTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACT
TACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACAT
GGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATA
CCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCA
AACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTG
GATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGC
TGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTG
CAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGG
GAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCA
CTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTG
ATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAA
TCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCC
GTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCT
GCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGA
GCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAAT
ACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCAC
CGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGA
TAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAG
CGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCT
ACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGA
AGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGC
ACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTC
GCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCT
ATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCT
TTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTA
CCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGA
GTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCG
CGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGG
GCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGC
TTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAA
TTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTCGGAATTAACCCTC
ACTAAAGGGAACAAAAGCTGGTACCGGGCCCCCCCTCGAGCCGACCAACCGCAAG
CGTTGTCAGTGTTGCAAAGCGCTCTGTGTGGGCCTACTTTAATTGCTTCCAGTGT
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Turquoise = 
mRNA for 
kanamycin 
resistance 
 
 
 
 
 
 
 
Green  = LB 
sequence, 
includes 
mannopine 
synthase 
promoter and 5’ 
sequence 
 
Purple highlight = 
LB GSP2 
 
Red = Vector 
backbone 
sequence directly 
flanking LB in 
pSKI074 (8053-
7703)  
 
Pink = inverted 
duplication of 
pSKI074 
backbone 
sequence (7739-
7759) 
 
Pale blue = 
Duplication of  
downstream 
poplar sequence 

TAAATTGGCGAAAGGCAATAATATCGCAAAATATTGTGTTGTAAAATGTAATTAT
GTTTTAATTTCATGGAAATGTTTGAGCATAATTTTTATTAATGTACTAAATTACT
GTTTTGTTAAATGCAATTTTGCTTTCTCGGGATTTTAATATCAAAATCTATTTAG
AAATACACAATATTTTGTTGCAGGCTTGCTGGAGAATCGATCTGCTATCATAAAA
ATTACAAAAAAATTTTATTTGCCTCAATTATTTTAGGATTGGTATTAAGGACGCT
TAAATTATTTGTCGGGTCACTACGCATCATTGTGATTGAGAAGATCAGCGATACG
AAATATTCGTAGTACTATCGATAATTTATTTGAAAATTCATAAGAAAAGCAAACG
TTACATGAATTGATGAAACAATACAAAGACAGATAAAGCCACGCACATTTAGGAT
ATTGGCCGAGATTACTGAATATTGAGTAAGATCACGGAATTTCTGACAGGAGCAT
GTCTTCAATTCAGCCCAAATGGCAGTTGAAATACTCAAACCGCCCCATATGCAGG
AGCGGATCTTCTTGTTTGTTTGGTTGCCTTTGCCAACATGGGAGTCCAAGGTTTC
AGGGAAGCTGGAATTCCGGGGTGGGCGAAGAACTCCAGCATGAGATCCCCGCGCT
GGAGGATCATCCAGCCGGCGTCCCGGAAAACGATTCCGAAGCCCAACCTTTCATA
GAAGGCGGCGGTGGAATCGAAATCTCGTGATGGCAGGTTGGGCGTCGCTTGGTCG
GTCATTTCGAACCCCAGAGTCCCGCTCAGAAGAACTCGTCAAGAAGGCGATAGAA
GGCGATGCGCTGCGAATCGGGAGCGGCGATACCGTAAAGCACGAGGAAGCGGTCA
GCCCATTCGCCGCCAAGCTCTTCAGCAATATCACGGGTAGCCAACGCTATGTCCT
GATAGCGGTCCGCCACACCCAGCCGGCCACAGTCGATGAATCCAGAAAAGCGGCC
ATTTTCCACCATGATATTCGGCAAGCAGGCATCGCCATGGGTCACGACGAGATCC
TCGCCGTCGGGCATGCGCGCCTTGAGCCTGGCGAACAGTTCGGCTGGCGCGAGCC
CCTGATGCTCTTCGTCCAGATCATCCTGATCGACAAGACCGGCTTCCATCCGAGT
ACGTGCTCGCTCGATGCGATGTTTCGCTTGGTGGTCGAATGGGCAGGTAGCCGGA
TCAAGCGTATGCAGCCGCCGCATTGCATCAGCCATGATGGATACTTTCTCGGCAG
GAGCAAGGTGAGATGACAGGAGATCCTGCCCCGGCACTTCGCCCAATAGCAGCCA
GTCCCTTCCCGCTTCAGTGACAACGTCGAGCACAGCTGCGCAAGGAACGCCCGTC
GTGGCCAGCCACGATAGCCGCGCTGCCTCGTCCTGGAGTTCATTCAGGGCACCGG
ACAGGTCGGTCTTGACAAAAAGAACCGGGCGCCCCTGCGCTGACAGCCGGAACAC
GGCGGCATCAGAGCAGCCGATTGTCTGTTGTGCCCAGTCATAGCCGAATAGCCTC
TCCACCCAAGCGGCCGGAGAACCTGCGTGCAATCCATCTTGTTCAATCATGCGAA
ACGATCCGGGGAATTCGCTAGAGTCGATTTGGTGTATCGAGATTGGTTATGAAAT
TCAGATGCTAGTGTAATGTATTGGTATTTGGGAAGATATAATAGGAAGCAAGGCT
ATTTATCCATTTCTGAAAAGGCGAAATGGCGTCACCGCGAGCGTCACGCGCATTC
CGTTCTTGCTGTAAAGCGTTGTTTGGTACACTTTTGACTAGCGAGGCTTGGCGTG
TCAGCGTATCTATTCAAAAGTCGTTAATGGCTGCGGATCAAGAAAAAGTTGGAAT
AGAAACAGAATACCCGCGAAATTCAGGCCCGGTTGCCATGTCCTACACGCCGAAA
TAAACGACCAAATTAGTAGAAAAATAAAAACTAGCTCAGATACTTACGTCACGTC
TTGCGCACTGATTTGAAAAATCTCAATATAAACAAAGACGGCCACAAGAAAAAAC
CAAAACACCGATATTCATTAATCTTATCTAGTTTCTCAAAAAAATTCATATCTTC
CACACGTGAAAATGCCAATTTCTCAGACCTACCTCGGCTCTGCGAAGGCCCCCGC
TGGTATCAAAAGTTTTTATTTCATCCGACATGGCGCGACCGACCTCAACGAGAAG
GAAATTGTCGTGAACGGTGAGAAGCTCTGGGGCGTGCAAGGTTCCGGAACGAACA
TCGGTCTCAATGCAAAAGGGGAACGCCAGGCTCTGTTGGCCCCTCGAGGTCGACG
GTATCGATAAGCTTATCGATATCTAGATCTCGAGCTCGAGATCTAGATATCGATC
GTGAAGTTTCTCATCTAAGCCCCCATTTGGACGTGAATGTAGACACGTCGAAATA
AAGATTTCCGAATTAGAATAATTTGTTTATTGCTTTCGCCTATAAATACGACGGA
TCGTAATTTGTCGTTTTATCAAAATGTACTTTCATTTTATAATAACGCTGCGGAC
ATCTACATTTTTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCCTCCATA
TTGACCATCATACTCATTGCTGATCCATGTAGATTTCCCGGACATGAAGCCATTT
ACAATTGAATATATCCTGGAAATCTACATGGATCAGCAAAAGCAAAAGCAGCTTG
TCTTTTTCCCCCCACTTAGAAAGATACCCCTCCGTCTTTGACTTTGTAGACTTCA
AAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAACGGAGAGAT
GGAAACTATAGGACGATGATCACGGCCACGTGTAAATGGAAATAACCATCCACAT
ATTCATCGATCTAAAGTATTGATTAACCACTCAAACTCTTGGAAAAAACTAGCAC
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Light green = 
sequence of 
unknown origin 
 
Blue = Rosewood 
genomic 
sequence 

GCGTCTAGTTCAGTATAAACGCGTTGAAATAAACTCGGGTGTGAATCTCATCTAA
AGAATTCAAAGTTGCAGGGTACGACTTGTTTTGAGCTGAATAGTTTACAAGCTGC
CTTAATAGAAAAATTTGCCATTGTGGTCATAACACCGACTGGATTAAATAAATTC
ATTTTGTTTTAAAAAATAAAATGAGATCATGATAACATAAGAAAAAAATATTTTT
TAGCTCAATTCTTATCCCGTTAAATATAAAATGATGAAATATGATAAAGAAAAAA
CAGCCTAAAAAAATCAACTTTGATCAACCCGAGATAGAAAGACAAACATGTAACT
CCATTAATCAAGATCAAGTCAACCCCAGTTATTCTACCACACCCGAAACCTGGAT
CAAGATATCATAATTACCCTATAGAAAAAAAAATAAAAAAAATCACAAAACTTTT
TTTTTTAAAAAAAATATCAACCTACATTAACTTTTTAAATCCGTGATCCGGATTA
TTAGACCCATAGCATCACACCTGGAAAATAATGAAACTCAATTCTCAATTAATCA
AGTATTTAAGGATGAGATTGAAAAAAAAATTTAATTATACAAAACGATTAAAAAC
AAAAAATAACAATTAAAAGAATAAGGATTAAAATTGTAATAGAAATAAATTTTAT
ATTTTATTGAAGGGTGAAATTGAAAAGAAAAATTAATTTAGAAAAATGACCAAAA
AACAACCAAAAGAATGATTATCAAAATTAACATACAAAATAAAAATATTTTTTTT
ATTAAAGGGTGAAATTGAGAAGAAAATTAACTTAAACAAAAAAAATCAAAAGAAT
GAGAATCAAATTGGTAAAAACAATACGTTATAAATTTAGATTGAATGATGAAATT
AAAAGTCAATAAAAAATTTATAAAAGGG 
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Appendix K 

Real-time PCR of the upstream unknown gene (UNK) 

Standard Curves 

Statistics (one sample, one-tailed t-tests, null hypothesis: mean regulation = 1) 
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Appendix L 

Real-time PCR of the aspartyl-protease family gene (ASP2) 

Standard curves 

Statistics (one sample, one-tailed t-tests, null hypothesis: mean regulation = 1) 
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Phloem data 
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Appendix M 

Real-time PCR of the downstream unknown gene (RUNK) 

Standard curves 

Statistics (one sample, one-tailed t-tests, null hypothesis: mean regulation = 1) 
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Appendix N 

Real-time PCR of UNK, ASP2 and RUNK with second set of primers 

Real-time results of the protein-coding genes annotated within 20 kb of either side of the T-DNA.  

Means of fold upregulation of the gene in rosewood compared to wild-type are shown, calculated 

from two technical replicates in each tissue sample; bars indicate ranges. 
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RUNK data and calculations 
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Appendix O 

Candidate microRNAs predicted by mirEval and assayed by RT-PCR 

1) List of microRNAs predicted within the intergenic sequence on either side of the T-DNA 

insertion (~20,000 kb of sequence). 

Start 
(scaffold_57)

End 
(scaffold_57)

Size (bp)

313460 313550 90

314110 314260 150

314600 314680 80

315190 315350 160

317120 317200 80

317550 317630 80

317910 318000 90

321510 321640 130

322340 322480 140

325370 325460 90

326250 326340 90

329160 329240 80

329810 329890 80

330990 331070 80  

 

2) Putative microRNAs assayed by RT-PCR 

Black font is the microRNA as predicted by mirEval and blue font is the surrounding genomic 

sequence.  Primers used for RT-PCR are highlighted in yellow.  Predicted microRNAs are shown 

as folded by RNAfold. 

 

>MI1 (SCAFFOLD _57: 326 250 326 340) 
AAGCAAAGCTTTGGGTCTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGCTCAATTAAAAATTAACAGACTG
AGTCTTGCCGCTGTTTGAAGGTTTAATGACTTTGAATCCTGTTACCAGAAGCCATTTCAATAAGCACAAGG 
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>MI3 (SCAFFOLD _57: 322 340  322 480) 
TGTATTCAAGAGAATGGAACTCGATATATATTATCTAGTGTAAGTATTGCATTTGATGTGTGTTCATCAAA
AAGAAAGTAAACATGTGAATTAGTATTAGATCAAATGAATGCTACACTTGGAATCTAACTGACCTTGTAAC
AGGTGCAAGTTAGAATTCTCTGCGATCTAGCAGTCCATTGTCATGTAAAATGATGATAT 
 
 
 
 
 
 
 
 
 
 
 
 
 
>MI4 (SCAFFOLD _57: 321 510321 640) 
TGGTTCATTTCTGGACATTGCTGCTCCCATGGTCTATTTGGGCTGGGCATGGAGAAGATTTCTGCTCCTAG
TGTCTTATCGAGGGAGGGATTGATAGCAGATTCTTTCTCCATATGCTTTGGACATGGTGGAATTGGAAGTG
ACTCTATTCAATGTGAACCCGACCCAGTAAGTATTAATTTCTCACTTACCTGATGCTAATTGTGATTGTCT 
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Appendix P 

Real-time PCR of the Mi1 transcript 

Standard curves 
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Appendix Q 

3’-RACE sequencing results 

LEGEND 
RACE UNIVERSAL PRIMER A (UP) 
RACE NESTED UNIVERSAL PRIMER A (NUP) 
MI1_RACE_3’_2 
NESTED_RACE_3(1) 
NESTED_RACE_5’_1 
RACE_MI1_3’_3 
NESTED_RACE_3’_5 
NESTED_3’_RACE_POSTDNA_714 
 
BATCH 1 PRIMERS 
>RACE “1” 
TTGGGTCTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGTTCAATTAAAAACTAACAGCCTGAGTCTTGCCG
CTGTTTGAAGGTTTAATGACTTTGAATCCTGTTACCAGAAGCCATTTCAATAATCACAAGGGAAAAACAAC
TCCTCCTGCTTCGGCAAGGCTGCGTTTTCTGTTTTTCTTTAGGGTTGCTACTGGATCGAATCCCAAATCAC
CAACAGTTGACTGCAGTCGGCTGATGATAAATGCTTCCTCTCCATGAGAGGGAGTCTTTGCTTCTGGAAGT
CTGAAAGCTCTAAGGGTGAAACATGTGGCGTTAATTAAGGCTATGAAAGGAAGTGGAAGACCAAGAACTTT
GATCAATTCCTGGAACCTTCCTGTTGCTATAAAGGGTTTACTTGCAAAGTCTTGCAAATAACAAAAGGAAA
TAACTTGTTTCATTTCATGTTCACTTTTGACTTTGGTTGGCAACATAAACCTGCAAATGTAATAAAGAGAG
AGAGAGAGAGAGGAAGCTTCTCATTTTTTTTTTTATTTNNACAAACTACATCGTTGTTTCTCCATGTCATT
CACCATGTAATACCACCAACTTTACCTTCTGGGTGCTCACCAAAAGATGAAGTCTGGTGATAATGACAAAT
ACTTCAAAAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGATACCACTGCTTGCCCTATAGTGAGTCGT
ATTAG 
 
>RACE “3”  
CAGCCTGAGTCTTGCCGCTGTTTGAAGGTTTAATGACCTTGAATCCTGTTACCAGAAGCCATTTCAATAAT
CATAAGGGAAAAACAACTCCTCCTGCTTCGGCAAGGATGCCTTTTCTGTTTTTCTTTAGGGTTTCTACTGG
ATCGAATCCCAAATCACCAACAGTTGACTGCAGTCGGCTGATGATAAATGCTTCCTCTCCATGAGAGGGAG
TCTTTGCTTCTGGAAGTCTGAAAGCCATAAGGGTGAAACATGTGGCGTTAATTAAGGCTATGAAAGGCAGT
GGAAGACCAAGAACTTTGATCAATTCCAGGAACCTTCCTGTTGCTATAAAGGGCTTACTTGCAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGATACCACTGCTA 
 
>RACE “C1A”  
CAGCCTGAGTCTTGCGCTGTTTGAAGGTTTAATGACTTTGAATCCTGTTACCAGAAGCCATTTCAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGATACCACTGCTT 
 
>RACE “R1A”  
AAGCAGTGGTATCAACGCAGAGTATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCCATGTAAAGTAATGAA
CAATACAAATTTTAAGCTCATTTACATAAATATCATAATACACTTAATGTTAGGATCTTAATATTTATATC
TTATTTTTAAAAAAATGTTAGAGAATTTTGATGAGTTGAATAAAAATTATAAAGTTATAGACTTTTCCAAC
CCTTATTTTTCTCTTCTTCAATTTTTTAATTCTCTTTCTTTGACTTTTCTTGTTAGCCTTTTATTCTCTCT
CTTCTTTTGCCCCAGATCAACCTTTTATCATCTAAGCAAATACTTCCCTAGTTGCTGTAGAGAGAACATGT
GCATAGGATACCTTTCACTTGTTACCTTCCCGCATTAAAGACTACATTAGTTGTCGCTATATTGACTTGCG
GAAGTCTTCAAAAAGAAGTAAAGCTTTGGGACTTTTTCGGTGGAGAGACCAGCTTTTTCAAAGTTCAATTA
AAAACTAACAGCCTGAGTCTTGCCGTTGTTTGA 
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>RACE “R1B”  
AAGCAGTGGTATCAACGCAGAGTACTTTTTTTTTTTTTTTTTTTTTTTGTTAGCCTTTTATTCTCTCTCTT
CTTTTGCCCCAGATCAACCTTTTATCATCTAAGCAAATACTTCCCTAGTTGCTGTAGAGAGAACATGTGCA
TAGGATACCTTTCACTTGTTACCTTCCCGCATTAAAGACTACATTAGTTGTCGCTATATTGACTTGCGGAA
GTCTTCAAAAAGAAGTAAAGCTTTGGGACTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGTTCAATTAAAA
ACTAACAGCCTGAGTCTTGCCGCTGTTTGA 
 
BATCH 2 PRIMERS 
>RACE “4” 
GGACGATGATCACGGCCACGTGTAAATGGAAATAACCATCCACATATTCATCGATCTAAAGTATTGATTAA
CCACTCAAACTCTTGGAAAAAACTAGCACGCGTCTAGTTCAGTATAAACGCGTTGAAATAAACTCGGGTGT
GAATCTCATCTAAAGAATTCAAAGTTGCAGGGTACGACTTGTTTTGAGCTGAATAGTTTACAAGCTGCCTT
AATAGAAAAATTTGCCATTGTGGTCATAACACCGACTGGATTAAATAAATTCATTTTGTTTTAAAAAATAA
AATGAGATCATGATAACATAAGAAAAAAATATTTTTTAGCTCAATTCTTATCCCGTTAAATATAAAATGAT
GAAATATGATAAAGAAAAAACAGCCTAAAAAAATCAACTTTGATCAACCCGAGATAGAAAGACAAACATGT
AACTCCATTAATCAAGATCAAGTCAACCCCAGTTATTCTACCACACCCGAAACCTGGATCAAGATATCATA
ATTACCCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGATACACTGCCTGCCCTATAG
TGAGTCGTATTAG 
 
>RACE “C2A”  
GTTGCAGGGTACGACTTGTTTTGAGCTGAATAGTTTACAAGCTGCCTTAATAGAAAAATTTGCCATTGTGG
TCATAACACCGACTGGATTAAATAAATTCATTTTGTTTTAAAAAATAAAATGAGATCATGATAACATAAGA
AAAAAATATTTTTTAGCTCAATTCTTATCCCGTTAAATATAAAATGATGAAATATGATAAAGAAAAAACAG
CCTAAAAAAATCAACTTTGATCAACCCGAGATAGAAAGACAAACATGTAACTCCATTAATCAAGATCAAGC
CAACCCAAGTTATTCTACCACACCCGAAACCTGGATCAAGATATCATAATTACCCTATAGAAAAAAAAATA
AAAAAAATCACAAAACTTTTTTTTTTAAAAAAAATATCAACCTACATTAACTTTTTAAATCCGTGATCCGG
ATTATTAGACCCATAGCATCACACCTGGAAAATAATGAAACTCAATTCTCAATTAATCAAGTATTTAAGGA
TGAGATTGAAAAAAAAAATTTAATTATACAAAACGATTAAAAACAAAAAATAACAATTAAAAGAATAAGGA
TTAAAATTGTAATAGAAATAAATTTTATATTTTATTGAAGGGTGAAATTGAAAAGAAAAATTAATTTAGAA
AAATGACCAAAAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGATACCACTGCTT 
 
>RACE “5” 
GTTGCAGGGTACGACTTGTTTTGAGCTGAATAGTTTACAAGCTGCCTTAATAGAAAAATTTGCCATTGTGG
TCATAACACCGACTGGATTAAATAAATTCATTTTGTTTTAAAAAATAAAATGAGATCATGATAACATAAAA
AAAAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGATACCACTGCTT 
 
 
BATCH 3 PRIMERS 
>RACE “3-3” 
GACCCATAGCATCACACCTGGAAAATAATGAAACTCAATTCTCAATTAATCAAGTATTTAAGGATGAGATT
GAAAAAAAAATTTAATTATACAAAACGATTAAAAACAAAAAATAACAATTAAAAGAATAAGGATTAAAATT
GTAATAGAAATAAATTTTATATTTTATTGAAGGGTGAAATTGAAAAGAAAAATTAATTTAGAAAAATGACC
AAAAAACAACCAAAAGAATGATTATCAAAATTAACATACAAAATAAAAATATTTTTTTTATTAAAGGGTGA
AATTGAGAAGAAAATTAACTTAAACAAAAAAAATCAAAAGAATGAGAATCAAATTGGTAAAAACAATACGT
TATAAATTTAGATTGAATGATGAAATTAAAAGTCAATAAAAAATTTATAAAAGGGAAAAAAAAAAAAAAAA
AAAAAAAAAGTACTCTGCGTAGATACCACTGCTT 
 
>RACE “C3A”  
GACCCATAGCATCACACCTGGAAAATAATGAAACTCAATTCTCAATTAATCAAGTATTTAAGGATGAGATT
GAAAAAAAAAATTTAATTATACAAAACGATTAAAAACAAAAAATAACAATTAAAAGAATAAGGATTAAAAT
TGTAATAGAAATAAATTTTATATTTTATTGAAGGGTGAAATTGAAAAGAAAAATTAATTTAGAAAAATGAC
CAAAAAACAACCAAAAGAATGATTATCAAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGATACCACTG
CTT 
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>RACE “C3B”  
GACCCATAGCATCACACCTGGAAAATAATGAAACTCAATTCTCAATTAATCAAGTATTTAAGGATGAGATT
GAAAAAAAAAATTTAATTATACAAAACGATTAAAAACAAAAAATAACAATTAAAAGAATAAGGATTAAAAT
TGTAATAGAAATAAATTTTATATTTTATTGAAGGGGGAAAAAAAAAAAAAAAAAAAAAAAAAAGTACTCTG
CGTTGATACCACTGCTT 
 
>RACE “C3C”  
GACCCATAGCATCACACCTGGAAAATAATGAAACTCAATTCTCAATTAATCAAGTATTTAAGGATGAGATT
GAAAAAAAAAATTTAATTATACAAAACGATTAAAAAAAAAAAAAAAAAAAAAAAAAGTACTCTGCGTTGAT
ACCACTGCTT 
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Appendix R 

5’-RACE sequencing results 

LEGEND 
RACE NESTED UNIVERSAL PRIMER A (NUP) 
NESTED_RACE_5’_1 
NESTED_RACE_5’_3  
NESTED_5’RACE_POSTTDNA_ 696 
 
BATCH 1 PRIMERS 
>RACE “2A” 
AAGCAGTGGTATCAACGCAGAGTACGCGGGGTCGCTATATTGACTTGCGGAAGTCTTCAAAAAGAAGTAAA
GCTTTGGGACTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGTTCAATTAAAAACTAACAGCCTGAGTCTTG
CCGCTGTTTGA 
 
>RACE “2B”  
AAGCAGTGGTATCAACGCAGAGTACGCGGGCAGGTGGGGAGATCAGCTTTTTCAAAGTTCAATTAAAAACT
AACAGCCTGAGTCTTGCCGCTGT 
 
BATCH 2 PRIMERS 
>RACE “6” 
AAGCAGTGGTATCAACGCAGAGTACGCGGGTTCCTGTTGCTATAAAGGGTTTACTTTCAAATAACAAAAGG
AAATAACTTGTTTCATTTCATATTCACTTTTGACTTTGGTTGGCAACATAAACCTGCAAATGTAATAGAGA
GAGAGAGAGAGAGAGAGGAAGCTTCTCGTTTTTTATTGATTTAGACAAACTACATCGTTGTTTCTCCATGT
CATTCACCATGTTATACCACCAACTTTAGCTTATGGGTGCTCACCAAAAGATGAAGTCTAAATAATGGTGA
TAATGACAAATACTAAAAAAAAACAAAAAAAAAACTCGAGGTTTACTCGGTCCCAAAACCATTAAAATAGC
AAGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTGCGAAAAAGAAATGTAA
CAAAAAGCAGGAATTGGATATGTAGCCATAGGTAATTTCCTCCATGCTTCCTGTGACTCCCTCCGTCTTTG
ACTTTTGTAGCCTTCAAAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTCCCCCCCACTTAACGGAGAGAT
GGAAACTATAGGACGATGATCACGGCCA 
 
>RACE “R2C”  
AAGCAGTGGTATCAACGCAGAGTACGCGGGAAGCAGTGGTATCAACCCAGAGTACGCGGGTCGTTGTTTCT
CCACGTCATTCACCATGTTATACCACCAACTTTAGCTTATGGGTGCTCACCAAAAGATGAAGTCTAAATAA
TGGTGATAATGACAAATACTAAAAAAAAAACAAAAAAAAAAACTCGAGGTTTACTCGGTCCCAAAACCATT
AAAATAGCAAGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTGCGAAAAAG
AAATGTAACAAAAAGCAGGAATTGGATATGTAGCCATAGGTAATTTCCTCCATGCTTCCTGTGACTCCCTC
CGTCTTTGACTTTTGTAGCCTTCAAAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTCCCCCCCACTTAAC
GGAGAGATGGAAACTATAGGACGATGATCACGGCCA 
 
 
>RACE “R2D”  
AAGCAGTGGTATCAACGCAGAGTACGCGGGTTGAGGTTTTCAAAACTACAACTCTTGCGAAAAAGAAATGT
AACAAAAAGCAGGAATTGGATATGTAGCCATAGGTAATTTCCTCCATGCTTCCTGTGACTCCCTCCGTCTT
TGACTTTTGTAGCCTTCAAAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTCCCCCCCACTTAACGGAGAG
ATGGAAACTATAGGACGATGATCACGGCCA 
 
>RACE “R2B”  
AAGCAGTGGTATCAACGCAGAGTACGCGGGGATCTAGATATCGATCGTGAAGTTTCTCATCTAAGCCCCCA
TTTGGACGTGAATGTAGACACGTCGAAATAAAGATTTCCGAATTAGAATAATTTGTTTATTGCTTTCGCCT
ATAAATACGACGGATCGTAATTTGTCGTTTTATCAAAATGTACTTTCATTTTATAATAACGCTGCGGACAT
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CTACATTTTTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCCTCCATATTGACCATCATACTCATT
GCTGATCCATGTAGATTTCCCGGACATGAAGCCATTTACAATTGAATATATCCTGGAAATCTACATGGATC
AGCAAAAGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAGAAAGATACCCCTCCGTCTTTGACTTTGTAGA
CTTCAAAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAACGGAGAGATGGAAACTATAG
GACGATGATCACGGCCA 
 
 
BATCH 3 PRIMERS 
>RACE “3-5A” (NOT FULLY SEQUENCED IN THE MIDDLE) 
AAGCAGTGGTATCAACGCAGAGTACGCGGGTTCCTGTTGCTATAAAGGGTTTACTTTCAAATAACAAAAGG
AAATAATTTGTTTCATTTCATATTCACTTTTGACTTTGGTTGGCAACATAAACCTGCAAATGTAATAGAGA
GAGAGAGAGAGAGAGAGGAAGCTTCTCGTTTTTTATTGATTTAGACAAACTACATCGTTGTTTCTCCATGT
CATTCACCATGTTATACCACCAACTTTAGCTTATGGGTGCTCACCAAAAGATGAAGTCTAAATAATGGTGA
TAATGACAAATACTAAAAAAAAACAAAAAAAAACTCGAGGTTTACTCGGTCCCAAAACCATTAAAATAGCA
AGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTGCGAAAAAGAAATGTAAC
AAAAAGC.... 
....GGGAATTCGATTTGGTCATAACACCGACTGGATTAAATAAATTCATTTTGTTTTAAAAAATAAAATG
AGATCATGATAACATAAGAAAAAAATATTTTTTAGCTCAATTCTTATCCCGTTAAATATAAAATGATGAAA
TATGATAAAGAAAAAACAGCCTAAAAAAATCAACTTTGATCAACCCGAGATAGAAAGACAAACATGTAACT
CCATTAATCAAGATCAAGTCAACCCAAGTTATTCTACCACACCCGAAACCTGGATCAAGATATCATAATTA
CCCTATAGAAAAAAAAAATAAAAAAAATCACAAAACTTTTTTTTTTAAAAAAAATATCAACCTACATTAAC
TTTTTAAATCCGTGATCCGGATTATTAGACCCATAGC 
 
>RACE “R3A”  
AAGCAGTGGTATCAACGCAGAGTACGTGGGTCTTTTCCTCCATATTGACCATCATACTCATTGCTGATCCA
TGTAGATTTCCCGGACATGAAGCCATTTACAATTGAATATATCCTGGAAATCTACATGGATCAGCAAAAGC
AAAAGCAGCTTGTCTTTTTCCCCCCTCTTAGAAAGATACCCCTCCGTCTTTGACTTTGTAGACTTCAAAGT
TGCAGCCAGGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAACGGAGAGATGGAAACTATAGGACGATGAT
CACGGCCACGTGTAAATGGAAATAACCATCCACATATTCATCGATCTAAAGTATTGATTAACCACTCAAAC
TCTTGGAAAAAACTAGCACGCGTCTAGTTCAGTATAAACGCGTAGAAATAAACTCGGGTGTGAATCTCATC
TAAAGAATTCAAAGTTGCAGGGTACGACTTGTTTTGAGCTGAATAGTTTACAAGCTGCCTTAATAGAAAAA
TTTGCCATTGTGGTCATAACACCGACTGGATTAAATAAATTCATTTTGTTTTAAAAAATAAAATGAGATCA
TGATAACATAAGAAAAAAATATTTTTTAGCTCAATTCTTATCCCGTTAAATATAAAATGATGAAATATGAT
AAAGAAAAAAACAGCCTAAAAAAATCAACTTTGATCAACCCGAGATAGAAAGACAAACATGTAACTCCATT
AATCAAGATCAAGTCAACCCAAGTTATTCTACCACACCCGAAACCTGGATCAAGATATCATAATTACCCTA
TAGAAAAAAAAATAAAAAAAATCACAAAACTTTTTTTTTTTAAAAAAAATATCAACCTACATTAACTTTTT
AAATCCGTGATCCGGATTATTAGACCCATAGC 
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Appendix S 

RT-PCR of genomic and T-DNA border fusions 

Right Border 
UPSTREAM_RB_FW1 
TDNA_RB_RV2 
T-DNA INSERTION 
ENHANCERS 
 
EXPECTED AMPLICON SIZES: 150 BP AND 489 BP 
 
GCAAGTGGAATGACATACGAAAATCACTGCTTGAGGTTTTCAAAACTACAACTCTTACGAAAAAGAAATGT
AACAAAAAGCAGGAATTGGATATGTAGCCA(TDNA)CAAACACTGATAGTTTCGGATCTAGATATCACATC
AATCCACTTGCTTTGAAGACGTGGTTGGAACGTCTTCTTTTTCCACGATGTTCCTCGTGGGTGGGGGTCCA
TCTTTGGGACCACTGTCGGTAGAGGCATCTTGAACGATAGCCTTTCCTTTATCGCAATGATGGCATTTGTA
GAAGCCATCTTCCTTTTCTACTGTCCTTTCGATGAAGTGACAGATAGCTGGGCAATGGAATCCGAGGAGGT
TTCCCGATATTACCCTTTGTTGAAAAGTCTCAATAGCCCTCTGGTCTTCTGAGACTGTATCTTTGATATTC
TTGGAGTAGACGAGAGTGTCGTGCTCCACCATGTTGGGGATCTAGATATCACATCAATCCACTTGCTTT 
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Left Border 
T-DNA_LB_FW2 
DOWNSTREAM_LB_RV1 
INVERTED DUPLICATION OF PSKI074 BACKBONE SEQUENCE (7739-7759) 
DUPLICATION OF  DOWNSTREAM POPLAR SEQUENCE 
SEQUENCE OF UNKNOWN ORIGIN 
 
 
EXPECTED AMPLICON SIZE: 313 BP 
 
TAACGCTGCGGACATCTACATTTTTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCCTCCATATTG
ACCATCATACTCATTGCTGATCCATGTAGATTTCCCGGACATGAAGCCATTTACAATTGAATATATCCTGG
AAATCTACATGGATCAGCAAAAGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAGAAAGATACCCCTCCGT
CTTTGACTTTGTAGACTTCAAAGTTGCAGCCAGGCAAAAGCAGCTTGTCTTTTTCCCCCCACTTAACGGAG
AGATGGAAACTATAGGACGATGATCACGG 
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Appendix T 

Tree growth during in vivo stem transformations with 

pCAMBIA1305.1-RoseRNA444+ 

Changes in branch diameter and height between inoculation (July 21st, 2009) and harvest (Oct 

13th, 2009) 

Expression plasmid Branch #

Change in 
Diameter 

(mm)
Change in 

Height (cm)

pCAMBIA1305.1 RoseRNA444+ 1 diseased, no growth
2 1.5 22
3 2 15
4 2.5 74
5 used for transient analysis
6 1 37
7 0 10
8 2.5 52
9 1 6.5
10 diseased, no growth

pCAMBIA1305.1gateway+ 1 0 36
2 2.5 33.5
3 used for transient analysis
4 1.5 46.5
5 2 71
6 0.5 2

Mean 1.42 33.79  
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Appendix U 

Multiple alignment identity matrix 
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x 
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m
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P.
de
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x 
P.

ni
gr

a

P.alba x P.tremula ID 0.94 0.93 0.70 0.62 0.61
P.alba ID 0.92 0.70 0.64 0.59
P.tremula ID 0.69 0.63 0.61
P.trichocarpa ID 0.81 0.51
P.nigra x P.maximowiczii ID 0.41
P.deltoides x P.nigra ID  
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Appendix V 

Potential ORF in P. Alba x P. Tremula is not well conserved relative to  

poplar species 
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Appendix W 

MicroRNA and non-coding RNA Predictions 

Putative pre-miRNA hairpins are labeled by prediction program, species in which the prediction 

was made (AT=P. alba x P. tremula, Tri=P. trichocarpa), and prediction order starting from most 

upstream of the T-DNA insertion. 

 

SENSE DIRECTION 
P. ALBA X P. TREMULA 
>MIREVAL_AT_SENSE_1 
CGGTGGAGAGATCAGCTTTTTCAAAGTTCAATTAAAAACTAACAGCCTGAGTCTTGCCGCTG 
 
>MIREVAL_AT_SENSE_2 
CTGCAGTCGGCTGATGATAAATGCTTCCTCTCCATGAGAGGGAGTCTTTGCTTCTGGAAGTCTGAAAGCTC
TAAGGGTGA 
 
>MIREVAL_AT_SENSE_3 
ATAAAGAGAGAGAGAGAGAGAGGAAGCTTCTCATTTTTTTTTTTAT 
 
>ABELA_AT_SENSE_1 
AGGGAAAAACAACTCCTCCTGCTTCGGCAAGGCTGCGTTTTCTGTTTTTCTTT 
 
>ABELA_AT_SENSE_2 
TGTAATACCACCAACTTTACCTTCTGGGTGCTCACCAAAAGATGAAGTCTGGTGATAATGACA 
 
>RNAZ_AT_SENSE_1 
AAAAAGAAGTAAAGCTTTGGGACTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGTTCAATTAAAAACTAAC
AGCCTGAGTCTTGCCGCTGTTTGAAGGTTTAATGACTTTGAATCCTGTT 
 
>RNAZ_AT_SENSE_2 
TTGTTTCTCCATGTCATTCACCATGTAATACCACCAACTTTACCTTCTGGGTGCTCACCAAAAGATGAAGT
CTGGTGATAATGACAAATA 
 
P. TRICHOCARPA 
>MIREVAL_TRI_SENSE 
AGCTTTTTCAAAGCTCAATTAAAAATTAACAGACTGAGTCTTGCCGCTGTTTGAAGGTTTAATGACTTTGA
ATCCTGTTA 
 
>RNAZ_TRI_SENSE 
AAAAAGAAGCAAAGCTTTGGGTCTTTTTCGGTGGAGAGATCAGCTTTTTCAAAGCTCAATTAAAAATTAAC
AGACTGAGTCTTGCCGCTGTTTGAAGGTTTAATGACTTTGAATCCTGTT 
 
ANTISENSE DIRECTION 
P. ALBA X P. TREMULA 
>MIREVAL_AT_ANTISENSE_1 
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TGGTAACAGGATTCAAAGTCATTAAACCTTCAAACAGCGGCAAGACTCAGGCTGTTAGTTTTTAATTGAAC
TTTGAAAAAGCTGATCTCT 
 
>MIREVAL_AT_ANTISENSE_2 
TTTTTTTGAAGTATTTGTCATTATCACCAGACTTCATCTTTTGGTGAGCACCCAGAAGGTAAAGTTGGTGG
TATTACATGG 
 
>MIREVAL_AT_ANTISENSE_3 
AAGACGGAGGGAGTCACAGGAAGCATGGAGGAAATTACCTATGGCTACATATCCAATTCCTGCTTTTTGTT
ACATTTCTTTTTCGTAAGA 
 
>MIREVAL_AT_ANTISENSE_4 
ATCGTTTTGTATAATTAAATTTTTTTTTCAATCTCATCCTTAAATACTTGATTAATTGAGAATTGAGTTTC
ATTATTTTCCAGGTGTGAT 
 
>ABELA_AT_ANTISENSE 
TCATTATCACCAGACTTCATCTTTTGGTGAGCACCCAGAAGGTAAAGTTGGTGGTATTAC 
 
>RNAZ_AT_ANTISENSE 
TATTTGTCATTATCACCAGACTTCATCTTTTGGTGAGCACCCAGAAGGTAAAGTTGGTGGTATTACATGGT
GAATGACATGGAGAAACAA 
 
P. TRICHOCARPA 
>MIREVAL_TRI_ANTISENSE_1 
TGTTTTTCCCTTGTGCTTATTGAAATGGCTTCTGGTAACAGGATTCAAAGTCATTAAACCTTCAAACAGCG
GCAAGACTCAGTCTGTTAA 
 
>MIREVAL_TRI_ANTISENSE_2 
AAGAAGGAGGGAGTCACAGGAAGCATGAAGGAAATTACCTATGGCTACGTATCCAATTCCTGCTTTTTGTT
ATATTTCTTTTTCATAAGA 
 
>MIREVAL_TRI_ANTISENSE_3 
CAATGCGTTTATACTGAACCAGACTCGTGTTAGTTTTTTCCAAGAGTTCGAGTGGTTAATCAATACTTTAG
ATGTATG 
 
>MIREVAL_TRI_ANTISENSE_4 
TTTATTCTTTTTTCTATCGGGTAATTATGATATCTTGATCCGGGCTTCGGGCCTGGTAGGATAACTTGGGT
TGGCTTGAT 
 
>ABELA_TRI_ANTISENSE_1 
TGATTTTTTTCTTTTGTTAAAGTTAATTTTCTTCTTAATTTCAACCTTTAATAAAAAAAAAAATTA 
 
>ABELA_TRI_ANTISENSE_2 
GTAAAAATTTTATTTACTTTCAATTTCATCTTTCAATTCAAATTTATAGTGTATTATTTTTAC 
 
>BAYES_TRI_ANTISENSE 
CCTGCAACTTGGAATTCTTTAGATGAGATTCACACCCGAGTTTATTTCAATGCGTTTATACTGAACCAGAC
TCGTGTTAGTTTTTTCCAAGAGTTCGAGTGGTTAATCAA 
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