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Abstract: 

Our understanding of tree growth and development has increased substantially in 

the last few decades and is expected to increase much more as we fully exploit newly 

developed genomic tools. A major milestone in tree genomics was the sequencing of the 

entire genome of Populus trichocarpa, and the realization that we understand the 

function of very few of the 45,000 predicted genes in this genome. To advance our 

knowledge of gene function in Populus, we have created the largest population of mutant 

poplars to date which will enable us to link altered phenotypes with genes that are 

responsible. This thesis describes this mutant population, provides preliminary results on 

the complexity of mutants identified and examines one distinct mutant called shriveled 

leaf. These results clearly demonstrate the power of this population for gene function 

analysis and reveal that this population will be a valuable genomic resource for tree 

biotechnology for many years to come. 
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Chapter 1: 

General Introduction and Literature Review 

 With the advent of whole genome sequencing and functional genomics, what we 

know about plant biology at the genomic and phenomic level is rapidly advancing. In 

fact, many refer to the current epoch of genetics as the post-sequencing, or post-genomics 

era, due mainly to the substantial sequencing and gene function annotation efforts on 

model systems, moving us towards understanding plant growth and development. While 

this goal is ambitious and may be decades away, strategies, techniques, and resources 

currently developed or on the horizon make for a fruitful era to come in plant genetics.    

Importance of Poplar and its Genetic Modification 

Tree species are a very important economical and ecological resource, since wood 

is an invaluable commodity as a fuel source, structural material, and an ecologically 

dominant species (Bradshaw et al, 2000). Over 90% of the earth’s terrestrial biomass is 

comprised of forest trees, and forests play an important ecological role in carbon 

sequestration, watershed protection, and wildlife habitat. Not to mention the natural 

beauty of trees make up some of our most scenic landscapes. The economical role of 

poplar trees lies mainly in the forestry, pulp and paper, and the newly immerging 

cellulosic biofuels industry. Poplars are harvested and used in the production of products 

such as plywood, pallets, and crates, and play an important role in the pulp and paper 

industry. According to the JGI website, wood-related products account for an astounding 

yearly $400 billion dollars worldwide (JGI – Forest tree facts 

http://www.jgi.doe.gov/News/foresttree.html). Within Canada, the forestry industry 

numbers are as follows: 402 million hectares of Canadian land is forest and wooded land, 



$4.9 billion dollars in revenue for wood related products in 2004, and $41.9 billion 

dollars in exports from the forestry industry (The State of Canada’s forests 2005-2006 

http://cfs.nrcan.gc.ca/sof/sof06/profiles_e.html). Specifically, the economic importance of 

Populus in the forestry industry as a fiber and fuel source is well known among tree 

biologist (Zsuffa et al, 1984). With respect to commercial applications of improving 

poplar, a profound amount of work has been done on reducing, or altering the lignin 

content of this tree species as well as furthering our understanding of the lignin 

biosynthesis pathway (Meyermans et al, 2000; LaPierre et al, 1999; Jouanin et al, 2000; 

Anterola and Lewis, 2002; Sasaki et al, 2004). The pulping process requires the use of 

environmentally unfriendly and harsh chemical treatments at a high energy cost in order 

to remove lignin from the woody tissue of trees. This substantial amount of work on the 

biochemistry of lignin formation has arisen over the last 40 years, mainly due to the 

interest of the pulp and paper industry (reviewed by Baucher et al, 2003). With a recent 

announcement from the US government for an increase in alternate fuel sources, the plant 

biology community seems focused on cellulosic ethanol production as an answer 

(Ragauskas et al, 2006). Poplar has been put forth as one of the candidate crops in the 

production of plant biomass, due to its rapid growth rate and its developing genomics 

toolbox, meaning the collective genomics tools and resources available to researchers. 

With the goals of reducing lignin content, or modifying lignin composition, which would 

maximize the efficiency of a biofuel system, the production of molecularly tailored trees, 

specific for biofuel production is easily at the forefront of most Poplar/lignin researcher’s 

minds. Using a poplar genomics toolbox, these molecularly tailored poplar would not 

only have altered lignin content, but may exhibit accelerated growth rates, improved 
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disease resistance, value added chemicals, enhanced carbon allocation, increased stem 

diameter, or any other attributes which would maximize energy production efficiency.     

With such lofty goals of designer trees, the major bottleneck is that our 

understanding of tree growth and development is limited compared to that of herbaceous 

plants. The forestry industry has long been utilizing natural hybridization techniques in 

trees such as poplar in order to improve upon a variety of traits. Poplar hybrid programs 

have been in place for more than 70 years, but suffer limitations when implementing 

classical tree breeding methods, due to the long maturation periods and flowering times of 

trees (reviewed by Rishi et al, 2001). The solution to this problem lies with the production 

of transgenic trees, which can rapidly introduce novel genes into a tree genome without 

the need for cross breeding. As was the case with Arabidopsis, transgenics research has 

advanced our knowledge of tree physiology greatly since the first successful tree 

transformation experiment (Fillatti et al, 1987). The creation of transgenic trees has been 

employed in tree improvement strategies such as enhanced pathogen resistance, herbicide 

resistance, altered lignin content, altered wood composition, phytoremediation 

application, male sterility, and accelerated flowering time to name a few (reviewed by 

Rishi et al, 2001). Genetic engineering has allowed for the rapid incorporation of novel 

traits within trees, a process which is clearly not feasible using classical breeding 

methods. 

Arabidopsis as a model system 

While Poplar research has gained momentum over the past decades, the ultimate 

goal of understanding every aspect of plant growth and development has been further 

advanced in other model systems. Currently, plant molecular biologists have unofficially 

undertaken the daunting task of identifying and characterizing all genes within the model 
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plant Arabidopsis thaliana’s genome (Alonso and Ecker, 2006). A similar project which 

was initiated was dubbed the “2010 project” by a group of scientists in January 2000 

(Chory et al, 2000). It basically sets a goal of obtaining a general understanding of every 

aspect of plant growth from a genetic standpoint by 2010, eventually producing a virtual 

plant, where plant growth and development can be studied in computer simulations. The 

primary plant species for this project is Arabidopsis thaliana. Arabidopsis is a small 

herbaceous plant from the mustard family which was chosen to be the first plant species 

to have its entire genome sequenced. This choice was based on its short generation time, 

small size, and high fecundity and has more recently been shown to have a relatively 

small genome and a high gene density (Meinke et al, 1998, The Arabidopsis Genome 

Initiative, 2000). While Arabidopsis is the most common model genetic system utilized in 

plant biology, others include rice, tomato, tobacco, maize, alfalfa, and poplar (Meinke et 

al, 1998). These alternate plant model systems are being ushered into the post-genomic 

era as well due to sequencing efforts which is the first major step. The Arabidopsis 

genome was successfully sequenced in 2001, and a putative 25,500 protein coding genes 

were identified (The Arabidopsis Genome Initiative, 2000). After the sequencing of its 

genome was complete, the focus on gene identification and characterizing biological 

function had increased, since only 10% of the 25,500 genes identified through in silico 

analysis (gene prediction algorithms) had had a biological process predicted as well (The 

Arabidopsis Genome Initiative, 2000). In order to move past a sequenced genome, we 

must now begin to elicit identities and functions for the genes within the sequence. The 

exploration of the Arabidopsis genome has laid the groundwork for genomics and 

functional genomics analysis within other plant species, and remains a useful resource for 

gene homology searches and gene prediction informatics.  
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Five years after the Arabidopsis genome was published, the Populus genome 

sequencing was completed (Tuskan et al, 2006), and the techniques and lessons learned 

from genomics work on Arabidopsis have aided the development of Populus genomics 

tools. For this reason, when reviewing functional genomics strategies and techniques in 

plant systems, a look into previous and current work on Arabidopsis is useful in providing 

a plant genomics context. To this end, I will outline the major strategies utilized in 

Arabidopsis functional genomics and how they apply to the Populus effort.  

Forward Genetics 

Forward genetics approaches to functional gene characterization are quite 

common, as many mutant populations have been generated for this purpose and are 

readily available (Table 1.1). This involves the creation or identification of a novel 

phenotype and then using molecular techniques to identify the gene responsible 

(Ostergaard and Yanofsky, 2004).  
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Table 1.1. Available Arabidopsis insertion collections and stock centers.  

General Arabidopsis Initiatives URL No. of 
lines 

T-DNA Insertion Collections with identified T-
DNA insertion 

  

Syngenta Arabidopsis Insertion Library (SAIL)  http://www.tmri.org 52 964 

The SIGnAL Collection http://www.signal.salk.edu/cgi-bin/tdnaexpress 90,000 

GABI-Kat http://www.mpiz-koeln.mpg.de/GABI-Kat/ 44,358 

The SeedGenes Database http://www.seedgenes.org 218 

Versailles FST project http://www.flagdb-genoplante-

info.infobiogen.fr/ 

28,998 

Transposon Insertion Collections   

Gene/Enhancer trap collection at CSHL http://www.genetrap.cshl.org/ 16,887 

Sainsbury Laboratory Arabidopsis Transposants 
(SLAT) 

http://www.arabidopsis.info/info/slat_info1.html 1000 

Enhancer/promoter trap and activation tagging 
collections 

  

GAL4-GFP enhancer trap lines http://www.plantsci.cam.ac.uk/Haseloff/ >8000 

The RIKEN Activation Tagging Line Database http://www.rarge.gsc.riken.go.jp/activationtag/to

p.php 

1172 

(Table 1.1 adapted from Ostergaard and Yanofsky, 2004) 

Loss-of-function mutations are used routinely in forward genetics as a powerful 

tool for the dissection of a particular gene’s role in plant development and cellular 

biology. Through a loss of gene transcript, phenotypic observations of the resulting 

mutant help characterize the gene function within the plant. “Knock-out” (KO) mutations 

involve some deletion or point mutation in a random gene resulting in a loss of gene 

function and are commonly created via fast neutrons, γ-radiation, chemical mutagenesis, 

or T-DNA (transfer DNA) insertion (Alonso and Ecker, 2006). Where deletions and 

insertions commonly result in a loss-of-function mutation, point mutations may result in 

an altered gene function which may be either reduced, enhanced or novel (Alonso and 
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Ecker, 2006). The use of KO mutant lines is instrumental in utilizing a forward genetics 

approach to gene discovery.  

Other mutagenesis techniques used in forward genetic screens include chemical 

mutagenesis and have inherent advantages and disadvantages over KO lines. Ethyl 

methanesulfonate (EMS) is a chemical mutagen which is quite commonly used in 

Arabidopsis mutant production (Haughn and Sommerville, 1987; Greene et al 2003). 

EMS mutagenesis is highly efficient, under optimal conditions it can produce up to 400 

mutations per genome in Arabidopsis, most of which are simple point mutations, but can 

also result in deletions (Greene et al, 2003). In forward genetic approaches, the use of 

chemical mutagenesis was initially common due to its high mutation efficiency, as well as 

an unbiased generation of mutation sites (Alonso and Ecker, 2006). This allows for rapid 

production of a population, where every gene is a viable target and there is no bias to 

mutation sites, which can be screened for a phenotype of interest. The main drawbacks to 

chemical mutagenesis lie in actually finding the mutated gene, and “cleaning up” the 

mutant line from the additional mutations caused by the agent. With chemical 

mutagenesis, there are no markers or tags to identify the mutation site, and so a technique 

called “mapped based cloning” must be utilized to find the mutation (Lukowitz et al, 

2000). In basic terms, this is a PCR based technique which uses genetic markers between 

the mutant line and a wildtype line of a different ecotype to subsequently narrow down 

the location of a gene, which can then be sequenced to determine the nature of the 

mutation (reviewed by Ostergaard and Yanofsky, 2004).  

As mentioned above, there are alternate methodologies for creation of a loss-of-

function mutations. Commonly used in plant research, T-DNA insertion involves “natures 

genetic engineer”, the plant pathogen Agrobacterium tumefaciens. This bacterium has 
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been widely known for some time to have the unique ability to transfer a section of its Ti 

(tumor inducing) plasmid DNA into a host plant species (Hoekema, et al 1983). While the 

mechanism of transfer and insertion are not completely understood, the use of 

Agrobacterium T-DNA vectors for plant transformation or mutagenesis has been in place 

since the 80’s (Gietl et al, 1987). When the bacterium is in close contact with a host cell, 

genetic machinery is initiated, and the Ti plasmid is transferred from bacterium to host 

plant cell. Insertion involves the transfer of the T-DNA region, which is delineated by the 

left and right border sequences of the Ti plasmid, and any desired marker or resistance 

gene can be inserted within these borders to create a simple T-DNA vector. The 

production of knock out lines using Agrobacterium relies on the possibility of the T-DNA 

to insert into a gene and thus disrupt the coding sequence of the gene. While EMS 

mutations are difficult to map to the specific gene, T-DNA insertions act as a genetic 

marker, allowing for relatively rapid identification of insertion sites using simple PCR 

based techniques such as TAIL-PCR (Thermal Asymmetric InterLaced PCR) (Liu et al, 

1995). With the generation of large populations of T-DNA insertion mutants, it has been 

possible to investigate whether the T-DNA has an insertion preference in the genome. It 

has recently been shown that T-DNA insertions sites are not randomly distributed in the 

genome but do show some insertion site preferences to the 5’UTR of a gene coding 

region (Pan et al, 2005). This is one of several limitations to T-DNA insertion KO 

generation. The pseudo-random nature of T-DNA insertion equates to a large number of 

insertions which may not disrupt a gene or promoter at all and land within non-coding 

intergenic regions. As with EMS mutant production, it is desirable to have T-DNA KO 

populations large enough to ensure cover almost all genes of the genome. Advances in 

Agrobacterium transformation protocols have led to the “floral dip” technique, which has 
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allowed for the rapid mutagenesis of Arabidopsis seeds on a large scale (Clough and 

Bent, 1998). However due to the low efficiency of transformation with T-DNA insertions, 

a T-DNA KO population must be significantly larger than a comparative EMS 

population, and generating a population large enough to saturate the genome may be too 

difficult (Krysan et al, 2002; Pan et al, 2005). Contrary to EMS mutation, which can 

produce a partial loss-of-function, T-DNA insertions mainly generate complete loss-of-

function mutations, and therefore lethal mutations go undetected. 

As well as T-DNA insertions, the use of transposons in gene disruption and KO 

generation is another powerful tool. A transposable element is a segment of DNA which 

can “jump” from one location in a genome to another (Martienssen, 1998). Usually 

delivered through a T-DNA vector, a transposon can “jump” via the action of a 

transposase enzyme. An example is the Activator/Dissociation (Ac/Ds) system, derived 

from maize, which has the potential for gene disruption at the excision point, and the 

landing point, as well as remobilization. The Ac (transposase) and the Ds (transposon) 

element are integrated via T-DNA insertions into two lines. The lines are crossed, 

allowing for the Ac/Ds within the same line, and inducing a transposition event. The 

transposon is stabilized by further crossing the plant and thereby separating the Ac/Ds 

elements (Sundaresan et al, 1995). In the pursuit of functional genomics advancement, 

over 19,000 KO lines have been generated using transposon technology, 16,800 of which 

with sequenced flanking regions available to the scientific community (Ostergaard and 

Yanofsky, 2004). However, transposon gene disruption faces the similar drawbacks 

which limit T-DNA KO’s, due to low mutation efficiency. Also, transposable elements 

may “jump” more than once, leaving behind potentially undetectable deletions or frame 

shifts, which may produce a secondary undesired gene function (Ostergaard and 
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Yanofsky, 2004). Furthermore, transposable elements share a slight bias to insertion 

points within the genome, not unlike T-DNA insertions (Pan et al, 2005).  

While a vast amount of resources have gone into KO mutant production, they 

have an inherent limitation. Gene families with similar or redundant roles within the 

genome are the KO mutant’s kryptonite. A single gene disruption or deletion within a KO 

mutant line may be compensated by a similar gene within the gene family, gene 

duplication event, or some other compensatory mechanism (Alonso and Ecker 2006), and 

no mutant phenotype or gene function would be described. However, loss-of-function 

mutants are far from the sole tool within the plant molecular genetic toolbox. 

Gain-of-function mutations are a powerful alternative to loss-of-function 

mutations since a gene is not disrupted but activated. This involves the upregulation or 

activation of a gene within a mutant line, and thereby overcomes such limitations as 

recessive mutations, mutation lethality, and gene redundancy. One such approach to gain-

of-function mutations is through a technique called “Activation Tagging”. This is a 

powerful tool for gene discovery since it involves the upregulation of an endogenous gene 

through the insertion of a strong enhancer (4X element of CaMV 35S promoter) (Wiegel 

et al, 2000). Theoretically, once integrated in the host genome, usually through a T-DNA 

insertion, the enhancers can activate a neighbouring gene that can be as far as 10 kb away 

(upstream or downstream) from the insertion site (Weigel et al, 2000). The general model 

of an enhancer region involves an activator or repressor protein which recruits general 

transcription factors to the promoter region (Figure 1.1) This upregulation of a gene 

produces a dominant, usually ectopic expression pattern which can be screened for during 

the primary generation, eliminating the need for backcrossing for homozygousity 

(Kardialsky et al, 1999).  
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Figure 1.1. Model of how enhancer regions in eukaryotic DNA activate 

neighboring gene transcription.  

(From http://faculty.quinnipiac.edu/health/biology/buckley/bi_571/control_prok_genes/sld057.htm) 

As was found for KO mutagenesis using T-DNA, activation tagged genes are 

easily identified by using the T-DNA vector as a molecular marker, and utilizing TAIL-

PCR, or techniques such as plasmid rescue or inverse PCR to identify the insertion site in 

the genome. Once identified, and with the aid of a sequenced genome, neighboring genes 

can be screened for altered transcript expression levels. Furthermore, the dominant, nature 

of the upregulation is unaffected by gene families, gene duplications, or redundancy 

issues faced in KO lines (Tani et al, 2004). The T-DNA vector ensures a stable insertion 

and although thought to be at random, it has recently been shown some site preference to 

insert within an upstream promoter region, and not within an actively translated region 

(Pan et al, 2005). Arguments have been made that during activation tagging, a T-DNA 
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insertion within a gene coding region may in fact disrupt gene function, producing a loss-

of-function effect. However, any such insertion KO would remain recessive in the T1 

generation, where screening takes place, and therefore would not be phenotypically 

observable. The activation tagging vector has been used to create numerous gain-of-

function populations in various model plant species and has proven an effective tool in 

gene function discovery of novel genes related to plant development, metabolism, and 

pathogen resistance (Kardailsky et al, 1999; Weigel et al, 2000; Zhao et al, 2001; Li et al, 

2002; Borevitz et al, 2000; Grant et al, 2003; Nakazawa et al, 2003; Ichikawa et al, 2003; 

Busov et al, 2003; Mathews et al, 2003; Harrison et al, 2007).  

While the typical activation tagging population relies on T-DNA vector insertions, 

a transposable tagging system has been generated as well. Employing the same 35S 

enhancer tetramer and the maize Ac/Ds system, activation tagging has been carried out in 

Arabidopsis by Wilson et al (1996). Marsch-Martinez et al (2002), produced a population 

of transposon activation tagged Arabidopsis using the maize En-I system, and ironically 

tagged a gene related to a gene previously identified through T-DNA activation tagging. 

As well, a population of 9741 stable activation tagged lines, which are currently publicly 

available, were recently created using transposon tagging (Schneider et al, 2005). 

There are numerous advantages to the activation tagging technique in producing 

gain-of-function mutants for forward genetic analysis. However, there are some 

limitations to activation tagging as well. Activation tagging relies on either T-DNA or 

transposon insertion has some small site preference of insertion which may hamper 

efforts to reach genome saturation. As well, the 4x repeat of the CaMV35S viral 

enhancers may be targeted by plant genetic regulatory controls for methylation or 

silencing (Chalfun-Junior et al, 2003, Dong and Von Arnim, 2003). These points aside, 
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gain-of-function work has been shown to be quite beneficial to the plant biology 

community, with numerous gene discoveries attributed to the technique (Nakazawa et al, 

2003). The advantages and disadvantages of activation tagging are summarized in Table 

1.2. Certainly, the use of both loss-of-function and gain-of-function strategies are 

valuable in advancing our knowledge of functional genomics in Arabidopsis, as well as 

other model plant species. 

Table 1.2. Summary of advantageous and disadvantageous aspects of activation 

tagging as a tool for gain-of-function forward genetics in plant species. 

Advantage Disadvantage 

Screen population within primary generation Enhancers may be targeted for silencing 

Can overcome gene redundancy Plant transformation  is time consuming 

Little chance of gene KO causing phenotype Cannot easily saturate genome with tags 

Insertion sites easily determined  

 

Reverse Genetics 

Forward genetics is not the only strategy to involve the creation of novel mutant 

varieties for further characterization. A reverse genetics strategy for functional genomics 

begins with a target gene of interest and ends with a mutant phenotype for analysis 

(Alonso and Ecker, 2006). In either instance, the creation of a mutant or mutant 

population is crucial in determining the function of a particular gene. While a sequenced 

genome is a valuable resource, it is only the first step towards understanding gene 

function and, as a genomic resource, can be mined for genes or gene families of interest 

for reverse genetic approaches. An outline of a typical reverse genetics approach involves 
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the isolation of a particular gene of interest, this may be a single gene, or an entire gene 

family, from there large random mutant populations are created. The tedious step in this 

approach involves the cataloging of these mutants, identifying the mutation sites through 

molecular tools, and pooling the data into a large database (Alonso and Ecker, 2006). 

From this catalogue of known mutation sites, a researcher can identify a mutant line 

corresponding to the original gene, or genes of interest, and characterize any phenotype 

present. Under a reverse genetic strategy, a rapid and random mutagenesis technique is 

needed and a thorough and lengthy identification of the mutant lines before the simplicity 

of pulling out a gene of interest for investigation. In Arabidopsis, these tools are readily 

available, and usually involve a reduction, or loss-of-function of a gene (Bouche and 

Bouchez, 2001; McCallum et al, 2000). In order to identify potential target genes for a 

reverse genetic approach, a previous knowledge of the target gene is required. This prior 

knowledge may be from gene family homology, predicted protein function, or derived 

from microarray analysis.  

While chemical mutagenesis in Arabidopsis may seem tedious and labour 

intensive in conjunction with mapped based cloning, a technique called Target Induced 

Local Lesions IN Genomes (TILLING) employs a rapid reverse genetics strategy 

utilizing PCR screening in order to obtain a point mutation in a gene of interest 

(McCallum et al 2000). With a target gene of interest selected, TILLING begins with the 

screening of an EMS mutant population. This involves pooling DNA from plants within 

groups and PCR reactions are performed, amplifying a region within the gene of interest. 

Since EMS introduces point mutations, amplification products are incubated with an 

endonuclease called CEL I which specifically cleaves mismatches and heteroduplexes 

between mutant and wildtype DNA (Henikoff et al, 2004). This results in differential 
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bands for an amplicon containing a point mutation. The individual plant DNA sample is 

detected within the original pool using the same methods, and the point mutation can be 

mapped to within 10 bp (Henikoff et al, 2004). TILLING as a tool can be quite beneficial, 

since it relies on point mutations, the resulting phenotype may not be a complete loss-of-

function for the gene of interest. Conversely, the gene function may be only a partial loss-

of-function, or perhaps even an enhancement. The mutant lines produced from a 

TILLING population are a vast resource that can be screened for various genes of 

interest, and to this end, 6912 mutagenized individuals were produced by Till et al and are 

currently available for screening at the Arabidopsis TILLING project (ATP) (Till et al, 

2003). Indeed the availability of these lines aids researchers in gene function discovery 

for any particular gene of interest in a powerful reverse genetic fashion.  

 Since the insertion sites of T-DNA lines are easily identified, T-DNA 

mutagenesis is commonly employed in a reverse genetics gene discovery strategy. One 

such example is the T-DNA insertion lines generated at SIGnAL (Salk Institute for 

Genetic Analysis Laboratory). To date, there have been 360,000 T-DNA insertion lines 

produced, covering up to 90% of the genes within the Arabidopsis genome (Alonso and 

Ecker, 2006). These lines have had their insertion sites determined, and cataloged in a 

database.  

Obviously, the production of loss-of-function mutant lines in order to describe 

gene function, or determine the gene of interest for a novel phenotype has been 

fundamental in the Arabidopsis gene function annotation movement. This review has 

given a brief overview of T-DNA, EMS, and Transposon KO’s. However, RNA 

interference (RNAi) is another tool which results in a knockdown of transcript levels in 

mutants. This is a targeted mutagenesis approach where RNAi’s are employed in a 
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reverse genetic strategy to directly affect transcript levels of a known gene of interest. 

Gene silencing through RNAi involves the insertion of a cassette coding for a sequence 

specific double stranded RNA which is then degraded, reducing target transcript levels 

throughout the plant (Waterhouse and Helliwell, 2003). RNAi differ from traditional KO 

lines, in that there is a wide range of effects on target gene expression, ranging from 

complete knockout, to little or no reduction (Waterhouse and Helliwell, 2003).This 

powerful technique has been implemented in both forward and reverse genetic 

approaches, and large resources of mutant lines and mutation databases have been 

produced in order to aid the plant biology researcher. One such resource is a collection of 

21,500 gene specific tags from Arabidopsis which were produced as a resource for RNAi 

reverse genetic applications (Hilson et al, 2004). This application of RNAi to reverse 

genetic screening allows for analysis of incomplete knockdowns at various levels of gene 

silencing since independent RNAi lines vary in the degree of silencing.  

With databases such as KO lines and RNAi sequences in Arabidopsis established, 

the reverse genetics approach is a quick avenue to gene identification, given a prior 

knowledge of the gene. This genomic strategy complements the forward genetics 

approach, giving researchers alternate avenues in the field of functional genomics. 

Populus as a genetic model tree system 

Populus (poplars, aspens, and cottonwoods) is emerging as an important model 

tree and research momentum behind this hardwood tree species has been growing steadily 

for some time now, with numerous review articles documenting its rise (Bradshaw et al, 

2000; Rishi et al, 200; Brunner et al, 2004b; Strauss and Martin, 2004; Jansson and 

Douglas, 2007). It should be mentioned that Eucalyptus is also a model tree system which 

has gained a lot of genomics interest and is a commercially important species in the 
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southern hemisphere (Poke et al, 2005) As a long lived, deciduous, perennial tree, 

Populus is well suited for studies on secondary metabolite accumulation, wood formation, 

environmental adaptation, and flowering control, which are more difficult or impossible 

in Arabidopsis. The long-lived nature of trees allows for a unique analysis of long term 

abiotic and biotic environmental interactions with relation to gene function, which was 

previously not possible with Arabidopsis. Additional factors in poplar’s promotion as a 

model genetic system include its ease of transformation, stable transgene expression, and 

regeneration/propagation capacity (Brunner et al, 2004b). As well, poplar exhibits a rapid 

growth rate and relatively quick time to tree flowering compared to other tree species, 

allowing for wood production within months and induced flowering within greenhouse 

conditions for accelerated screening. Finally, the phylogenomic proximity of Populus to 

Arabidopsis allows for comparative genomics analysis between the species. Both plant 

species are found within the Eurosids clade (Figure 1.2) (Jansson and Douglas, 2007), and 

the two plant species are thought to share a common ancestor, increasing the likelihood of 

finding orthologous genes. This comparative analysis may shed light on gene function, or, 

for example, identify alternative gene function roles between annuals and perennials. 

Insight into the molecular mechanisms governing tree specific processes may provide a 

unique view for comparative analysis of gene function between these two model systems. 
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Figure 1.2. Angiosperm phylogeny showing the Eurosid clade containing Populus 

and Arabidopsis, illustrating the potential for relative sequence similarity between the two 

species. Image from Jansson and Douglas (2007). 
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Poplar trees in functional genomics   

Arabidopsis has proven to be a beneficial model genetic plant system and many 

useful tools and techniques have arisen from the past two decades of research; however 

there are many questions within tree biology, involving dormancy, secondary wood 

formation, and juvenile-mature phase change, which it cannot be answered. The above 

mentioned research tools and techniques used to usher Arabidopsis through the genome-

wide sequencing era into gene function discovery phase are presently being applied to 

alternative model plant species in hopes of answering these questions.  

Poplar genomics work began with the development of poplar transformation 

protocols via A. tumefaciens in the 90’s, and has led to poplar being the most widely 

transformed tree species (Peña and Seguin, 2001) as well as a model genetic system in 

tree biology. Many groups have contributed numerous Expressed Sequence Tag (EST) 

sequences from various poplar hybrids and tissues cumulating to a total 376,565 ESTs 

gathered at the National Center for Biotechnology Information (NCBI) database (Jansson 

and Douglas, 2007). The culmination of a decade or more of molecular work in Populus 

initiated the eventual decision by the US Department of Energy, and the Joint Genome 

Initiative (JGI) to sequence the Populus genome. The genome sequencing effort on the 

Nisqually-1, Black cottonwood Populus trichocarpa was completed and released to the 

public in 2006 (Tuskan et al, 2006). The complete Populus genome is a major tool in the 

poplar genetic toolbox, and the first draft of this sequence was annotated using the vast 

collection of available EST’s as well as a set of over 4000 full-length cDNA 

(complementary DNA) sequences, which were generated by Sterky et al (2004). The 

availability of the genome sequence was a major advancement of tree genomics work. 

Furthermore, the completed Populus genome sequence presents a great opportunity for 

 19



comparative analysis between two developmentally distinct systems, Populus and 

Arabidopsis, since rapid homologous gene searches between the species can now be 

performed (Sterky et al, 2004).  

 

Molecular tools in Populus Research 

With the adoption of Populus as a model genetic tree system, genetic resources 

and tools developed in poplar have illustrated the potential for gene discovery and 

functional genomics outside of Arabidopsis. The first major genomic development in 

poplar was the production of EST population of 5962 EST’s from wood-forming tissues 

(Sterky et al, 1998). Currently the NCBI database holds 376,565 EST sequences from 

Populus and these EST’s represent a large advancement in Populus functional genomics. 

For example, a large scale analysis by Sterky et al, (2004) of 102,019 of these Populus 

EST’s provided insight into the relatively high genomic sequence similarity between 

Arabidopsis and Populus. The researchers concluded that this is an example of gene 

regulation giving rise to the primary differences between an annual and perennial species.  

And again, due to this high sequence similarity, the value of comparative analysis 

between these model systems can again be emphasized, since any data on gene function 

in one system, would reciprocate and may be applicable to the other. 

During the sequencing of the Nisqually Populus genome, more than 45,000 

putative protein coding genes were annotated based on poplar EST homology and 

sequence homology to known genes within the Arabidopsis genome (Tuskan et al, 2006). 

Also, the previously mentioned 4000 cDNA sequences were used to generate gene 

prediction algorithms which tagged putative protein coding genes. Of these 45,555 

predicted genes, only 12%, or 5248 genes were found to have no significant sequence 
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similarity to Arabidopsis. Furthermore, using the Basic Local Alignment Search Tool 

(BLAST), over 13,000 orthologous pairs were found between Arabidopsis and Populus. 

Certainly these findings outline a bright future for parallel functional genomics between 

species.  

One of the limitations of tree species is the lack of mutagenic populations for gene 

function analysis. Of the mutagenic strategies currently used in plants, activation tagging 

is the best suited. As previously mentioned, the dominant nature of the gene activation 

can be screened rapidly within the primary transformant generation without the need for 

backcrossing. The generation of an activation-tagged population in poplar was first 

reported by Busov et al. (2003), where they generated 627 independent activation tagged 

lines. They report on the first identified phenotype, which exhibited reduced internode 

length and overall stature, a dwarf variety, cause by the upregulation of a GA 2-oxidase 

(Busov et al, 2003). The next such population was from a Genome Canada funded project 

at Carleton University, where 1800 independent transformed lines were produced 

(Harrison et al, 2007). From this population, there are presently ~ 50 dramatic phenotypes 

identified in the first 1000 lines studied, and preliminary work has begun on many of 

these mutants (Harrison et al, 2007).   

Transcript profiling in Arabidopsis and Populus 

Microarray technology has progressed significantly over the past decade due to 

EST collections and genome-wide sequencing, and has lead to gene expression profiling 

being quite common as a molecular tool. These microarray chips allow for the 

simultaneous determining of transcript levels for thousands of genes at one moment in 

time, and therefore are thought to be revolutionary in expression analysis (Meyers et al, 

2004). Using various treatments, mutant comparisons, or time trials, expression profiles 
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can be generated. Microarrays have instituted an era of rapid transcript profiling, and are 

seen as a unique and potentially powerful tool. The specificity and accuracy of a 

microarray chip depends both on the number of genes encoded on the chip as well as the 

type of microarray. The basic principle involves thousands of probes fixed to a chip 

surface, and then RNA samples (targets) are labeled with a fluorescent dye and allowed to 

hybridize to the probes. A laser is used to excite the dye, and relative intensities for each 

probe are recorded. Among the platforms used to create microarrays, cDNA chips involve 

whole cDNA probes and targets, while long-oligo chips involve probes derived from EST 

or genomic sequences. A third platform, called high density oligo microarray, involves 

multiple (11) 25mer probes for each target gene. Arabidopsis microarray chips are 

available for purchase from a variety of sources, in differing platforms (Table 1.3). The 

data produced from microarray experiments must undergo statistical manipulation due to 

the shear size and potential variability of the set up. There must be significant work put 

into the experimental design as well as preprocessing of the data, inference or analysis of 

the data, and finally validating the findings.  

 

Table 1.3 from Wisman and Ohlrogge (2000). 
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Recently, due to the availability of poplar EST’s and a sequenced genome, 

Populus microarray chips have undergone a rapid evolution. The first such chip is a 

25,000 element cDNA array produced by a group in Sweden, followed by a 27,000 

element PICME cDNA in France (Jansson and Douglas, 2007). Also, a 15,400 element 

array to study insect-induced resistance was developed in Canada through Genome 

Canada funding (Ralph et al, 2006). Currently, commercial based poplar chips are 

available, one such through Affymetrix, Inc. which contains probe sets for 56,055 

transcripts from mRNA sequences of various Populus sp. as well as the 45,555 predicted 

gene models from the completed P. trichocarpa genome (Affymetrix website).  

However, there are limitations and doubts within the scientific community as to 

the validity of results obtained from microarrays. These limitations arise during the 

hybridization, since cross hybridization may occur between non specific, or multiple 

targets and probes. Oligo microarrays with multiple probes can help eliminate this 

potential problem, as well as probe design for unique regions within the target gene, 

instead of a full cDNA sequence which may hybridize similar genes. Also, the array 

manufacturing process, the spotting of the probes to the chip, may also introduce some 

variation (Meyers et al, 2004). Furthermore, the RNA preparation and or potential 

degradation can also incorporate variation within an experiment, and these factors must 

be considered. Usually, technical and biological replications are used in order to estimate 

the amount of variation within an experiment (Meyers et al, 2004). While microarray 

analysis is undoubtedly a powerful tool, the results need to be verified by alternative 

methods such as northern blot analysis or quantitative PCR. 

It seems as though advancements in Populus functional genomics are steadily 

gaining momentum. This model tree system is well partnered with Arabidopsis, to help 
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answer important questions about all aspects of plant growth and development, from both 

a genetics standpoint as well as a cellular biology perspective.   

This thesis is divided into two major sections, the first describes preliminary 

analysis and a survey of mutant phenotypes from the activation tagged population as a 

whole while the second section focuses on the analysis and search for the activated gene 

of first mutant from this population, called shriveled leaf.  
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transformations as a research technician prior to graduate studies, isolated DNA, 
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performed Southern analysis, and was primarily responsible for collection of data and 

writing the manuscript. 

Abstract: 

We have produced the largest population of activation-tagged poplar trees to date, 

approximately 1800 independent lines, and report on phenotypes of interest which have 

been identified in tissue culture, and greenhouse conditions. Activation tagging is an 

insertional mutagenesis technique which results in the dominant upregulation of an 

endogenous gene. A large-scale Agrobacterium-mediated transformation protocol was 

used to transform the pSKI074 activation-tagging vector into P. tremula x P. alba hybrid 

poplar. In the first 1000 lines we have screened the trees for developmental abnormalities 

and have a visible mutant frequency of 2.4%, with alterations in leaf and stem structure as 

well as overall stature. Most of the phenotypes represent new phenotypes that have not 

previously been identified in poplar and in some cases not in any other plant as well. 

Molecular analysis of the T-DNA inserts of a subpopulation of mutant lines reveal both 

single and double T-DNA inserts with double inserts more common in lines with visible 

phenotypes. The broad range of developmental mutants identified in this pilot screen of 

the population reveals that it will be a valuable resource for gene discovery in poplar. The 

full value of this population will only be realized as we screen these lines for a wide range 

of phenotypes. 

 

Key words – Developmental mutant, transgenic, functional genomics, Populus tremula x 

Populus alba 
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Introduction 

Our ability to understand the molecular mechanisms controlling tree form and 

function has increased dramatically in the last few years with the establishment of large-

scale genomics resources such as large libraries of expressed sequence tags (Sterky et al. 

1998; Kohler et al. 2003; Déjardin et al. 2004; Sterky et al. 2004) and most recently the 

sequencing of the complete genome (Tuskan et al. 2006). Compared to model plants such 

as Arabidopsis thaliana however, gene discovery in poplar is limited by the small number 

of mutants that have been produced (Busov et al. 2003).  

 

Much of what we know about plant form and function has been revealed by 

transgenic research where a gene of interest is either up or down-regulated and the 

resulting phenotype reveals important insights on gene function. This has been enhanced 

by the creation of large populations of mutagenized plants, usually where chemical 

mutagensis results in an alteration, knockout or activation of a gene depending on the 

location of the mutation (Feldman et al. 1994). These populations can be screened for 

traits of interest and the gene responsible for the phenotype can be identified using several 

methods. Insertional mutants are created by insertion of the T-DNA from Agrobacterium 

tumefaciens or by movement of a transposon. Recently it was shown that T-DNAs 

preferentially integrate into gene regulatory regions while transposons preferentially 

integrate into gene coding regions (Pan et al. 2005). Regardless of the method, knockout 

lines are produced as heterozygous lines and generally need to be selfed to select for 

homozygous lines before phenotypes can be identified. Activation-tagged lines are 

produced when the T-DNA or transposon carry a strong promoter or enhancer that 

activates a neighbouring gene. Unlike knockout populations, the activation-tagged lines 

 27



can be screened as a heterozygote since the activation creates a dominant gain-of-function 

effect. Because of this, activation tagging is suitable for plants with long juvenile stages 

such as trees or with complex genomes such as tetraploid potatoes, where it is difficult to 

produce homozygous lines. The use of CaMV 35S enhancers rather than a promoter for 

activation tagging was first used by Weigel et al. (2000) in Arabidopsis thaliana. These 

enhancers activate endogenous promoters such that the pattern of expression is the same 

as in wild-type plants but the level of expression is enhanced. Large-scale activation-

tagged populations using T-DNA insertion are found in many different systems including 

Arabidopsis (Ito et al. 2000; Weigel et al. 2000; Huang et al. 2001; Ichikawa et al. 2003), 

Lycopersicon esculentum (Mathews et al. 2003), Oryza sativa (Jeong et al, 2002; Sha et 

al. 2004), Petunia hybrida (Zubko et al. 2002), Populus tremula x Populus alba (Busov et 

al. 2003) and Solanum tuberosum (Regan et al. 2006). 

 

Since the first genetic transformations of poplar in 1986 using Agrobacterium 

tumefaciens (Parsons et al. 1986), altered expression of genes has contributed much to our 

knowledge of the genetic factors that affect tree development. Transgene insertion into 

poplar has altered many developmental parameters including tree stature and growth rate, 

leaf development and color, wood quality or quantity and flowering time.  

Changes in the overall structure of the poplar tree have been achieved through 

altered expression of genes from many host organisms. Expression of the Agrobacterium 

rhizogenes rol genes in poplar, such as the overexpression of the rolC gene causes a 

dwarf phenotype (Nilsson et al. 1996), while expression of the rolABC yield trees with a 

higher rate of growth in vivo (Tzfira et al. 1998).  Ectopic expression of Agrobacterium 

tumefaciens genes iaaM (Trp-2-mono-oxygenase) and iaaH (indole-3-acetamide 
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hydrolase), involved in auxin biosynthesis, also reduced growth rates and altered wood 

properties of aspen (Tuominen et al. 1995). Reduced growth was also achieved with 

expression of the rice homeobox gene OSH1 (Mohrí et al. 1999).  Overexpression of the 

Arabidopsis ENDO-1,4-Β-GLUCANASE (CEL1) enhanced growth as did overexpression 

of an Arabidopsis GIBBERELLIC ACID 20-OXIDASE (GA 20-OX) (Eriksson et al. 2000; 

Shani et al. 2004).  In contrast, the Arabidopsis GIBBERELLIC ACID 3-OXIDASE gene 

(GA3-OX) had no major effect on growth morphology when overexpressed in poplar 

(Israelsson et al. 2004).  The URIDINE DIPHOSPHOGLYCOSYLTRANSFERASE (UGT) 

and the Arabidopsis ACYL-CoA-BINDING PROTEIN (ABC) genes together have also 

been found to confer increased growth rates in young plants (Salyaev et al. 2006).  

Overexpression of the poplar ortholog of FLOWERING LOCUS T, named PtFT1, under 

short day conditions resulted in leaves that were wrinkled and curled down (Böhlenius et 

al. 2006).  Leaf growth was reduced by decreased expression of the CEL1 gene, while 

leaf abnormalities were caused by introducing the rice homeobox OSH1 gene (Mohri et 

al. 1999; Ohmiya et al. 2003).  All these studies used a reverse genetics approach in 

which a gene of interest was misexpressed in transgenics for gene function analysis, in 

gain-of-function or loss-of-function experiments. In only one case, has a population of 

mutant poplar lines been used to identify the gene that causes a phenotype of interest 

(Busov et al. 2003). In this study, a population comprised of 627 activation-tagged 

poplars were used to identify the gene responsible for a stunted phenotype, and was found 

to be GIBBERELLIC ACID 2-OXIDASE (GA 2-OX; Busov et al. 2003).   

Many strategies have been attempted to decrease the deposition, or change the 

qualities of lignin in wood such that trees can still maintain their structural integrity and 

growth rate, while reducing the amount of processing needed to pulp the wood.  This has 
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been achieved by down-regulating CINNAMYL ALCOHOL DEHYDROGENASE (CAD), 

CAFFEIC ACID O-METHYLTRANSFERASE (COMT), 4-COUMARATE:COENZYME A 

LIGASE (Pt4CL1) or CAFFEOYL-COENZYME A O-METHYLTRANSFERASE 

(CCoAOMT) through antisense constructs, or by overexpressing a FERULATE 5-

HYDROXYLASE (F5H) (Baucher et al. 1996; Hu et al. 1999; Lapierre et al. 1999; Franke 

et al. 2000; Jouanin et al. 2000; Meyermans et al. 2000; Huntley et al. 2003). Down-

regulation of CAD, CCoAOMT or COMT all result in a red coloration in the xylem. 

Antisense lines of LACCASE 3 were found to have severe defects in xylem cell 

development, exhibiting malformed cell walls and lack of cohesion between cell walls 

(Ranocha et al. 2002). A recent paper has described the Populus homeobox gene 

ARBORKNOX1 which is expressed in the shoot apical meristem, as well as the cambial 

meristem. An overexpression of this gene in poplar resulted in many alterations to overall 

phenotype, including altered xylem:phloem ratio (Groover et al. 2006).    

Several studies have focused on flowering in the hopes of identifying genes for 

decreased flowering time, or to induce sterile flowers. The first early flowering transgenic 

poplar was created by Weigel and Nilsson (1995) by overexpressing the Arabidopsis 

LEAFY gene, which resulted in flowers in tissue culture. This was followed by the 

Populus trichocarpa homologue of LEAFY (PTLF) and LEAFY (LFY) used with varying 

success to induce early flowering in poplar (Rottmann et al. 2000).  Hsu et al. (2006) have 

used the poplar gene FLOWERING LOCUS T2 (FT2) to reduce flowering time to 1 year 

and overexpression of PtFT1, caused flowering from transformed stem segments within 4 

weeks of growth (Böhlenius et al. 2006).   
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Here we report on the production of 1800 activation-tagged poplars (P. tremula x 

P. alba). This is the largest population of its kind that has been produced to date but is 

significantly smaller than populations in other plants systems likely because of the low 

transformation rate generally obtained with poplar (4%). We have completed a 

preliminary screen for morphological mutants and find a visible mutant rate of 2.4%. The 

phenotypes of 13 of these mutants are described, and the structure of their T-DNA inserts 

reveal that many of these lines contain two T-DNA inserts. The breadth of phenotypes 

identified in this population indicates that it will be valuable resource for gene 

identification in poplar.  

 

Materials and Methods 

Large-scale transformation of poplar 

In order to produce a large population of activation-tagged lines, we scaled up the 

standard Agrobacterium-mediated transformation protocols (Tzfira et al. 1997; Han et al. 

2000) for larger scale production and transformed with the pSKI074 activation tagging 

vector (Weigel et al. 2000). We initially tested two commonly used poplar lines for 

transformation efficiency, INRA 717-1-B4, a Populus tremula x P. alba hybrid, and 

NM6, a P. nigra x P. maximowiczii hybrid and found the 717 P. tremula x P. alba hybrid 

to have a higher transformation rate (data not shown). In vitro P. tremula x P. alba plants 

(clone 717-1-B4) were sterilely propagated on ½ MS media (1/2 MS; ½ Murashige and 

Skoog, (1962) salts and Gamborg’s vitamins (Sigma), 1.28 mM 4-

morpholinoethanesulfonic acid (MES) pH 5.7, 3 % sucrose, 1 mg/L L-cysteine, 200 mg/L 

L-glutamine and 0.8 % Phytagar (Invitrogen)) in Magenta (Sigma, GA-7) vessels in an 
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Enconair tissue culture growth chamber with 80 µE of light (16 hr day/ 8 hr dark) at 

24oC. Short stem cuttings, of 3-4 cm in length, were placed on fresh ½ MS every 4-6 

weeks to maintain a supply of young tissue for transformation experiments. 

Prior to co-cultivation with the Agrobacterium, in vitro P. tremula x P. alba stems 

were cut into 0.8 – 1.2 cm explant segments and placed on Induction Media (IM; MS 

media salts and Gamborgs vitamins, pH 5.7, 3 % sucrose, 1 mg/L L-cysteine, 200 mg/L 

L-glutamine, 0.5 % Phytagar, 0.2% Phyatgel (Sigma, 10 µM 1-naphthaleneacetic acid 

(NAA), 5 µM 6-(γ,γ-dimethylallylamino) purine (2iP)) and incubated in the dark at 24oC 

for 3 d. Typical transformation experiments used 200-300 explants. The Agrobacterium 

line GV3101, containing the plasmids pMP90RK and pSKI074, was grown from fresh 

cultures of -80oC-stored frozen cultures. A 10 mL overnight culture in Luria Broth with 

selection (LB; 10 g/L of tryptone, 5 g/L yeast extract, 5 g/L NaCl, pH to 7, 100 mg/L 

rifampicin, 100 mg/L ampicilin, 50 mg/L gentamycin, and 50 mg/L kanamycin) with 150 

rpm shaking at 28 oC until an O.D. 600 of approximately 0.6 was reached. Bacteria were 

centrifuged at 1600 x g for 15 min at 4oC and the pellet was resuspended in Liquid IM 

with 100 µM acetosyringone to an O.D. 600 between 0.3 and 0.4. The explants were 

removed from the IM plates and incubated in the Agrobacterium broth for 60 min, blot 

dried on sterile filter paper and placed onto Co-culture Media (CM; IM and 100 µM 

acetosyringone) plates and incubated at 24oC in the dark for 3 d. The explants were then 

washed at least 5 times in sterile water containing 300 mg/L cefotaxime and placed on 

Selection Media (SM; IM and 300 mg/L cefotaxime and 50 mg/L kanamycin) and 

incubated in the dark at 24 oC for 2-3 weeks. The explants were moved to fresh SM, and 

incubated with a 16/8 light/dark cycle at 24oC and transferred to new SM every two 

weeks. When calli became large enough (1-2 cm2 after two to six weeks), they were 
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transferred to Organogenesis Media (OM; MS Media,  300 mg/L cefotaxime, 50 mg/L 

kanamycin)  containing 0.1 µM thidiazuron (TDZ) for 2 weeks. After this time, all 

subsequent transfers on OM contained 0.01 µM TDZ. Shoots between 2-4 cm in height 

were harvested from calli and placed on Rooting Media (RM: 1/2 MS media with 2% 

sucrose and 50 mg/L kanamycin) for approximately 1 month. These plants were then 

multiplied as described above and incubated on ½ MS media until the roots and stems 

appeared healthy enough to transfer to soil. To ensure that each line in the population 

represented independent transformation events, only one shoot was selected from each 

transformed callus. Once plants had been rooting for 4-5 weeks they were removed from 

the Magenta box, and the roots were washed of media under warm water. The plants were 

potted in autoclaved soil mixture with controlled humidity for 10 days. The humidity was 

slowly lowered from 100% over a 10 day period to acclimatize plants. Each line was 

given a unique identification number that was linked to a database that recorded 

transformation date, transfer times to each media, and planting date along with several 

other factors. 

Long term storage of each line was accomplished by growing each line in 1/2 MS 

media for about 2 weeks until good stem and root growth could be seen, and then 

transferred to 4oC on a short day light cycle (8h light/16h dark) to induce dormancy. The 

plantlets can be stored for a year or more, and can be brought out of dormancy with a 

change of light cycle, temperature and the addition of fresh liquid ½ MS media as 

necessary. 
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Multiplication and maintenance of P. tremula x P. alba lines 

In order to multiply activation-tagged P. tremula x P. alba trees in greenhouse 

conditions, stems were cut and rooted, as follows. Stems of 2 cm or more in diameter 

were cut into 20 cm long explants. The tissue was woody or semi-woody with a node 

within 2.5 cm of the base. All leaves were removed from the stem except for a young 

small leaf at the apical end in some cases. Round toothpicks were soaked for at least 18 h 

in 100% ethanol containing 16 mM indole-3-butyric acid (IBA). A hole (the width of a 

toothpick) was drilled crosswise through the stem, above a node, at least 2.5 cm lower cut 

end of the stem. The IBA soaked toothpick was inserted into the hole and 5 cm of the 

stem was inserted into a 1:1 soil:sand mixture.  The cuttings were placed in greenhouse 

conditions and watered daily, and roots generally appeared within 2-3 weeks. 

The trees need to be cut back 3-4 times per year, because the P. tremula x P. alba 

hybrid grow so quickly. We typically cut the tree about 50 cm above the soil surface, and 

remove most or all leaves. Within 1-2 weeks new stem growth emerged from the stem.  

 

Detection of T-DNA inserts in the activation-tagged population 

Genomic DNA was isolated from greenhouse grown poplar using either a 

cetyltrimethylammonium bromide (CTAB) plant DNA extraction protocol (Murray and 

Thompson, 1980) or the Qiagen Plant DNeasy kit. Genomic DNA was digested with 

either HindIII or BamHI restriction enzymes that are known to cut the T-DNA only once, 

and 10 µg of digested DNA was electrophoresed and transferred to nylon membranes for 

Southern blot analysis by standard protocols. The blots were hybridized with probes for 

up to four regions of the pSKI074 activation tagging vector. Two probes were designed to 

hybridize before the left border and after the right border regions (“pre LB” and “ post 
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RB” respectively), while the others (“Kanr“ and “35S”) hybridize within the kanamycin 

resistance gene and the enhancer elements of the vector. Hybridization and detection was 

carried out as described by Roche DIG chemiluminescence system and Engler-Blum et al. 

(1993). The following PCR primers were use to generate the four probes.  

pre LB 5’-TGTAGATGTCCGCAGCGTTA-3’, 5’-ATCTAAGCCCCCATTTGGAC-3’; 

post RB 5’-CTCGGGAGTGCTTGGCATT-3’, 5’-ATCATCCTGTGACGGAACTTTGG-3’;  

Kanr 5’-GCGTGGCTTTATCTGTCTTTGTATTG-3’, 5’-GGCCTACTTTAATTGCTTCCACTGTTA-3’; 

35S 5’-CGACACTCTCGTCTACTCCAA-3’, 5’-TATCACATCAATCCACTTGCTTT-3’. 

 

Phenotypic analysis of transformed lines 

Approximately 1000 of the activation-tagged lines have been growing in the 

greenhouse for about 2 years; the remainder are in tissue culture or cold storage. All 

phenotypes described here have been stable for at least 18 months and are also stable in 

copies generated by cuttings (described above) except for one line (called serrated) that is 

so far only stable in tissue culture. Stem sections were made by hand or with a Vibratome 

series 100 sectioning microtome. All cryogenic scanning electron microscopy was 

performed using a JEOL 6400 Scanning Electron Microscope (JEOL Ltd.) outfitted with 

an Oxford CT 1500C cryotransfer system and cold stage (Oxford Instruments).  Images 

were captured using a Robinson backscattered electron detector (SPI Inc.) at an 

accelerating voltage of 6 kV.   
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Results: 

 

The transformation protocol was successful in producing 1800 activation-tagged 

lines of P. tremula x P alba over a 3 year period. This was achieved by performing 150 

transformation experiments from March 2003 until January 2005. Since each 

transformation experiment typically used 200-300 explants, approximately 37500 

explants were used throughout this study, with a transformation rate of only 4%. To 

ensure the population was as diverse as possible, only one shoot was removed from each 

callus therefore each line represents an independent transformation event. Following 

transformation and regeneration, trees were ready to move to soil within 6-8 months. 

Approximately 1000 lines have been grown in a greenhouse for at least 2 years, the 

remainder of the lines are being maintained in tissue culture and/or maintained in cold 

culture. This represents the largest population of activation-tagged lines in poplar in the 

world.  

 

Phenotypic analysis of activation-tagged lines 

 

To assess the diversity of mutants generated in activation-tagged lines, we 

investigated the range of developmental mutants that could be identified in the first 1000 

lines. The development of each greenhouse-grown plant was assessed for leaf size, leaf 

shape, leaf texture, leaf frequency, stem size, stem shape, stem texture, internal wood 

color and overall size and shape of the tree. We have identified at least 24 different 

phenotypes in these first 1000 lines indicating an altered phenotype rate of 2.4%. The 

most prominent and stable developmental mutants are shown in Figure 2.1. Each of these 

 36



mutants have at least 2 copies in the greenhouse and phenotypes described here are shared 

in all copies and are stable over at least 2 years of growth. These mutants fell into three 

major categories, and are described here as leaf, stem and stature mutants. Because the 

tissue culture identification numbers (ID#) for each line are difficult to remember, we 

typically give newly identified mutants a second name that is related to their phenotype. 

The phenotypes of each line are shown in Figure 2.1 and a summary of the phenotypes is 

given in Table 2.1 where both the common name and tissue culture ID# are given for 

each line. In the remaining mutants, alterations were found in leaf and stem morphology, 

stipule size, as well as the timing of leaf senescence.   

 

Activation-tagged lines with alterations in leaf development 

 

Most of the developmental mutants that could be identified were altered in some 

aspect of leaf structure and are shown in Figure 2.1. The typical P. tremula x P. alba leaf 

is shown in Figure 1a and is characterized as a flat leaf, with a slightly serrated edge, and 

a characteristic width to length ratio of approximately 0.9.  The first leaf mutant is shown 

in Figure 2.1b and is called pcd-like. In fully expanded leaves, this mutant displays 

programmed cell death-like lesions in the leaf, especially near the midrib as shown in the 

inset of Figure 2.1b. The leaf blade is more ridged than the wild-type leaf (not shown). In 

Figure 2.1c is shown the leaf of the rippled leaf mutant. Although the size and shape of 

the leaf is normal, the petiole, and vasculature of the leaf has an undulating structure that 

results in this prominent rippled-leaf phenotype. The midrib of the rippled leaf leaf is 

much more ridged than the wild-type leaf. The most striking mutant in the population is 

shown in Figure 2.1d (leaf) and 2.1l (stature). The shriveled leaf line was the first mutant 
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that was identified in the population and was first detected in tissue culture because of its 

striking leaf morphology. The leaf of shriveled leaf is highly irregular, the leaf is much 

smaller than wildtype, and is highly wrinkled. There is a reduced amount of vascular 

development, and the leaf margins do not appear to expand correctly such that the leaf 

forms a tight cup typically with the abaxial side of the leaf on the inside of the cup. The 

shriveled leaf line also displays a stature phenotype that is described in the next section 

and shown in Figure 2.1l. The bent leaf mutant is shown in Figure 2.1e in profile because 

this leaf has a curled structure that prevents this leaf from lying flat. Soon after 

development of the leaves, they begin to curl downward and in all fully grown leaves of 

this line the leaves are curled downward as shown. It appears that this shape is due to a 

curvature of the midrib. Thin leaf 2 is one of two mutants that have leaves that are 

narrower that wild type leaves (Figure 2.1f). The second mutant, called thin leaf 1 (not 

shown), has poor survival in the greenhouse after several months and is currently being 

propagated in tissue culture for transfer to the greenhouse. The leaves of thin leaf 2 are 

the same length as wildtype leaves but much narrower such that the width to length ratio 

is about 0.6 compared to 0.9 for wildtype.  The peppered mutant appears normal most of 

the year, but during the summer months displays this characteristic black spotting on 

young leaves (Figure 2.1g). Starting around the hottest months of the year, these spots 

develop in young leaves and as these leaves continue to expand, these spots expand into 

complete necrosis. By fall, the young leaves of this line develop normally. In Figure 2.1h 

is another distinctive leaf mutant called serrated, the second mutant that was also evident 

in tissue culture. The leaves of this mutant have a prominent midrib but very few 

secondary veins that results in a highly serrated leaf margin. We have tried to transfer this 

line to the greenhouse several times but it does not survive greenhouse conditions 
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therefore this line is currently only maintained in tissue culture. For this reason, molecular 

analysis was not performed in this mutant. fuzzy is a mutant with a higher number of 

trichomes on the leaves. In comparison to young leaves in the wild-type (Figure 2.1i), the 

fuzzy mutant has a highly pubescent leaf (Figure 2.1j). This phenotype is particularly 

evident with cryo-scanning electron microscopy of the wildtype (Figure 2.1i insert) and 

fuzzy leaf (Figure 2.1j insert). Although the dwarfy mutant also has a stature phenotype 

(described in next section), the leaves of this mutant are much smaller than the wildtype 

but retain the typical leaf shape (Figure 2.1k). The final leaf mutant is called cupped leaf 

and the entire plant is shown in Figure 2.1m. This is the third and final mutant that was 

evident while the plant was in tissue culture. The leaf margins are more serrated than 

wildtype (not shown), but the most distinctive feature is the cupped shape of the leaf 

blade such that the adaxial side of the leaf is in the inside of the cup. Leaf size is normal 

in this mutant.  

 

Activation-tagged lines with alterations in plant stature 

 

Two mutant lines displayed distinct alterations in overall structure. The dwarfy 

mutant that was described above to have smaller leaves, also has a very short stature with 

a much shorter internode distance (Figure 2.1k). In comparison to a wild-type plant of the 

same age, this mutant is substantially shorter but maintains the same number of leaves. 

The shriveled leaf mutant is also affected in overall stature. In Figure 2.1l is a 3-year-old 

shriveled leaf compared to a wild-type plant of approximately 7 months. The mutant 

could not be compared to a similarly aged wild-type tree because these would be too large 

to fit in the greenhouse. There has been no need to cut back the shriveled leaf mutant over 
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3 years, while wild-type poplars would have been cut 12-16 times. The stem is much 

narrower in this mutant (not shown) and the tree is much shorter than wild-type. The 

branching of shriveled leaf is believed to be similar to the branching found in similarly 

aged wild-type trees.  

 

Activation-tagged lines with alterations in stem development 

 

The stem of each line has been cut and the overall development has been 

compared in the first 1000 lines. Two distinct stem phenotypes have been identified by 

this analysis. The first stem mutant, called rosewood, has red xylem as shown in Figure 

2.1n and 2.1q. When this was first identified, the red coloration was restricted to sectors 

in the stem that appeared random. We believed the red coloration might be related to 

reaction wood formation so the tree was tilted at a 45 degree angle for 2 months. The 

resulting stem is shown in Figure 2.1n and compared to the stem of a wild-type tree in 

Figure 2.1o. The red coloration in the rosewood mutant is more prominent on the opposite 

wood side of the stem. In Figure 2.1n, tension wood is on the right side of the stem and 

can be seen in this picture as having a more gel-like appearance, the opposite wood in on 

the left side of the stem. The distinct sectors of red coloration are also evident in the stem 

of Figure 2.1q where the bark has been removed to reveal the pattern of red coloration. A 

second stem mutant, called corky, can be seen in Figure 2.1p and 2.1s and is compared to 

wildtype in Figure 2.1o and 2.1r.  In cross section of similarly-aged trees, the corky 

mutant has a significantly reduced xylem region, a broader phloem region and a much 

broader cortex region. The arrangement of these stem tissues suggest that there is an 

alteration in the activity of both the vascular and cork cambiums. The phenotype of the 
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corky mutant is also evident from the outside stem where the bark is darker, and irregular 

(Figure 2.1s) unlike the smooth light bark of the wild-type stem (Figure 2.1r). It appears 

that the cork cambium cannot maintain a smooth bark in this mutant, and cracks develop 

that produce the irregular surface of the stem.  

 

 

T-DNA insertion number and insertion site structure 

 

To gain an understanding of the complexity of T-DNA insertions in these 

identified mutants, we performed Southern blot analysis on the above described mutants 

that are maintained in the greenhouse. The serrated mutant is only maintained in tissue 

culture and amount of plant tissue is too limiting to permit this analysis. Genomic DNA 

was isolated from the remaining 11 mutants with prominent phenotypes plus 5 lines with 

no apparent phenotype and digested with either HindIII or BamHI, restriction enzymes 

that are known to cut the T-DNA of the pSKI074 vector only once. The number of T-

DNA insertion sites was identified by Southern blot analysis and the results are shown in 

Table 2.1. Probes within the T-DNA were used to detect copy number of the T-DNA, 

while probes outside the T-DNA were used to detect if the region before the left border of 

the T-DNA (probe called “pre LB”) or the region after the right border (probed called 

“post RB”) were transferred.  

 

The analysis of T-DNA inserts revealed that all lines had T-DNA insertions, and 

many of the mutants with obvious phenotypes had two T-DNA insertions. Of the lines 

tested with no apparent phenotype, all showed single T-DNA insertions. When the T-
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DNA insertion site was further analyzed for presence of backbone vector sequence, none 

of the lines had the region adjacent to the right border.  However, the probe for the region 

adjacent to the left border revealed that most T-DNA inserts also contained this region. 

An exception was found in the corky mutant that did not have backbone vector, and this 

was confirmed by sequencing of the adjacent region (data not shown). Similarly, one of 

the bent leaf insertions had LB backbone sequence, while the other did not. Among the 

lines that had no apparent phenotype, all but one line (e18-6) had backbone sequence 

beyond the left border. Thus it appears that transfer of a region beyond the left border is a 

common occurrence in poplar. Subsequent sequencing of T-DNA insert regions has 

confirmed these results for several of the mutants.      
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Figure. 2.1. Altered morphology in developmental mutants of activation-tagged poplar.  
Scale bars = 2cm. (a) Mature P. tremula x P alba. (wildtype) leaf. (b) Mature leaf from 
the pcd-like mutant line with inset showing holes in leaf surface. (c) Mature rippled leaf 
mutant leaf with inset showing undulations in the leaf vasculature. (d) The shriveled leaf 
mutant leaf with wrinkled leaf surface and fused margin. (e) bent leaf mutant with curled 
downward leaf and petiole (f) Narrow thin leaf 2 leaf . (g) peppered mature leaf with inset 
showing black discoloration. (h) serrated leaf from tissue culture with an irregular leaf 
margin. (i) Wild-type shoot apical meristem showing emerging leaves with inset of 
trichome density (j) fuzzy shoot apical meristem with inset of increased trichome density.  
(k) 7-month-old wildtype (left) and dwarfy (right) (l) 7-month-old wild-type plant (left) 
and 3-year-old shriveled leaf (right) showing altered stature (m) 5-month-old cupped leaf 
(n) cut stem of rosewood (o) cross section of wild-type stem (p) cross section of corky 
stem (q) rosewood stem segment with bark peeled away (r) wild-type stem showing 
smooth bark. (s) corky stem with irregular bark. 
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Table 2.1. Summary of the phenotype and the results of Southern blot analysis indicating 
the structure and complexity of the T-DNA inserts in activation-tagged poplar.  
Common 
Name 

 
ID# 

 
Description of Phenotype 

No. of T-
DNA 
Inserts 

Backbone 
Vector 
Sequence* 

Bent leaf DGQ-22 Leaves curled downward at 
midrib. 

2 1 

Corky E1-5 Rough, pitted bark, and altered 
phloem:xylem:cortex  ratio 

1 0 

Cupped leaf E32-11 Leaves with curled up leaf 
margins 

2 2 

Dwarfy E10-31 Reduced internode length, small 
leaves, and decreased stature. 

1 1 

Shriveled leaf E11-25 Irregular leaf margin, wrinkled 
leaves, and reduced stature and 
stem diameter. 

2 2 

Thin-leaf 2 E11-21 Narrow leaves. 2 2 

Fuzzy E13-43 High density of trichomes. 1 1 

Pcd-like E1-33 Holes in mature leaves, look like 
programmed cell death 

1 1 

Peppered E8-13 Localized cell death during 
summer. 

2 2 

Ripley E19-12 Rippled leaf surface and petiole. 1 1 

Rosewood E19-44 Red coloration in xylem 
especially in opposite wood. 

2 2 

Serrated R22-30 Serrated leaves, plant unable to 
survive transfer to soil 

N/A N/A 

N/A B6-3 Not apparent. 1 1 

N/A B7-23 Not apparent. 1 1 

N/A E13-22 Not apparent. 1 1 

N/A E18-6 Not apparent. 1 0 

N/A R8-24 Not apparent 1 0 

* Indicates presence of pre-left border backbone vector since no post-right border vector was detected in 
any lines.  
N/A – not applicable 
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Discussion: 

 

We have created a population of 1800 independent activation-tagged mutants of 

poplar over a three year period. The biggest obstacle to the formation of this population 

was the low transformation and regeneration frequency of poplar which was found to be 

4%. This is the same that others have found for the P. tremula x P. alba hybrid (Han et al 

1997). As a comparison, during the creation of this population, we used similar human 

and plant resources and were able to make 8700 independent activation-tagged lines of 

potato during the same timeframe (data not shown). Future efforts to produce large 

populations of transgenic poplar should first focus on optimizing the transformation rate. 

One possibility is to include matrix attachment regions in the T-DNA where it has been 

shown to improve transformation rates (Han et al. 1997), but this has not been done with 

the activation tagging vector pSKI074 yet. Despite the low transformation rate, this is the 

largest population of activation-tagged poplar that has been produced. Used in 

conjunction with other Populus genomic resources such as the sequenced genome 

available at the Joint Genome Institute website and available EST databases, this 

population is a powerful tool for gene discovery in trees. 

Using Southern blot analysis we determined the number of T-DNA inserts as well 

as the overall structure of the T-DNA inserts for a subpopulation of the lines. Within the 

11 lines that had visible phenotypes 6 had two inserts and rest had only one, while the 5 

normal-looking lines had only single insertions. Due to the high frequency of multiple 

insertions in phenotypic mutants, it might be supposed that multiple inserts are necessary 

to produce an altered phenotype. However, we feel that the high proportion of double 

inserts in the mutants simply reflects a doubled probability of activating a gene that 
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results in an obvious phenotype. In order for two gene products to work together to result 

in an altered phenotype, they would presumably need to be expressed in similar cell types 

as well as during the same developmental time, which seems unlikely. Using probes to 

different areas of the transformation vector, we were able to determine that most of the T-

DNA inserts contained regions of the backbone vector (i.e beyond the left border of the 

T-DNA). Specifically, a probe specific for a region 230 bp before the left border region 

was detected in almost all insertion events and for at least two lines (shriveled leaf and 

rosewood) we know from sequencing results that the backbone vector DNA extends 

much further than this. While the insertion mechanism of the Agrobacterium T-DNA is 

not fully elucidated, the integration of large sections of backbone vector DNA is not 

uncommon with T-DNA insertions (De Buck et al 2000; Kumar and Fladung, 2002). 

In the first 1000 activating-tagged lines, we have identified 24 distinct phenotypes 

related to leaf and stem structure and overall stature. Within the mutants with altered leaf 

morphology, some were reminiscent of phenotypes described by others, while most of the 

leaf phenotypes have not been previously described. The bent leaf line (Figure 2.1e) 

closely resembles that of the 35S::PtFT mutant grown under short day conditions 

described recently by Böhlenius et al (2006).  Activation in the peppered mutant (Figure 

2.1g) results in a phenotype that resembles ozone sensitivity found in hybrid poplar 

clones (Koch et al. 1998) although the gene responsible for this sensitivity has not been 

identified. The serrated mutant (Figure 2.1h) has long thin leaves in culture which is very 

similar to that of cultured poplar that expressed the rice homeobox gene OSH1 (Mohri, T. 

et al. 1999). The fuzzy mutant has more trichomes than wildtype, and while this 

phenotype has not previously been reported in poplar, there has been a similar phenotype 

in Arabidopsis when overexpression of GLABRA3 (GL3) resulted in increased trichomes 
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and in maize where the overexpression of the regulator R gene increased trichome 

density. The remaining leaf phenotypes have not previously been described in poplar. 

Thus, of the nine leaf mutants described here, only the bent leaf phenotype has been 

described in poplar and it remains to be determined if the same gene has been activated.  

 

Compared to the leaf, there were fewer stem and stature mutants that were 

identified. Three of these mutants (rosewood, dwarfy and corky), shared phenotypes with 

previously described mutants, while the phenotype of shriveled leaf is completely unique. 

The tagged line rosewood (Figure 2.1n and 2.1q) has red colored xylem tissue that is 

associated more with opposite wood rather than tension wood in tilted stems. This red 

coloration has been found in transgenic lines that have lignin biosynthesis genes 

downregulated such as CINNAMYL ALCOHOL DEHYDROGENASE (Baucher et al. 

1996), CAFFEIC ACID O-METHYLTRANSFERASE (Lapierre et al. 1999) and 

CAFFEOYL-COENZYME A O-METHYLTRANSFERASE (Meyermans et al. 2000). 

Because the phenotype in the rosewood mutant is from this activation-tagged population, 

this would be the first gene activation that has resulted in this red coloration of the wood. 

The association of the red coloration with opposite wood formation in a tilted stem is also 

novel.  The stature mutant, dwarfy, shares a similar phenotype to an activation-tagged 

mutant identified  by Busov et al. (2003) called stumpy which was shown to have elevated 

gibberellic acid 2-oxidase production and thereby decreased the level of gibberellic acid 

in this line resulted in stunted growth  The corky mutant has a highly irregular bark that 

appears to be due to an altered activity of the cork and vascular cambium since the 

distribution of xylem, phloem and cortex is dramatically altered in the corky stem. The 

anatomy of the stem in cross section is reminiscent of the stem of poplar overexpressing 
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homeobox gene ARBORKNOX1 with an altered ratio of xylem to phloem but other 

features of the stem (proportion of phloem fibers and the bark morphology) are unique to 

corky (Groover et al. 2006). The shriveled leaf mutant has numerous aberrations 

including leaf shape, stature, stem diameter, growth rate. To our knowledge, there have 

not been descriptions that match the shriveled leaf phenotype in any plant let alone 

poplar.  

 

From this preliminary analysis of the first 1000 lines from our activation-tagged 

population we have identified a broad range of phenotypes that match or even exceed the 

range of developmental mutants described during the last 20 years of Agrobacterium 

transformation in poplar. Most of the phenotypes are unique and therefore are highly 

likely to reveal new genes involved in developmental processes. The results presented 

here were limited to greenhouse conditions, and it is known that transferring these trees to 

the field will reveal even more phenotypic differences as the trees are exposed to 

environmental conditions (Strauss et al. 2004). To this end, we have established two field 

trials in dramatically different field environments (different water and temperature 

ranges) in the hopes of identifying new mutants. Additionally, the results presented here 

are a result of only routine tests for developmental abnormalities. It is expected that many 

more mutants will be identified as we screen these lines with more specific features such 

as wood quality, resistance to biotic and abiotic stresses, and nutrient uptake (to name a 

few).  
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Abstract: 

 The production of approximately 1800 activation tagged Populus tremula x P. 

alba lines has proven to be a valuable resource in identifying novel mutant phenotypes in 

a tree species. Activation tagging is an insertional mutagenesis technique which 

upregulates transcription levels of an endogenous host gene as a result of the random 

insertion of a multimeric CaMV 35S enhancer. One mutant line of interest, dubbed 

shriveled leaf, displays unique morphological characteristics never described before in 

poplar, including reduced stature, growth rate, and shriveled leaves. Using PCR methods, 

and Southern blot analysis, the genomic location of two T-DNA insertion sites within the 

shriveled leaf mutant were identified and confirmed. The genes neighbouring the 

insertion sites were identified using the Populus genome available at the Joint Genome 

Institute website (http://genome.jgi-psf.org Poptr1/Poptr1.home.html). Relative transcript 

levels of candidate genes were determined using quantitative RT-PCR analysis, and a 

substantially upregulated gene was identified. This previously undescribed gene was 

isolated and placed in overexpression vector driven by the CaMV 35S promoter. In an 

attempt to recapitulate the phenotype, Populus tremula x P. alba, was transformed with 

these constructs. Apparent gene silencing reversions were also noted in the mutant, and 
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methylation analysis of the activation tagging vector indicates the 35S enhancers region 

has been methylated, resulting in the reversions. We report here on our current findings 

with respect to the mutant phenotype of the shriveled leaf line and a novel candidate gene 

putatively responsible for this dramatic phenotype.  

 

Introduction: 

 Most of what we understand today of gene function is attributed to the genetic 

manipulation and dissection of model plant systems such as Arabidopsis thaliana. 

However, as we move past the genomics era of genome-wide sequencing efforts, and 

move towards gene identification and function discovery, it is becoming increasingly 

important to move beyond a single plant model system. Trees account for over 90% of 

terrestrial biomass on Earth, and play an important role in the global economy, as well as 

providing shelter and habitat to forest species. Trees represents a relatively unknown, 

genetically distinct and diverse departure from such well studied plant species as rice, 

tomato, maize, and tobacco, which are crop species with limited life spans. Populus trees 

are the current model system to for functional genomics work due to genomic resources 

such as EST databases, transgenic trees, and the recently sequenced genome (Sterky et al, 

1998; Jouanin et al, 1993; Tuskan et al, 2006). Recent advances include the production of 

full genome microarray chips for the Populus genome, based on EST databases and the 

sequenced genome. Poplar genomics has a long way to go yet, but these important tools 

allow for rapid gene function and discovery in this model system. The herbaceous, annual 

life cycle of A. thaliana is valuable for understanding some basic processes of plant 

development that will also have impact on trees, but it is likely that a tree model such as 

poplar will be essential to address perennial tree specific processes. 
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 A recently produced genomic resource that has proved valuable for gene 

discovery is an activation tagged mutant population of Populus (Harrison et al, 2007; 

Busov et al, 2003). In principal, activation tagging involves the upregulation of an 

endogenous gene within the host genome through random insertion of a T-DNA vector 

encoding for a strong enhancer sequence (Weigel et al, 2000). This enhancer sequence 

activates endogenous gene expression of a neighbouring gene, causing a dominant gain-

of-function mutation (Weigel et al, 2000). Since the mutation is dominant, phenotypic 

screening can take place in the primary transformed generation (Busov et al, 2003), which 

is critically important for long lived trees that can take 7-15 years to flower.  

 The activation tagging technique was first applied to poplar trees by Busov et al 

(2003) with the end production of 627 independently transformed P. tremula x P. alba 

lines. From this population, they reported on the identification and characterization of a 

poplar GIBBERELLIN (GA) 2-OXIDASE gene (PtaGA2OX1) which showed transcript up 

regulation in a mutant line presenting a stunted or dwarf phenotype. They were able to 

restore a wild-type phenotype in the mutant with the exogenous addition of GA to the 

shoot apex (Busov et al, 2003). They also recapitulated the mutant phenotype through the 

generation of transgenic plants carrying a 35S driven PtaGA2OX1 gene (Busov et al, 

2003). From this population, a further eight mutants were identified with visible 

phenotypes, however the activated gene identity of theses lines has not been reported as 

yet (Steve Strauss, personal communication). Another such population of activation-

tagged poplar was generated by Sharon Regan’s group at Carleton University where, over 

a 3 year period, they generated approximately 1800 independent lines in a P. tremula x P. 

alba hybrid background (Harrison et al, 2007). Of these poplar, approximately 30 have 

shown obvious phenotypes in initial screening while under greenhouse conditions, and 
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another 20 have been identified after one yr field trials in Corvalis, Oregon and Quebec 

City, Quebec (data not shown). 

While activation tagging has proven an effective tool for gene discovery, a 

potential drawback to this T-DNA insertion technique involves methylation of the 35S 

enhancers needed for gene activation (Chalfun-Junior et al, 2003).  Gene silencing is a 

defense mechanism in plants which involves the reduction of gene transcripts either 

through chromatin remodeling, transcriptional gene silencing, or post-transcriptional gene 

silencing (Aufsatz et al, 2002). Commonly, DNA methylation of the target sequence is 

the mechanism responsible for this gene silencing in a homology-dependent fashion 

(Dong and Von Arnim, 2003). Work investigating the potential for methylation of the 

CaMV35S enhancers within the activation tagging vector has indicated a correlation 

between enhancer methylation and multiple or tandem T-DNA insertions (Chalfun-Junior 

et al, 2003). A simple PCR technique for detection of DNA methylation has been used by 

Rabinowicz et al (2003) to identify genes which may be targeted for methylation. An 

endonuclease, McrBC, which targets solely methylated DNA is used to digest genomic 

DNA. A PCR reaction, with primers designed to amplify the gene in question, is then 

used to visualize whether the target gene was originally methylated via the loss of PCR 

product. This technique has been termed McrPCR, and is a simple method for assessing 

DNA methylation if the target sequence is known. Identifying DNA methylation events 

proves useful, given the likelihood of multiple insertions during activation tagging, and 

the prospect of gene silencing within tagged lines.  

 A variety of leaf morphology and stature mutants have been previously described 

in Arabidopsis studies, although stature alterations in Arabidopsis may be less obvious 

than in Populus, due to the overall size limitation of the plant. A cataloging of these 
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mutants and the genes affected will not be undertaken here, and would be best suited to a 

review paper due to sheer number of examples. Among these, numerous hormone 

sensitive mutants have shown alterations to leaf morphology. For example the AXR1 

mutant, with altered sensitivity to auxin, produces a variety of pleiotropic effects 

including leaf morphology and reduced stature (Estelle and Somerville, 1987; Lincoln et 

al, 1990). With respect to leaf morphology, auxin transport has been shown to affect leaf 

venation patterning in numerous experiments (Berleth et al, 2000). The application of 

auxin transport inhibitors produces leaf morphology aberrations, such as a contiguous 

zone of vascular tissue along the leaf margin, supporting auxin perception’s role in 

vascular patterning (Mattsson et al, 1999). Other plant hormones such as cytokinins and 

gibberellins are also known to be involved with leaf morphology and stature respectively, 

while brassinosteriods may affect both (Li et al, 1992; Lincoln et al, 1994; Jasinski et al, 

2005; Busov et al, 2003; Oikawa et al, 2004; Asami et al, 2000). Obviously, with large 

populations of Arabidopsis mutants available, a vast number of leaf morphology and 

stature mutants are currently available for study.  

 While there are numerous leaf morphology and stature mutants within 

Arabidopsis and other plant systems, there are relatively few within poplar, and the 

majority can easily be listed here. There are Populus transgenics expressing the 

Agrobacterium rol-Genes, which have shown numerous morphological alterations, 

including leaf morphology and increased stature (Nilsson et al, 1996; Tzfira et al, 1999). 

Also, Groover et al (2006) produced poplar over-expressing ARBORKNOX1 (ARK1) gene 

which show various phenotypic alterations, including highly lobed leaves and reduced 

petioles. Reduced stature and leaf size has also been reported in transgenic poplar 

expressing the Agrobacterium IAA-biosynthesis genes iaaM and iaaH (Tuominen et al, 
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1995). As previously mentioned, the GA2-OXIDASE mutant from the poplar activation 

tagged population produced by Busov et al (2003) has a reduced stature phenotype and 

smaller leaves. This mutant is in contrast to a GA20-oxidase (AtGA20ox1) over-

expressing poplar mutant which showed increased stature and larger leaves (Eriksson et 

al, 2000). Certainly, the expanding field of Populus research will generate more 

phenotypic mutants, aiding our understanding of tree growth and development. 

Here we report on an activation tagged mutant in poplar called shriveled leaf that has an 

extreme alteration in leaf morphology as well as an effect on the stature of the tree. This 

mutant displayed the most extreme developmental abnormality found in our activation 

tagged population. 

 

Materials and Methods: 

DNA and RNA Extraction 

 Genomic DNA was extracted from fresh leaf tissue using the Qiagen Plant 

DNeasy mini kit (Mississauga, Ontario). Larger quantities of genomic DNA for Southern 

blotting were extracted using a cetyltrimethylammonium bromide protocol as per 

Harrison et al (in press). All RNA samples were extracted from fresh, young leaf tissue 

via the Qiagen Plant RNeasy mini kit. All DNA and RNA samples were stored at -20 oC 

or -80 oC until needed.     

Insertion Site Identification 

 Genomic regions flanking the T-DNA insertion sites within the shriveled leaf 

genome was identified using the GenomeWalker Universal™ kit available through 

Clontech (Mountain View, CA). As per the supplied protocol, four restriction digests 

containing 2.5μg of genomic DNA from shriveled leaf each were performed with the 
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supplied restriction enzymes. The GenomeWalker™ adaptors were then ligated on to 

these digested fragment ends creating four “digestion libraries”. Two gene specific 

primers (GSP1, GSP2) were designed for the right border region of the pSKI074 

activation tagging vector using the primer3 primer design website 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi), following the guidelines in 

the Genome Walker™ protocol.  

GSP1 (5’-GGACCCCCACCCACGAGGAACATCGTGG-3’) and GSP2 (5’-

GATTGATGTGATATCTAGATCCGAAACTATCAGTC-3’) were specific to the right 

border region of the pSKI074 vector, and not within the 4X enhancers. Following the 

PCR conditions in the protocol, the resulting bands from a nested PCR reaction were 

extracted after gel electrophoresis and purified using the Invitrogen PureLink™ gel 

extraction kit. Purified PCR products were then ligated into pGEM-T Easy™ from 

Promega (Madison, Wisconson, USA). Sequencing of the inserts was performed using the 

T7 and SP6 primers at the McGill University and Genome Quebec Innovation Center.     

Sequence Analysis 

 The sequences from the GenomeWalker™ experiments were analyzed and poor 

quality sequences and vector sequences were removed. Due to poor optimization of the 

GenomeWalker™ PCR reactions, many sequences obtained contained adaptor sequences 

at both ends with no GSP2 primer sequences, and were therefore disregarded. Two 

sequences which contained the GSP2 primer sequence were identified. These two 

genomic sequences, (510bp and 358bp in length) were compared to the Populus genome 

using the JGI Populus genome BLAST server, and sequence homology searches were 

conducted. From this, two T-DNA insertion sites within the shriveled leaf genome were 

found, and visualized using the JGI genome browser.    
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Southern Blot Analysis 

 A Southern blot was performed on shriveled leaf and 717(wt) genomic DNA as 

described in Harrison et al (in press). DNA was digested with HindIII which is known to 

cut within the pSKI074 vector only once. Two probes were designed to land on either 

side of the HindIII cut-site, therefore one probe will produce a certain sized band, and the 

other probe will produce an alternate banding pattern. One probe was hybridized to the 

membrane, and the blot was exposed to photographic film (Fisher Scientific, Ottawa 

Ontario), then the blot was stripped and hybridized with the other probe and exposed. 

This method was used to determine the number of T-DNA insertion sites within the 

shriveled leaf genome. 

qRT-PCR and Primer Selection 

 Upon surveying the insertion sites within the JGI Populus genome browser, 

neighboring genes within 10 kb of the insert were identified. Primers for qRT-PCR were 

designed according to standard methods outlined in the Quantitect® SYBR® Green RT-

PCR manual from Qiagen. This protocol was also followed for all subsequent qRT-PCR 

reactions carried out using 50 ng total RNA per reaction. Primers for candidate genes 

were based on EST sequences from a P. tremula or P. alba genetic background if 

available, otherwise from predicted gene models from the JGI Populus genome database. 

Candidate gene qRT-PCR primers generated using the primer3 web application 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi), and listed in table 3.1. 
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Table 3.1. Primer sequences used for various protocols including qRT-PCR, cloning, 

insertion site detection, and McrPCR.    

Primer identity Left primer (5’ – 3’) Right primer (5’ – 3’) 

CG1 qRT-PCR 
(FM) 

GCTACACCAATCAGCTCAACAGTT
C 

CCACCATATCTTGTATGCACAT
TCTG 

CG2 qRT-PCR 
(EST) 

GGAGCATACCTGGGAACACTG TGGATGAGGCATTTGAGCA 

CG3 qRT-PCR 
(FM) 

GGATTTGGATTTGGATTTGC CAGTTTCTTGGGTCAACCAC 

CG4 qRT-PCR 
(FM) 

CATTGTGAAGGCTGTGCCA TTGCTGGGTCCACTTTCCC 

CG5 qRT-PCR 
(FM) 

GTTTGCCATTGGACAGTGCTG TGTGACTTCAGGGACGCCA 

PolyUbiquitin 
(EST) 

TCCAAGACAAGGAAGGCATCC AGCACCAAGTGAAGGGTTGAC
TC 

1st Insertion site - 
Enhancers 

CGTACGATTAAAGCAGTCATAGGA
ATC 

AATACGACTCACTATAGGGAC
GAATTG 

2nd Insertion site - 
Enhancers 

AAACGACGGCCAGTGAATTGTAAT
A 

CTACCCCTTTTCTCCGCTCTATA
TATTC 

CG1 gDNA region 
for McrPCR 

CTTTGGGATGAGAGCGAGAC TAATCCCGGCTCTGTTGTTC 

pCAMBIA1305.1-
35S:CG1 (insert 
verification 
primers) 

AGTCTTTCTAGTTGTGGGCACTG GCGGGACTCTAATCATAAAAA
CC 

CG1 full length 
cDNA primers * 

CTCGAAGTCAATCGCATGCGTACG GAACTACCTCCATCCCTGTTTC
TC 

* primer set which gave longest cDNA sequence of CG1. (FM) indicates primers 
designed from JGI filtered model sequence. (EST) indicates primers designed from EST 
sequences available for gene in question. 
 
 Primers were also designed for a polyubiquitin housekeeping gene for qRT-PCR 

reactions. A similar gene has been reported to be a reliable Populus housekeeping gene 

for qRT-PCR from a variety of tissues (Brunner et al, 2004a). The primers were based on 

an EST from a P. tremula x P. alba hybrid (CF230559.1) and therefore similar to the 

shriveled leaf mutant.  
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Full Length cDNA Isolation 

In order to generate cDNA sequences, a cDNA synthesis reaction was carried out 

on 5 ng of poplar leaf RNA according to protocol for Invitrogen’s Superscript™ II 

reverse transcriptase. Three forward primers were designed to land in the 5’UTR region 

of the predicted gene sequence upstream of the start codon. Also, three reverse primers 

were designed to land within the 3’UTR. These primer sets were used in combination to 

generate the longest cDNA sequence possible (table 3.1). Using cDNA as template, PCR 

reactions were carried out under standard conditions with all primer combinations. The 

largest PCR amplicon was gel extracted, purified and cloned into the pGEM-T easy 

vector for sequencing as stated above.  

Leaf Clearing and Staining 

 Fully expanded leaves from shriveled leaf and 717 (wt) lines were harvested and 

immediately placed in 3:1 ethanol:acetic acid overnight. The ethanol:acetic acid was then 

removed and replaced with successive 1 hour washes in 80% (v/v), 90%, 95% and 100% 

ethanol. Once cleared, the leaves were then removed and placed in a solution of 16 ml 

12M HCl, 100 ml 95% ethanol, and 1.3g phloroglucinol. Images were taken within 1 hour 

of staining.  

Tissue harvest for Microarray analysis 

 With only two shriveled leaf mutant trees available at the time, only two true 

biological replicates were possible. In order to compensate, two pseudo-biological 

replicates were taken. That is, leaves taken from the same tree, but from a different 

branch. Four replicates total were taken from two shriveled leaf tree’s, and four replicates 

were taken from 717 wild-type poplar. In each case, the 5th leaf down from the emerging 

shoot apex was harvested on dry ice, and shipped to Quebec City for RNA isolation and 
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quality assurance by Sébastien Caron at Laval University. Microarray work was 

performed on the Populus Affymetrix gene chip by Sébastien Caron, and normalization 

of the data was carried out using a robust multi-array average analysis. For this 2-class 

comparison, mean intensity values of the four replicates were subtracted mutant vs. wild-

type and log2 transformed. The fold change was calculated (2log ratio) and used to 

determine differentially expressed genes (values > 2.0 were considered upregulated, 

values < 0.5 considered downregulated) by Sébastien Caron. Gene annotation work was 

performed by Jae-Heung Ko in Kyung-Hwan Han lab, (Michigan State University), and 

closest Arabidopsis homolog annotations were made for ~ 1800 differentially expressed 

genes. Four genes were chosen for qRT-PCR validation of the results, two showing 

upregulation and two showing downregulation. QRT-PCR was carried out as described 

above on these four genes. 

Vector Construction  

After isolating a cDNA sequence for a gene of interest, the sequence was ligated 

into a pCAMBIA1305.1 vector with the GUSPlus™ cassette removed.. The GUSPlus™ 

region of the pCAMBIA1305.1 vector was removed via a double digest with BglII and 

BstEII using conditions described by the Promega manual, and the remaining vector was 

purified from an agarose gel. The cDNA sequence had a 5’ BglII restriction site in the 

forward primer, and a BstEII restriction site in 3’ end of the reverse primer. Incorporating 

these restriction sites ensures correct directionality of the insert into the pCAMBIA 

vector. The sequence was ligated into the expression vector using a T4 ligase enzyme 

(Promega), fusing the candidate gene to a 35S CaMV promoter.   
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Transformation of Poplar with Candidate Gene 

 Poplar transformation protocols were used as previously described (Harrison et al, 

2007), with some changes. The vector used for Poplar transformation was 

pCAMBIA1305.1: Poplar candidate gene 1 (PopCG1) constructs. The PopCG1 vectors 

were transformed into 717 (wt) poplar cuttings via an Agrobacterium tumefaciens 

mediated transformation protocol (Harrison et al, 2007). The selection agent was 

Hygromycin-B at 10 mg/L in the selection and organogenesis media. After 3 months on 

selection media, tissue selection is still undergoing. PCR screening for the PopCG1 

construct was used to confirm the presence of the Agrobacterium during infection.  

McPCR 

Shriveled leaf gDNA, silenced shriveled leaf gDNA, and 717 gDNA were isolated 

(Qiagen Plant DNeasy), and digested for 16 hrs at 37 oC with 50 units of McrBC, along 

with undigested controls. These digests and controls were used as template in a standard 

PCR reaction where the primers amplified the 35S enhancers region of the T-DNA (used 

previously to confirm insertion site locations). Three primer sets were used: insertion site 

#1, insertion site #2, and the coding region of CG1. PCR results were run on a 1% 

agarose gel, and band intensities were observed. 

Greenhouse and Growth Chamber Conditions 

 Poplar trees were maintained in greenhouse conditions as well as under tissue 

culture conditions in growth chambers as described in Harrison et al (in press).  
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Results: 

Shriveled leaf Mutant has Reduced Stature and Altered Leaf Morphology 

The shriveled leaf mutant shows a marked reduction in overall height and stem 

thickening in comparison to wildtype 717 hybrids grown in greenhouse conditions. Under 

identical greenhouse conditions, a marked difference in overall height can be seen 

between the shriveled leaf mutants after a 2 yr growth period and a wildtype 717 hybrids 

after only a 7 month growth period (Figure 3.1). Internode length is also shortened in the 

shriveled leaf mutant in comparison to wild type on average (Figure 3.2), which can 

qualitatively been seen (Figure 3.1), and the branching number of shriveled leaf may also 

be altered, however it is unclear since we do not have any 2 yr old 717 under greenhouse 

conditions for comparison.  

 The leaf morphology of the shriveled leaf mutant is quite dramatic and unique 

among the leaf morphology mutants discovered within the activation tagging population. 

The leaf tissue appears wrinkled and undulating through the leaf blade, while the leaf 

margin is sometimes fused or corrupted. This leads to a sometimes cupped shape in the 

leaf, on either the abaxial or adaxial side (Figures 3.1 and 3.3). The leaf cells appear to be 

dividing and expanding in an unusual pattern and of note is a reduction in cell length 

along the leaf margin in comparison to wildtype (Figure 3.4). Cell fate or determination 

seems affected, since epithelial cells are seen interspersed within the leaf blade margin 

(Figures 3.5 and 3.6) and there is little to no leaf blade outgrowth in some cases (Figure 

3.3). As well, newly emerging leaves sometimes fail to develop fully, and remain 

undeveloped and shoot-like. The leaves are also reduced in size overall, and appear as a 

darker green in comparison to wild-type leaves, commonly showing signs of necrosis 

along the leaf margin (Figures 3.3 and 3.6). 
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 The vascular patterning within the leaves is irregular and less ordered in 

comparison to the well ordered pattern of wildtype leaves (Figure 3.3). In a fully 

expanded wildtype poplar leaves exhibit a reticulate vasculature pattern, with a 

pronounced midrib, secondary, and tertiary veins, while quaternary minor veins are less 

obvious. Secondary veins branching from the midvein do not extend to the marginal 

region of the leaf, and secondary vein intramarginal connections are not seen. The tertiary 

veins are interconnected between secondary vein structures, as are quaternary veins, 

which sometimes are free ending veinlets. The shriveled leaf phenotypic leaves show a 

pronounced midvein, which sometimes curves and follows an irregular path throughout 

the leaf blade. Secondary veins are reduced in size and resemble wildtype tertiary veins. 

Although all vein orders are present, a large proportion of leaves show a continuous 

secondary venation along the leaf margin, originating at the base of the leaf and midvein 

structure. Secondary veins throughout the leaf surface occur in troughs of the undulation 

throughout the leaf, with crests occurring in tissue with tertiary or quaternary venation 

(Figure 3.3). Vascular tissue seems to aggregate at regions in the leaf surface which 

appear to be “pinched”, and at necrotic regions along the margin. This altered vein pattern 

seems to accompany the leaf blade abnormalities rather than cause them. Stem sectioning 

of shriveled leaf stained with Toluidine Blue-O showed no marked differences in vascular 

bundle arrangement within leaf midrib, petiole, or stem sections (data not shown).      
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1c

1b 

1a 

Figure 3.1. Comparison of tree stature and leaf morphology between shriveled leaf 

mutant and 717 wild-type poplar. (1a) shriveled leaf mutant line at 4 months after potting 

in soil on left, 717 after 1 month potting in soil on right (1b) Larger image of new leaf 

growth on shriveled leaf mutant. (1c) shriveled leaf mutant over 24 months old on left, 7 

month old 717 on right. Scale bars represent ~5 cm.  
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Figure 3.2. Comparison of average internode length in 717 (wt) and shriveled leaf mutant. 

Internode measurements were taken from the shoot apex of branches.  
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Figure 3.3. Developmental comparison of leaf morphology between shriveled leaf mutant 

and wild-type 717. (A) Shriveled leaf (above) and 717 (below) leaves – arranged 

youngest to oldest and they emerge from the shoot apex. (B) Phloroglucinol staining of 

lignin in ethanol cleared leaves (717- left, shriveled leaf - right) reveals altered xylem 

patterning in the mutant line.  Scale bars = 1cm 

B 

A 
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Figure 3.4. Cryo-SEM images of shriveled leaf margin (A) and 717 wild-type leaf margin 

(B). Cell size along leave margin is noticeably reduced in the shriveled leaf mutant as 

well as overall aberrations to cellular organization are apparent.  
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Figure 3.5. Cryo-SEM images comparing shriveled leaf mutant (A) and 717 wild-type 

(B) poplar vasculature along the adaxial epidermal surface of the leaf blade. Shriveled 

leaf shows irregular and abnormal cellular organization with protrusions of vasculature 

tissue (arrows). 717 wildtype shows organized epithelial cells with well structured 

vasculature (arrow) along the leaf surface.  
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Figure 3.6. Cyro-SEM images of shriveled leaf mutant. Image of leaf margin showing 

signs of necrosis (long arrow) and epithelial shaped cells (small arrows) interspersed 

within elongated leaf margin cells. 

T-DNA Insertion Site Mapping in Shriveled leaf Mutant 

 As a first step towards identifying the gene responsible for the shriveled leaf 

phenotype, the location of the T-DNA(s) was determined by an adaptor version of TAIL 

PCR called Genome Walker™ (Clontech, Mountain Veiw, CA). Sequences flanking the 

T-DNA were compared to the Populus genome, available at the JGI website to determine 

relative location within the genome. Two T-DNA insertions were identified, the first at 

Lg I: 28449984 bp, and the second at Scaffold 28: 2262566 bp. Both insertion site 

locations were confirmed via PCR amplification of the T-DNA insertion region. Primers 
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were designed to amplify the 4x enhancers region of the T-DNA spanning into the 

adjacent genomic sequence previously obtained. To further confirm the presence of two 

T-DNA insertions, Southern blot analysis was performed on shriveled leaf DNA using a 

region of the T-DNA as a probe. The Southern blots confirmed the presence of two T-

DNA insertions within the mutant, due to a differential banding pattern obtained after 

probing the same blot with two DIG labeled probes which land on either side of the T-

DNA HindIII cut-site (Figure 3.7).   

 717 (wt) Shriveled leaf 
Probe 2 Probe 1Probe 1 

12.2 kb 

9.1 kb 

4 kb 

3 kb 

2 kb 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Southern blot analysis of DNA from shriveled leaf and 717 (wt) gDNA 

digested with HindIII probed within the T-DNA. Two bands of differing sizes, and an 

alternate banding pattern using another probe, indicates two different insertion sites 

within the shriveled leaf genome.  
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Figure 3.8. JGI website images of the shriveled leaf T-DNA insertion sites (red circles), 

and candidate genes within a 10 kb region (arrows) of the activation tagging inserts. 

Predicted gene models and ESTs of candidate genes identified with a red oval. 
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Figure 3.9. Diagramatic representation of the T-DNA insertion sites (with orientation of 

the 4X enhancers) within the shriveled leaf mutant. Black arrows indicate locations of 

primers used for PCR confirmation of insertion site regions. 

AA  shriveled leaf Insertion site 1 

10 kb 10 kb 

T-DNA insertion site 

 

Candidate genes identification 

 Using the genome browser on the JGI website, predicted gene models within a 10 

kilobase (kb) region upstream and downstream from the insertion sites were identified 

(Figure 3.8). At insertion site #1, three putative genes were found; while insertion site #2 

contained two genes within proximity (a third predicted model was rejected as a 

       Genome walker 
sequenced region 

 

10 kb 10 kb 

shriveled leaf Insertion site 2 

CG4

CG2 CG1 CG3 

BB  

CG5 
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candidate due to a short sequence length, absence of Arabidopsis homologs, and no 

poplar ESTs associated for it). Figure 3.9 shows the relative location of the insertion sites 

with orientation of activation tagging insert and the corresponding candidate gene 

locations taken from the JGI website. Table 3.2 summarizes these candidate gene 

identities and putative gene annotations associated. Thus, there are 5 genes that are the 

most likely candidates for being responsible for the shriveled leaf phenotype after 

activation by the 35S enhancers. 

Table 3.2. Candidate genes for activation within the shriveled leaf mutant. From two 
insertion sites, candidate genes annotations, A. thaliana and EST sequences homology 
matches taken from JGI website.  

Candidate Gene 
ID 

Location JGI Annotation 
Description 

Best Hit 
Arabidopsis 
Homolog 

EST’s Assembly 
Hit 

CG1  
(gw1.I.4409.1) 

Poptr1 1/LG I: 
28440298-
28443277 

Expressed protein/ 
*A.thaliana-
extracellular ligand-
gated ion channel 
 

At3g20300 
 

none 

CG2 
(estExt_fgenesh4 
pg.C LG I2758) 
 

Poptr1 1/LG I: 
28445152-
28448949 

 

 

 

 

 

Calcium-binding/EF 
hand family protein 

At3g20290 PPHFC 
P0000500002F0
5F1.scf 

CG3 
(estExt_fgenesh4 
pg.C LG I2759) 
 

Poptr1 1/LG I: 
28452344-
28454461

Expressed protein At5g55210 IPGC 
040330.12187.C
1 

CG4 
(Grail3.36473) 

Poptr1 1/scaffold 
28: 2261035-
2262433

putative heavy metal 
ion transport cellular 
function 
 

At2g36950 IPGC 
040330.991.C4 

CG5  
(gw1.28.724.1) 

Poptr1 1/scaffold 
28: 2271655-
2277040

Histidyl-tRNA 
synthetase, class 
IIa/histidine-tRNA 
ligase activity/ 
protein biosynthesis 

At3g46100 IPGC 
040330.2054.C1 

 *annotation from TAIR website for At3g20300 (http://www.arabidopsis.org/) 
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Quantitative RT-PCR Candidate Gene Expression 

 In order to determine which of the genes neighbouring the T-DNA inserts were 

activated by the 35S enhancers, each was screened for increased transcript abundance in 

the mutant using a quantitative reverse-transcriptase polymerase chain reaction (qRT-

PCR) approach. Primers were designed based on candidate gene EST sequences from 

either P. tremula or P. alba if available, as well as predicted gene model sequences from 

the JGI website. RNA was extracted from WT and mutant young, whole leaves. 

Transcript expression levels were quantified via critical threshold (Ct) values of the qRT-

PCR curves from triplicate reactions for each. Of the five candidate genes, only candidate 

gene-1 (CG1) in the mutant showed marked change in expression levels over the 

wildtype. Candidate gene-5 (CG5) showed a slight increase in transcript levels (table 3.3) 

A housekeeping gene, Polyubiquitin, was used with every reaction as a normalization of 

variance control in order to maintain an internal reference standard for mRNA 

concentrations and stability (Bruner et al, 2004).   

Table 3.3. qRT-PCR data for all candidate genes in both the shriveled leaf mutant and 
717 (WT) lines, as well as the overall difference between the two Ct values. 
Candidate 
gene 

717 Ct values 
(UBQ value*) 

Shriveled leaf Ct 
values 
 (UBQ value*) 

Shriveled leaf – 
717 Ct values 
(after UBQ 
normalization) 

Fold change 
in transcript 
levels 

CG1 30.37 (21.7) 27.33 (21.47) 2.8 ~ 7 fold 
increase  

CG2 25.47 (21.81) 26.14 (22.08) 0.4 ~ 1.5 fold 
increase  

CG3 28.16 (21.81) 28.99 (22.08) -1.09 ~ 2 fold 
decrease  

CG4 23.97 (22.09) 23.95 (21.96) -0.1 none 

CG5 24.63 (22.09) 23.56 (21.96) 0.94 ~ 2 fold 
increase 

*UBQ normalization values for each qRT-PCR reaction in brackets 
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Isolation of cDNA sequence for CG1 

 Using the predicted gene model as a guide, multiple primers where designed 

within and beyond the predicted 5’UTR and 3’UTR of the mRNA transcript for CG1. 

Using cDNA as template, the primer combination which gave the largest amplicon in 

relation to the predicted model produced two bands of 1358 bp and 1134 bp in size. The 

gene model predicts a 1284 bp full length cDNA sequence in the P. trichocarpa genome, 

but the shriveled leaf mutant is in a P. tremula x P. alba background, so some variation 

may be expected. The 1358 bp sequence (1.3kb) showed an 88.5% sequence similarity to 

the Populus trichocarpa genome sequence, with only slight differences in sequence 

length at the 5’ and 3’ ends. The shorter 1134 bp sequence (1.1kb) was found to be 

identical to the 1358 bp sequence with the exception of a 222 bp region at the start of the 

second exon which was absent (Figure 3.10). These cDNA gene sequences for PopCG1 

were each inserted into an altered (- GUSPlus) pCAMBIA1305.1 vector after the 35S 

promoter sequence (Figure 3.11).  

 There were no poplar ESTs associated to the CG1 gene model, however the 

Arabidopsis gene At3g20300 showed high sequence similarity. Further bioinformatic 

sequence homology searches were fruitless, with the Arabidopsis homolog being the only 

substantial hit, using varied search algorithms and databases.  
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Box 1 

 

Box 2 

 

37bp 

Shriveled leaf CG1 cDNA sequence 
5’ 

                  Genewise1:4409 cDNA sequence 
3’ 

atg 
108 bp 

 

Figure 3.10. (Box 1) Graphical display from JGI Populus genome browser illustrating 
sequence homology between cDNA PCR amplicons sized 1.3kb (orange), 1.1kb (yellow) 
and predicted gene model for CG1 (blue). cDNA sequence sized 1.3kb shares almost a 
complete match with the predicted gene model, while cDNA sequence sized 1.1kb has a 
~ 200bp region absent in the middle of the coding region. (Box 2) CG1 cDNA 1.3kb 
from P. tremula x P. alba background in comparison to JGI predicted gene model from 
P. trichocarpa sequenced genome. The JGI predicted coding region extends 37 bp further 
in the 5’ UTR region, while the CG1 putative 3’UTR region extends an additional 108 bp 
further. Arrows indicate forward and reverse primers used in a cDNA PCR reaction to 
obtain the most complete cDNA sequence possible (red arrow is primer combination 
which gave largest product).  
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Figure 3.11. pCAMBIA1305.1 vector (-GUSPlus) used for recapitulation of shriveled 

leaf phenotype transformations into 717 wild-type poplar. GUSPlus region has been 

removed, and replaced with the PopCG1 cDNA sequence (both 1.3kb and 1.1kb 

versions). Original image from Cambia website 

(http://www.cambia.org/daisy/cambia/2050/version/1/part/4/data/pCAMBIA1305.1.pdf?branch=main&language=default) 

 

Recapitulation of Mutant Phenotype 

 The 35S:PopCG1 vectors were used to transform into the original hybrid line P. 

tremula x P. alba (717) in order to recapitulate the phenotype. This experiment is 

ongoing, as the entire transformation protocol takes up to 6 months to obtain transformed 

plants in soil. The shriveled leaf phenotype was one of only three activation tagged lines 

that could be detected in tissue culture, so screening for the phenotype should be 

straightforward and likely to occur in the near future.  
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In order to confirm the insertion of the 35S:PopCG1 cassette within the 

Agrobacterium during infection, PCR primers were designed specific to the CG1 coding 

region and Poly-A NOS terminator of the 35S:PopCG1 vector, and were used to 

specifically screen the presence of the vector and insert. Transformation experiments with 

both the CG1 1.3kb and CG1 1.1kb coding regions (Figure 3.10) are ongoing, with no 

immediate results to report here.   

 

Shriveled leaf Phenotype Reversions 

 Over a 12 month period while working on the shriveled leaf mutant, there have 

been numerous occurrences of WT leaves and stems appearing spontaneously from the 

mutant stem. An example is the occurrence of WT leaves and branches that emerged from 

a 3-yr-old mutant line (Figure 3.12). As well, recently produced cuttings of shriveled leaf 

have surprisingly shown signs of this reversion in numerous instances (data not shown). 

This phenomenon is not limited to a branches and entire leaves, since recent occurrences 

are a mosaic pattern of WT and mutant phenotype within the same leaf (Figure 3.12). 

When these reversions take the form of root suckers, they appear completely wild-type in 

physiology, and quickly outgrow the original shriveled leaf mutant plant. Likewise, 

reversions which spontaneously occur within the branch, show wild-type leaf and stem 

internode morphology, and all further growth from this branch is wild-type in physiology. 

On one specific shriveled leaf copy, there have been two such branch reversions, and 

numerous root sucker reversions. In fact, all shriveled leaf root suckers which have 

formed have been wildtype in appearance. When individual leaves show a mosaic 

reversion, the wildtype leaf tissue contains little chlorophyll and is bleached in 

appearance, while the mutant regions are wrinkled and retain chlorophyll. In order to 
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determine whether CG1 transcript levels were affected in the reversion tissue, qRT-PCR 

analysis was performed. A reduction of overall CG1 transcript levels in the reversion leaf 

tissue in comparison with shriveled leaf levels was initially found, but these levels were 

still higher than the 717 wildtype. Repeating these qRT-PCR experiments with RNA 

isolated at different times gave varying results, so the initial indication of some 

downregulation of CG1 in the silenced leaf tissue must be considered inconclusive.  

A PCR reaction with primers designed to land within the T-DNA region and 

specific to the genomic region of insertion sites (same primers used for McrPCR, table 

3.1) were used to confirm the presence of both T-DNA insertions remaining within the 

gDNA of the silenced portions of the mutant.  
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BA 

WT 

SL 

Figure 3.12. Reversions of shriveled leaf mutant phenotype to wild-type (WT). (A) 

Young leaf tissue immerging from mutant phenotype branch, showing WT leaf 

morphology. (B) WT leaf morphology and mutant wrinkled leaf phenotype within the 

same leaf. An absence of chlorophyll seems to accompany the wildtype leaf morphology 

only in these occurrences. (C) A 3-yr-old shriveled leaf mutant with a WT branch 

(bracket) which has grown for 3 months. (D) Close up of stem portion of mutant where 

reversion to WT has taken place, qualitative differences in leaf morphology and stem 

morphology can be seen.  
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Methylation of 35S Enhancers 

 In order to determine the mechanism of these silencing events, a McrPCR was 

performed on shriveled leaf genomic DNA. McrBC is an endonuclease which cuts 

specifically at methylation sites within DNA sequences. It does not cleave unmethylated 

DNA and solely targets methylcytosine’s on one or both strands (Sutherland et al, 1992). 

McrPCR involves the digestion of DNA with McrBC endonuclease and then a PCR 

reaction where the primers span a specific region to determine whether the DNA was 

cleaved, and therefore methylated. The only McrPCR reaction to show a reduction in 

PCR product was the silenced shriveled leaf McrBC digested gDNA with primers specific 

for insertion site #1 (Figure 3.13).   

 

 

+ + + 
1st insertion 
site primers  

 
2nd insertion 
site primers  

 

CG1 primers  

Silenced 
mutant 

Shriveled 
leaf 

 
717 Wt 

 

Figure 3.13. McrPCR of shriveled leaf, silenced shriveled leaf, and 717 wild-type with 

primers for insertion sites #1 producing a 1.8kb band and #2 producing a 1.5kb band. + 

indicates template gDNA was digested with McrBC endonuclease.  
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Comparative Microarray Analysis 

 In order to explore genome wide transcript levels within the shriveled leaf mutant, 

a microarray analysis was performed. RNA from the 5th leaf of both shriveled leaf and 

717 wild-type were isolated and quality tested by Sébastien Carol, from the University of 

Laval in Quebec City. Two biological replications (two different trees), and 2 pseudo-

biological replications (leaves from the same tree, but different branches) were isolated 

for a total of 4 samples of both the mutant and wild-type. The Affymetrix Populus chip 

represents 56,000 transcripts comprised of predicted genes from the P. trichocarpa 

genome as well as Populus ESTs, and mRNA sequences from available databases 

(www.affymetrixs.com). Of the 56,000 transcripts analyzed, 994 probsets were found to 

be upregulated (log2 ratio > 2) in shriveled leaf, and 895 probsets were downregulated 

(log2 ratio < 0.5) in comparison to 717 wild-type. Of note, a large portion of genes 

annotated Cyclin D’s and others related to cell cycle control were found to be 

downregulated, while only one cell cycle annotated gene was found to be upregulated. 

Also, a significant number of putative auxin response and metabolism genes were found 

to be upregulated in shriveled leaf in comparison to wild-type levels (table 3.4).  To both 

confirm the array results and investigate some genes of interest, four transcripts were 

selected for qRT-PCR analysis comparing shriveled leaf and 717 wild-type RNA. These 

genes were chosen purely from interest, and were neither within the upper or lower limit 

of differentially expressed genes from the array results. These genes included a putative 

cyclin D and expansin gene, downregulated in the array, and two putative auxin-

responsive genes, shown to be upregulated. qRT-PCR results confirmed microarray 

results in each case of differential expression to an approximation, since qRT-PCR fold 
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changes values cannot be directly compared to microarray values due to the RMA 

normalization of the data.  

 

Table 3.4. Summary of microarray results of a 2-class comparison between shriveled leaf 

and 717 wild-type transcripts. Gene Ontology (GO) annotation’s of interest with number 

of upregulated genes and downregulated genes within each cellular function category 

tallied. 

GO annotation Number of genes  
Up-Regulated 

Number of genes  
Down-Regulated 

Auxin metabolism 5 0 

Auxin Response 14 9 

Cell cycle 1 41 

Cytoskeleton 2 18 

DNA binding 56 67 

Membrane transport 15 2 

  

Discussion: 

The shriveled leaf mutant displays profound alterations in stature, leaf shape and 

venation pattern and is the most dramatic phenotype found in the 1800 activation tagged 

poplar lines, and, to our knowledge, more dramatic than any poplar mutant previously 

described. The reduced growth rate and stature give the mutant an almost dwarfed 

appearance in comparison to wildtype. During a 12 month period, a wildtype 717 tree can 

grow to excessive heights for greenhouse conditions, and must be cut back, whereas the 

shriveled leaf mutants have been maintained without cuttings for up to 36 months. The 
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internode length of shriveled leaf was also found to be shorter on average throughout the 

tree, which contributes to its reduced stature phenotype. In addition to a reduced stature, 

the morphological aberrations to the leaf size, shape, and venation pattern are the most 

distinct aspect of this phenotype. The leaf surface appears to be wrinkled, undulating, or 

distorted, and the degree of this alteration can vary between leaves (Figure 3.1, 3.3). The 

wrinkled nature of the leaf blade would indicate an excessive cell proliferation or 

expansion within the leaf blade, but a static or reduced a cell boundary, leading to the 

wrinkling. This can also be observed in the sometimes cupped leaf formation, where the 

leaf margin is drastically reduced yet the leaf blade region apparently continues 

expanding, leading to a concave or convex appearance. The newly emerging leaves begin 

in a somewhat regular and symmetrical nature, reminiscent of wildtype emerging leaves; 

however, as leaf expansion continues, an abnormal and irregular leaf margin patterns 

develop. Also, to be noted, in frequent cases, the leaf margins of such leaves often tear or 

shear, resulting in corruption along the margin. This may be the cause or a result of 

necrotic lesions frequently found along the leaf margin. The venation pattern within these 

leaves is equally unique. The reticulate venation pattern of wildtype leaves is quite 

ordered and uniform, while the pattern within shriveled leaf leaves is more random and 

irregular (Figure 3.3). In some leaves, auxiliary veins fuse along the leaf margins, or are 

minimal in formation (Figure 3.3).  The combination of these alterations produces leaves 

with unique morphology and a distinct appearance varying from leaf to leaf, in contrast to 

the uniformity of a wildtype leaf (Figure 3.3). These widespread alterations within the 

shriveled leaf mutant make this phenotype unique to poplar mutants and of great interest.  

In plants such as Arabidopsis, where the most extensive mutant analysis has been 

performed, the mutants that display strong phenotypes such as this tend to be the result of 
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an alteration in a hormone pathway (biosynthesis, sensing or signaling), chromatin 

structure, or an alteration of key transcription factors (Estelle and Somerville, 1987; 

Weigel et al, 1992; Werner et al, 2001). Therefore we examined the previous research on 

these pathways as we would anticipate that the shriveled leaf mutant is a result of an 

alteration of one of these types of pathways. 

Plant hormones play a key role in promoting and influencing plant growth, 

development, and cellular differentiation (Kende and Zeevaart, 1997). There are five 

major classes of plant hormones, abscisic acid, auxin, gibberellins, ethylene, and 

cytokinins, and 3 minor hormone classes, jasmonic acid, brassinosteroids, and salicylic 

acid. Abscisic acid is known to regulate seed dormancy, inhibit plant growth, and be 

involved in environmental stress (Seo and Koshiba, 2002). Auxin is generally involved in 

root formation, vascular development, cell elongation and differentiation and often 

operates in tandem with other hormones (Estelle and Somerville, 1987). Gibberellin is 

involved in inducing cell growth and expansion, leaf shape, and is mostly known for 

promoting stem elongation (Eriksson et al, 2000). Ethylene is mostly involved in seed 

germination, fruit ripening, leaf and flower senescence, and stress responses, but is also 

known to inhibit or promote cell elongation or division (Hua and Meyerowitz, 1998). 

Cytokinins influence cell division, differentiation, leaf formation, as well as operating in 

conjunction with auxin in vascular patterning (Werner et al, 2001). One of the minor 

hormones, Brassinosteroids, is known to be involved in cell expansion, stem elongation, 

and cell proliferation (Clouse, 2002). Salicylic acid and Jasmonic acid are not generally 

involved in plant growth and development, and are mainly involved in pathogen defense. 

Of these hormones, Auxin, Gibberellin, Brassinosteroid, and Cytokinin mutants have 

been reported with phenotypes with aspects that are similar to the many found in 
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shriveled leaf. There is little to no evidence among Arabidopsis mutants, that Ethylene or 

Abscisic acid may somehow be responsible for the stature and leaf morphology 

phenotype of shriveled leaf, and will not be discussed.  

When observing the shriveled leaf leaf, the vasculature originates from the 

midvein normally but then sometimes fuses with other vascular stands along the margin 

of the leaf. This vasculature arrangement along the margin is reminiscent of the pattern 

produced in previous work on Arabidopsis plants treated with auxin inhibitors (Mattsson 

et al, 1999). Auxin has long been known to play an important role in vascular 

development. For instance, the application of exogenous auxin to has been shown to 

induce the formation of primary vasculature from the cambial region (Sachs, 1981; Aloni, 

1995). Early genetic work on auxin polar transport included the identification of the PIN-

FORMED gene, which was shown to be an auxin efflux transporter, localized to the cell 

membrane within vascular bundles in the stem tissue (Galweiler et al, 1998). The PIN-

FORMED gene has recently been characterized to play a crucial role in control of leaf 

vein patterning, through polar auxin transport (Scarpella et al, 2006). Interestingly, this 

research highlighted the influence of auxin transport within the cell epidermis, leading to 

vein formation patterns within Arabidopsis leaves. In Arabidopsis, the role of auxin in 

vascular patterning, differentiation, and leaf shape has been well documented using 

genetic analysis and physiology (Berleth et al, 2000; Dengler and Kang, 2001). The auxin 

insensitve mutant, AUXIN-RESISTANT6 (AXR6), is a loss-of-function mutant where 

embryonic development is severely altered, leading to irregular cell division patterns in 

the provasculature and shows discontinuous and incomplete vascularity in cotyledons 

(Hobbie et al, 2000). There numerous auxin mutants giving rise to altered vascular 

patterns, indicates a strong relationship between the polar transport of auxin and vein 
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pattern formation (Dengler and Kang, 2001). Further examples of altered vein pattern 

include the SCARFACE, and VASCULARNETWORK3 auxin mutants, where the midrib is 

intact, but secondary vasculature is disrupted leading to “vein islands” (Deyholos et al, 

2000; Koizumi et al, 2000). These vascular patterning mutants show altered auxin 

transport and/or signaling, further emphasizing auxins role in vein patterning. The lop1 

mutant in Arabidopsis, which is defective in auxin transport, shows not only altered 

vascular development, but also abnormal cell expansion, leading to dwarfed and 

deformed leaves (Carland and McHale, 1996), which is similar to the shriveled leaf 

phenotype. Therefore auxin is a key hormone in vascular patterning and it is likely that 

auxin is either directly or indirectly affected in the shriveled leaf mutant. 

Another hormone that has been shown to affect vascular structure is cytokinin. 

Cytokinins are not known to be directly associated with vascular patterning, but in 

combination with auxin have been shown to alter cell division and cell cycle (Werner et 

al, 2001). They have been shown to affect vascular differentiation in root and transport 

tissues, specifically in differentiation of the protoxylem (Nelson and Dengler, 1997; 

Mähönen et al, 2006). One example of this is the wol mutant in Arabidopsis, where a 

recessive mutation prevents cytokinin species from binding this cytokinin receptor. This 

results in a reduction of cell proliferation and interferes with proper formation of vascular 

tissue within roots of seedlings (Scheres et al, 1995). As well, mutant tobacco 

overexpressing an Arabidopsis CYTOKININ-OXIDASE2 gene (AtCKX1), which is 

involved in cytokinin degradation, were found to have a reduced overall stature, altered 

leaf shape, and larger vein spacing due to a reduction in overall cytokinin levels (Werner 

et al, 2001). The alteration in stature and leaf shape in shriveled leaf is consistent with an 

alteration in cytokinins, although the vein spacing phenotype is not seen.  
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Lastly, it should be noted that brassinosteriods have also been implicated in 

regulating vascular alignment in Arabidopsis leaf tissue. Loss-of-function mutants of a 

CVP1 gene contain discontinuous vascular bundles in the cotyledon, and misshapen 

vascular cells which are not aligned in parallel files (Carland et al, 2002). The CVP1 gene 

encodes for a protein involved in the brassinosteroid biosynthesis pathway, which 

mediates brassinosteriod levels, indicating a role for brassinosteroids in vascular cell 

axialization (Carland et al, 2002).   

Plant hormones mutants have also been shown to present the reduced stature 

phenotype, consistent with the shriveled leaf mutant. For instance, brassinosteroids are 

also known to be involved in regulating genes responsible for cell division, expansion, 

and elongation (Clouse, 2002). Loss-of-function mutants in the brassinosteroid 

biosynthesis pathways exhibit a reduced stature among other traits (Li and Chory, 1999). 

Mutant Arabidopsis lines over-expressing a BKI1 gene, which is a negative regulator of 

brassinosteroid signaling at the plasma membrane, were also found to be dwarfed in 

phenotype (Wang and Chory, 2006). Also, RNAi knockdowns of a BES1 family of genes, 

which are transcription factor that binds BR-regulated genes, showed dwarf phenotypes in 

Arabidopsis (Yin et al, 2005).  

Another key hormone known to affect plant stature are the gibberellins. When the 

gene for GA20 oxidase, a key enzyme in gibberellin biosynthesis, was ectopically 

overexpressed, the resulting tress containing increased GA levels, and showed increases  

in biomass, fiber length, leaf size and growth rate (Eriksson et al, 2000). A reduction of 

GA levels, achieved by the activiation of GA2-oxidase gene, an enzyme in GA 

catabolism, resulted in a stunted phenotype and altered leaf shape in poplar (Busov et al, 

2003). In rice mutants, overproducing GA20-oxidase levels was found to increase overall 
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plant height, while a suppression of this gene gives rise to a reduced stature phenotype 

(Oikawa et al, 2004). However, none of these phenotypes are consistent with the severe 

changes in leaf morphology or the more modest changes in tree stature of the shriveled 

leaf mutant so it seems unlikely that GAs are altered in this mutant.  

Upon reviewing literature on hormone mutants in Arabidopsis and poplar, no 

strong evidence was found supporting Abscisic acid, or Ethylene in relation to the 

shriveled leaf phenotype. While mutants for these hormones do show novel phenotypes, 

they are unlike what is seen in the shriveled leaf mutant, so we will not discuss them here.  

The wrinkled or distorted aspect of the leaf is reminiscent of mutants that have 

been previously described in Arabidopsis, which involve alterations in cell division, cell 

expansion or cell fate determination. Work by Wyrzkyowska et al (2002) produced 

transgenic tobacco with an inducible leaf margin phenotype quite like the shriveled leaf 

mutant. Using a cyclin A gene (Nicta;CycA3;2) and a microinduction technique, they 

were able to induce over-expression of this cell cycle control gene specifically within the 

leaf margin of developing leaves (Wyrzkyowska et al, 2002). Excessive cell proliferation 

at the induction site on the leaves produced a fused and curved margin quite similar to 

what is seen in shriveled leaf. The nature of this morphological induction and the 

resulting phenotype lend weight to the idea that cell cycle regulation is somehow 

involved in the physical alterations to the mutant poplar leaf. Scanning electron 

microscopy or extensive leaf sectioning quantifying cell number and size may be crucial 

to determining the physical cause of the wrinkling or distortion along the leaf blade. 

Preliminary Cryo-SEM images show reduced cell size along the fused leaf margin, as 

well as aberrations to cell organization throughout the leaf blade. Initial sectioning 

worked found no obvious differences in size, location, or arrangement of vascular bundles 
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identified within the stem, petiole, and midrib, however further investigation may still be 

necessary.  

The production of mutant phenotypes can also be the result of some perturbation 

of chromatin structure or transcription factor levels. Transcription factors are well known 

to regulated single or multiple genetic targets, which can results in pleiotropic effects to 

overall plant physiology (Mizukami and Fisher, 2000). However, functional redundancy 

within transcription factor families can mask single gene disruptions, and multiple 

mutations are sometimes necessary to produce a novel phenotype (Pelaz et al, 2000; 

Liljegren et al, 2000; Meissner et al, 1999). Within Arabidopsis, transcription factors 

which have been shown to alter produce novel phenotypes include LEAFY, FLOWERING 

LOCUS T, and AINTEGUMENTA, to name a few (Weigel et al, 1992; Kardailsky et al, 

1999; Mizukami and Fischer, 2000). As well, many transcription factors which have been 

identified are directly or indirectly associated with hormone signaling or biosynthesis. For 

instance, an Arabidopsis dwarf mutant phenotype was found to be the result of an over-

expression of a zinc finger transcription factor, SHI, where exogenous gibberellin 

application was unable to reverse the phenotype (Fridborg, et al, 1999). This indicates a 

role for the SHI gene in determining gibberellin perception. As well, the ARR1 

transcription factor is known to activate transcription of cytokinins response genes after 

cytokinin perception by the CRE1 cytokinin receptor (Sakai et al, 2001). Auxin is also 

known to be associated with a group of transcription factors called Auxin-response 

factors. These factors are numerous and include activators, and repressors, which bind to 

auxin-response elements in promoter regions of target genes (Ulmasov et al, 1999). While 

it is known that transcription factors may regulate development within plant systems, they 

are frequently found in association with some plant hormone pathway.  
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A further level of regulation in which perturbations can result in novel phenotypes 

involves the physical re-organization of the chromatin, and the factors which regulate this 

process. Various chromatin-related factors such as, chromatin assembly factors, 

polycomb proteins, and histone acetylation/deacetylation proteins have been identified in 

Arabidopsis (Li et al, 2002). Mutants used to characterize the genes encoding these 

factors have shown pleiotropic alterations to physiology. An example of this is the 

BUSHY gene, which is thought to be involved in remodeling repressive chromatin 

structures (Brzeski et al, 1999). Usually found ubiquitously expressed through the plant, a 

significant down-regulation of this gene resulted in overall phenotype reminiscent of the 

AUX1 auxin sensitive mutant, indicating a potential role in auxin perception (Brzeski et 

al, 1999). Other identified genes involved in chromatin regulation include CURLY LEAF, 

FASCIATTA, PICKLE, MORPHEOUS MOLECULE, and DECREASE IN DNA 

METHYLATION 1 (Li et al 2002). Chromatin related genes can have a profound effect on 

overall expression patterns, and we must consider them in our survey of candidate 

activated genes.  

Based on previous research in Arabidopsis and poplar, it seems most likely that 

the shriveled leaf mutant is affected either directly or indirectly in an auxin related 

pathway as well some perturbation in cell cycle control mechanisms may explain the 

reduced stature and cellular leaf abnormalities. 

From genomic sequences obtained, there were two T-DNA insertion sites 

identified within the shriveled leaf genome. Of the five neighboring candidate genes for 

activation, four of these had some cellular or molecular function annotations assigned 

based on gene ontology provided by the JGI server. The gene annotations of interest 

among the candidate genes at the first insertion site include an extracellular ligand-gated 
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ion channel and a calcium-binding EF-hand family protein. The first candidate gene 

(CG1), found to have the highest (7 fold) up-regulation from the qRT-PCR analysis, is a 

putative extracellular ligand-gated ion channel, based on the Arabidopsis homolog. This 

seems promising as the regulation of ions, such as K+, Mg2+, Na+, and Ca2+, passage 

across the cell membrane can produce changes in ion concentrations and altered 

membrane potentials, which may have downstream cellular repercussions (Ward et al, 

1995). The second candidate gene (CG2), showed an upregulation of approximately 1.5 

fold increase and was annotated as a calcium-binding protein. Since Ca2+ is an important 

second messenger molecule, and is utilized to regulate a number of plant cell 

physiological processes, this protein might be involved in an alteration in signal 

transduction. The third candidate gene (CG3) at the first insertion site had no gene 

annotations associated with it, and showed no transcript up-regulation (table 3.3). 

Therefore, it is unlikely the key activated gene in this mutant.  

At the second insertion site, the two candidate genes (CG4, CG5) were annotated 

as a heavy metal transport/detoxification protein, and a histidyl-tRNA 

synthetase/histidine-tRNA ligase. Of the two genes, only CG5 was found to have a slight 

up-regulation of transcript levels over the levels found in wildtype. While aminoacyl-

tRNA synthetases are mainly responsible for all protein biosynthesis within the cell, they 

are not limited to this function. Research into their biological function has shown that 

aminoacyl-tRNA synthetases are involved in tRNA processing, RNA splicing, RNA 

trafficking, cell cycle control, and transcriptional and translational regulation (Francklyn 

et al, 2002; Szymański et al, 2000). A translation control gene, CGN2, has been shown to 

contain a Histidyl synthetase-like binding domain which binds an uncharged tRNA, and 

phosphorylates a translation initiation factor (Qiu et al, 2001). However, as of yet, no 
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mutants with an up-regulated aminoacyl-tRNA synthetase gene have produced severe 

phenotypic changes similar to shriveled leaf. 

Therefore, of the 5 genes that flank the two T-DNA inserts, the mostly likely gene 

that is causing the phenotype is CG1, based on the level of gene activation and the 

putative function of the gene. It is possible, however unlikely, that the phenotype is due to 

the activation of more than one gene.  

  To prove that CG1 is the gene responsible for the shriveled leaf phenotype, the 

expression of the gene was regulated by the strong CaMV 35S promoter and transformed 

into poplar. Ideally, the 35S promoter should result in the overexpression of CG1 and 

recapitulate the shriveled leaf phenotype. Unfortunately, these experiments are ongoing, 

and no phenotype or transformed lines can be reported on here.  

At this point, it is not possible to determine whether CG1 is in fact the gene 

responsible for the shriveled leaf phenotype. If CG1 is the gene responsible, the 

transformation events should give an indication, however there are other factors which 

may ultimately determine the degree to which the recapitulated phenotype resembles the 

activation tagging event. First, the quadruple 35S enhancer in the activation tagging 

vector is substantially different from the 35S promoter used in the recapitulation 

experiments. The quadruple 35S enhancers are expected to enhance the endogenous 

expression of the activated gene and are not believed to change the expression pattern 

(Kay, et al, 1987; Fang et al, 1989; Weigel et al, 2000, Jeong et al, 2002). In contrast, the 

35S promoter is a promoter in its own right with a specific expression patter in poplar 

which may not be appropriate expressing CG1 in the correct tissues. Detailed analysis of 

the expression of CG1 during poplar development might enable us to find a more 
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appropriate promoter for the overexpression of the gene and recapitulation of the 

phenotype.  

Should the ongoing results from the 35S:CG1 transgenic poplar work prove 

insufficient in proving that we have identified the gene responsible for the shriveled leaf 

phenotype, an alternative strategy is being used to test whether this gene is responsible for 

the phenotype. We are in the process of transforming the shriveled leaf mutant with an 

antisense copy of the CG1 gene, in the hopes of restoring a wild-type phenotype. The 

advantage of this approach is that expression pattern of the transgene is less important 

than in the overexpression strategy since the antisense will only affect CG1 in the cells in 

which it is normally expressed. High expression of the antisense construct will need to 

occur to effectively knock down the overexpressed gene. Also, 2.5 kb of the CG1 putative 

promoter region has been isolated and a CG1:GUS expression construct is currently being 

transformed into wild-type, and shriveled leaf poplar. Transgenic lines generated from 

these transformations should yield insight into the expression pattern of CG1, and help to 

further characterize this gene. 

After more than 24 months in greenhouse conditions, one of the shriveled leaf 

mutant trees exhibited a newly forming branch, with wildtype stem and leaf morphology 

(Figure 3.12). This reversion of phenotype is most likely due to some kind of gene 

silencing event, effectively reducing the activated transcript levels and resulting in a 

reversion to wild-type phenotype. During the integration of foreign DNA into a host 

genome, it is not uncommon for the sudden loss of transgene expression, whether in the 

primary transformant, or in subsequent generations (Raghunand, 1998). This transgene 

silencing can occur through a variety of known processes, specifically at the 

transcriptional level, through DNA methylation of promoter or coding regions, and at the 
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post-transcriptional level, through mRNA targeting (Vaucheret and Fagard, 2001). DNA 

methylation of the 35S enhancers is not uncommon for the activation tagging insert, 

Chalfun-Junior et al (2003) speculate that a low number of phenotypes from activation 

tagging populations may be due to methylation of the 35S enhancers, and report the 

likelihood of silencing events to increase with multiple T-DNA insertions. Over a one 

year period, the shriveled leaf tree has exhibited several silencing events, arising from 

branches, root suckers, and even individual leaves (Figure 3.12). This silencing 

phenomenon may not be specific to the shriveled leaf mutant since there is some evidence 

that a similar phenomenon is occurring in another activation tagged mutant (data not 

shown), however, the shriveled leaf mutant does appear to be particularly susceptible to 

this silencing since we have seen multiple events in this mutant. McrPCR analysis has 

indicated that the enhancers region of the T-DNA at the first insertion site in shriveled 

leaf is methylated in the silenced portions. This is a preliminary results which may 

indicate that the activated gene of interest responsible for the shriveled leaf phenotype is 

indeed one of the candidate genes adjacent to this insertion site. With an apparent 

methylation of the enhancers near CG1, it is troublesome that qRT-PCR results did not 

indicate conclusively a reduction in CG1 transcript levels, verifying the methylated 

enhancers hypothesis for these reversions. However, this new information narrows down 

the list of putative candidate genes to these three genes, one of which is CG1. This, along 

with qRT-PCR transcript levels, is a strong indication that CG1 is indeed activated.    

While determining the upregulated gene is of primary interest, transcript profiling 

of the shriveled leaf mutant will shed light on some of the genetic aspects of the 

phenotype. The comparison between RNA transcripts within the whole leaf tissue of 

shriveled leaf and 717 wild-type gave 1800 differentially expressed putative genes. The 
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annotation of these genes was partially dependent on Arabidopsis homolog’s and their 

annotations. The downregulation of relatively all putative D-cyclin and expansin genes is 

of interest when considering the aberrations to cell size and organization within the leaf 

blade. As noted previously, the appearance of a fused leaf margin was found in work 

done by Wyrzkyowska et al (2002) through the activation of a cell cycle control gene. 

While the downregulation of D-cyclins may not directly explain an apparent increased 

proliferation of cells, it remains an indicator that cell cycle control is somehow perturbed 

in shriveled leaf development. Contrarily, the downregulation of expansin genes could be 

involved in some reduction in cell size, or organization. The analysis of these microarray 

results is quite preliminary, with only a portion of the 1800 differentially expressed genes 

annotated. As more of the Populus genome is annotated, further investigation should be 

fruitful in understanding the mechanisms of the shriveled leaf phenotype.  

In summary, the shriveled leaf mutant remains one of the more unique poplar 

mutants. Transgenics containing an over expression of a candidate gene, CG1, will help 

identify the gene which has been activated in this mutant. Ultimately, the most substantial 

evidence for shriveled leaf’s activated gene identity will be the recapitulation of the 

phenotype, and ongoing transformation experiments may hold this answer. Given the 

phenotype, the candidate gene may be involved in auxin reception or response. As well, 

cell cycle controls also may be affected, explaining the apparent changes to cell size and 

organization. Further work is needed to fully characterize the function of the CG1 gene, 

and its role in plant function and development. 
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Chapter 4: 

General Discussion 

There are a wide variety of gene discovery techniques available to the plant 

research community, with new advances increasing the speed of functional genomics 

characterization. Using available genomic sequences and gene or protein prediction 

programs available, a superficial form of gene identification and annotation is rapid, but 

cannot be relied upon for functional analysis. In order to characterize genes with 

certainty, the most reliable means to assign function is through mutant analysis (Meinke 

et al, 1998). Both loss of function, or knock downs, and gain of function techniques are 

powerful tools for gene characterization, however with some inherent drawbacks. As 

previously mentioned, loss of function populations or knock out approaches suffer a 

limitation in identifying genes within families, or where gene redundancy masks any 

phenotype (Nakazawa et al, 2003). The gain of function approach is better suited for gene 

discovery in this case, and activation tagging has proven to be a powerful tool when set to 

this task in Arabidopsis (Nakazawa et al, 2003; Tani et al, 2004). Forward and reverse 

genetic gene discovery strategies employ these mutant techniques in a phenotype 

characterization fashion which has proven effective (reviewed by Alonso and Ecker, 

2006).  As functional genomics in Populus moves forward, these strategies will be of 

benefit to efforts in understanding wood formation, composition, or longevity at the 

genetic level.  
We have shown here that the production of a population of activation tagged 

poplar trees is effective in generating novel phenotypes not previously seen in tree species 

(Harrison et al, 2007). Further mutant analysis of these mutant trees may lead to a further 
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understanding of hormone pathways or regulation, lignin formation, leaf morphology, 

tree stature, or environmental stresses. The survey of mutants generated by Harrison et al 

(2007) indicates the power of activation tagging within a tree species, where a loss of 

function approach has limitations in application. Clearly, gain of function mutants 

(activation tagging specifically) and forward genetics represent the most advantageous 

strategy for functional genomics in tree species at present. With approximately 50 mutant 

phenotypes currently identified through preliminary screening and field trial observations, 

this resource of poplar lines has the capacity to reveal many more genes of interest upon 

more rigorous screening methods, or a targeted screening technique (such as wood fiber 

length, composition, or photosynthetic rate).  

The preliminary analysis of T-DNA insertion site number from these lines 

indicates either single or double insertions. While a double insertion increases the 

likelihood of gene activation, the drawback may be increased chances of gene silencing 

through homology-dependent methylation of the T-DNA (Chalfun-Junior et al, 2003). 

The Populus shriveled leaf mutant has shown this gene silencing reversion to wildtype in 

multiple occurrences. The analysis of gDNA from these silenced portions indicates a 

methylation of the T-DNA enhancers region specific to the insertion site containing an 

activated gene. Given that the shriveled leaf mutant contains two T-DNA insertion sites, 

this gene silencing reversions in shriveled leaf seem likely due to methylation of the T-

DNA activation tagging insert. 

Among the mutants described from this population, the shriveled leaf mutant is 

striking in its uniqueness. No previous poplar mutants, through transgenics or other 

manipulations, resemble the shriveled leaf mutant phenotype. While poplar stature and 

leaf morphology mutants have been previously described, the shriveled leaf mutant 
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remains novel in its phenotype. The forward genetics strategy has proven an effective 

means of gene discovery from this mutant population. We have isolated the activation 

tagging vector insertion sites, and compiled a list of candidate genes for activation. From 

this list, one single gene has consistently shown activated transcript levels in comparison 

to wildtype. With the sequenced Populus genome available, this gene discovery process 

has been quite rapid when considering the work required without a sequenced genome. 

The candidate gene identified has never before been described in poplar, and there is very 

little gene annotation information available. An Arabidopsis homolog, which is also 

uncharacterized, has been annotated on the TAIR database as an “extracellular ligand-

gated ion channel”, leaving much room for speculation as to the function of this gene 

within a biological context. The dramatic alterations to phenotype within shriveled leaf 

would indicate some change in cell cycle, hormone response, or gene regulation, 

however, we cannot be certain until recapitulation of the phenotype has confirmed 

shriveled leaf’s activated gene identity. Poplar transformation attempts at recapitulation 

utilizing the candidate gene are ongoing, and will soon shed light on the identity of this 

unique mutant.   

As Populus gains more attention as a model tree system, the economical and 

environmental impacts of poplar research are of importance as well. Currently, the need 

for alternative fuel sources has pushed research into the biofuels field towards a more 

efficient ethanol source. The production of cellulosic ethanol is now rapidly expanding 

field of research, and functional genomics in plant systems such as poplar trees will 

increased likewise as the need for designer tree crops as a cellulose source increases. The 

impact of poplar within this post-genomics era will help us further our understanding of 

plant growth and development both at the genomics and phenomic level.  
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The activation tagged population described here is a tremendous resource for 

functional genomics under a forward genetics approach. The shriveled leaf mutant from 

this population presents one of the most interesting poplar mutants produced to date, and 

an ideal example of the power of activation tagging as a tool for gene discovery.  
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