
ABSTRACT 
 

WEAR, EMILY ELIZABETH. Phenotypic Analysis of Gene Expression in Proposed 
Populus Root Development and Growth Genes. (Under the direction of Dr. Barry Goldfarb.) 
 
 

 Trees fix carbon through the process of photosynthesis, and then allocate resources to 

their roots and shoots.  For carbon sequestration purposes, it can be useful to select genotypes 

that divert more carbon to the root system where it is less susceptible to degradation, and also 

to select genotypes tailored to specific site conditions.  Using genetic transformation in 

Populus tremula × P. alba hybrid aspen clones, I studied the effect on root growth and 

development and lateral root initiation of several putative homologous genes from 

Arabidopsis thaliana. The three genes studied, PLETHORA1 (PLT1), SHORT-ROOT (SHR), 

and NAC1 were regulated either by over-expression or RNA interference (RNAi) mediated 

suppression.  Putative transformants of PtPLT1, PtSHR, and PtNAC1 RNAi constructs and a 

PtSHR over-expression construct were screened for phenotypic alterations to the roots and 

shoots in a tissue culture experiment.  Then, a sub-set of lines from each construct was more 

thoroughly characterized for growth and physiology traits in a growth chamber experiment 

with water and nutrient limitation treatments.  Finally, the relative gene expression levels 

compared to the wild type (WT) were analyzed for lines in each construct by real-time 

quantitative reverse-transcription PCR.  

I found that lines from the RNAi-mediated suppression constructs of PtPLT1, PtSHR, 

and PtNAC1 showed very limited phenotypic alterations when screened in tissue culture and 

no phenotype alterations in a growth chamber experiment.  Also, none of the lines in the 

PtPLT1, PtSHR, and PtNAC1 RNAi constructs actually had suppressed gene expression in 

comparison to the WT.  Lines from the PtSHR over-expression construct had reduced growth 



and biomass in roots and shoots, and reduced photosynthesis and stomatal conductance rates, 

but increased chlorophyll content in the leaves.  I found there was a strong negative 

relationship between the increased relative gene expression of the PtSHR over-expression 

construct lines and the severity of their reduced growth.  Overall, there was relatively good 

correlation between the growth traits measured both in tissue culture and growth chambers, 

except for a few lines that behaved differently under the two environments or were 

influenced by positional effects.  Additionally, the relative gene expression was slightly more 

correlated with the growth traits measured in tissue culture than with those measured in 

growth chambers. 
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GENERAL INTRODUCTION 

 

As the effects of climate change increase, new solutions for carbon sequestration are greatly 

needed.  Countries around the world are seeking ways to reduce or offset their carbon 

emissions.  Interest has increased in woody plants as a biomass-based energy source and as a 

means to sequester atmospheric carbon (Sartori et al, 2006).  Worldwide, forest vegetation 

and soils have been estimated to contain 359 and 787 Pg of carbon respectively (Dixon et al, 

1994).  Yet, aboveground forest biomass is vulnerable to degradation or die-off because of 

extreme temperatures and drought as well as forest fires, resulting in sequestered carbon 

being released back into the atmosphere (Allen et al, 2010; Daigneault et al, 2010).  Carbon 

stored in belowground biomass is a major source of input to soil carbon pools through 

continual fine root turnover (Pregitzer et al, 2000) and is somewhat more stable than 

aboveground biomass.  The proportion of belowground to aboveground biomass or root-to-

shoot ratio is affected by the plant’s need to take-in the most limiting resource, either light or 

CO2 through the shoot, or water or nutrients through the roots (Bloom et al, 1985).  However, 

many studies in Populus have shown that biomass allocation to roots and shoots can also 

differ among genotypes, providing strong evidence for a genotype × environment interaction 

(Isebrands and Nelson, 1983; Pregitzer et al, 1990; Wullschleger et al, 2005; Rae et al, 2008).  

For carbon sequestration purposes, it can be useful to select genotypes that divert more 

carbon to the root system where it is less susceptible to degradation, and also to select 

genotypes tailored to specific site conditions.   



2 
 

A number of genetic approaches are being developed in forest trees, in order to 

facilitate more efficient breeding or genetic transformation for growth and biomass 

allocation.  These techniques include quantitative trait locus (QTL) mapping and association 

genetics that can link genetic markers to phenotypic traits. Also, transcriptome analysis and 

transgenic modification can identify specific genes and their expression patterns and link 

them to induced phenotypes (Grattapaglia et al, 2009).  Synthesis of all of these approaches 

is also possible when there is a full genome sequence available for cross-referencing.  

Consequently, it may be possible to genetically alter trees to have enhanced root systems that 

would have the capacity to store more carbon belowground, or to have the ability to grow 

more successfully on unfavorable sites.  However, a full understanding of the genes 

controlling root development in trees has not yet been achieved.  Significant research has 

been done on important genes that direct root development in Arabidopsis thaliana, a small 

flowering plant that is used as a model organism for genetic research (Rédei, 1975; Benfey et 

al, 1993).  Even though all plant roots develop in somewhat similar ways, it is important to 

apply this knowledge to tree roots, because tree development differs from other plants in 

several important aspects.  The perennial and large-scale growth habit of trees, their long life 

span, and development of secondary tissues (wood), as well as other specialized 

characteristics, highlight the necessity of a better understanding of tree development 

(Bradshaw et al, 2000).   

To effectively study tree genetic pathways, it is helpful to pool resources, time, and 

collaborative effort into studying a few species that can be referenced as model organisms.  
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The Populus genus has long been studied for a wide range of physiological processes 

including genetic studies, biomass harvesting, bio-fuel production, phytoremediation of toxic 

substances and many others.   Furthermore, Populus is ideal as a model tree species because 

it has a relatively small genome compared to other trees, grows quickly, has a short time to 

maturity, and is relatively easy to work with in an experimental setting (Tuskan et al, 2006).  

In 2006, the genome of Populus trichocarpa (Torr. & Gray), commonly called black 

cottonwood, was sequenced (Tuskan et al, 2006), giving researchers a powerful tool for 

further genetic study.  Gaining a better understanding of the mechanisms of gene expression 

involved in root development will contribute important information to the Populus research 

community and the general tree research community as a whole. 

To better understand tree root development and lateral root initiation, three genes that 

have a role in root development have been identified in Arabidopsis, and were selected for 

further study through transgenic modification in Populus. These putative homologs of 

PLETHORA1 (PLT1) (Aida et al, 2004), SHORT-ROOT (SHR) (Benfey et al, 1993), and 

NAC1 (Xie et al, 2000) were located in the sequence of the P. trichocarpa genome and 

primers were designed to amplify these genes from P. tremula × P. alba hybrid aspen (clone 

INRA 717-1B4) trees.  The P. tremula × P. alba hybrid was chosen as the test species rather 

than P. trichocarpa, because it can be easily maintained as clones in tissue culture and 

genetically transformed.   All three genes analyzed in this study, if they are in fact 

homologous in function to genes found in Arabidopsis, have the potential to alter the root 

structure and architecture in significant ways. 
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Patterning of the root apical and lateral meristem is directed by varying 

concentrations of the hormone auxin, and the subsequent transcription of auxin responsive 

genes.  One of these auxin responsive genes, PLT, is transcribed when there is an 

accumulation of auxin and depends on auxin response transcription factors (ARFs) (Teale et 

al, 2006).  Two members of the PLT family, PLT1 and PLT2 have similar function in 

Arabidopsis and are proposed to be redundant genes (Galinha et al, 2007).  PLT is 

responsible for maintenance of the stem cell niche, and specification of the boundary of the 

root meristem.  Double mutants of plt1 and plt2 in Arabidopsis had reduced root growth with 

more lateral root branching, since PLT does not affect lateral root initiation (Aida et al, 

2004).  Acting in a dose dependent way, high levels of PLT maintain the stem cell niche, 

while low levels promote mitotic division of the stem cell daughters (Galinha et al, 2007).  

Mitotic division of the stem cell niche could cause stunting of root growth after a period of 

time, because the meristem will not be able to produce new daughter cells.   

Working in a parallel, but separate, pathway from PLT, SHR and a gene it up-

regulates downstream, SCARECROW (SCR), also are involved in the specification and 

maintenance of the stem cell niche (Aida et al, 2004).   In experiments with Arabidopsis shr 

mutants, the organizing center in the root meristem, called the quiescent center (QC), 

gradually disorganized and stem cell activity was eventually lost, causing the roots to stop 

growing (Benfey et al, 1993, Sabatini et al, 2003).  SHR and SCR are also necessary for root 

radial patterning and specification of the endodermis and cortex layers (Benfey et al, 1993, 

Scheres et al, 1995).  Though these two genes work closely together, SHR exclusively 
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specifies the identity of the endodermis.  In Arabidopsis scr mutants with functional SHR, the 

asymmetric cell division of the cortex/endodermis initial (CEI) daughter cell did not occur, 

but the resulting single cell layer had both cortex and endodermis markers present (Helariutta 

et al, 2000).  Fukaki and colleagues (1998) also found that SHR and SCR had similar function 

in the radial organization of the shoot axial organs.  The endodermis is hypothesized to be 

involved in gravity sensing in the plant, so Arabidopsis mutants of shr and scr that lacked 

normal endodermis layers in the inflorescence stem and hypocotyl, also lacked a gravitropic 

response (Fukaki et al, 1998).  SCR is important to this study, even though it is not directly 

one of the genes studied, because a decrease in SHR functionally means a decrease in SCR.  

SHR and SCR proteins interact directly to accomplish their function and are interdependent 

to regulate other genes downstream (Cui et al, 2007).   

The third gene, NAC1 is a part of the NAC family of transcription factors, and is 

thought to be a transcription activator of two other downstream auxin responsive genes, AIR3 

and DBP.  NAC1 is also considered to be an auxin responsive gene, because wild type 

Arabidopsis root cultures treated with auxin had raised levels of NAC1 transcripts after only 

30 minutes and levels peaked at 2 hours (Xie et al, 2000).  As auxin accumulates, levels of a 

microRNA, miR164, also increases until it reaches a level where it regulates NAC1 

expression though a feedback loop (Guo et al, 2005).  NAC1 expression leads to lateral root 

initiation from the pericycle layer.  Arabidopsis plants inserted with a NAC1 antisense 

sequence to lower expression showed no obvious shoot phenotype after one week, but overall 

there was significantly reduced lateral root emergence (Xie et al, 2000).  Interestingly, once 
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the lateral roots did emerge they were comparable in length and morphology to wild type 

roots.  By directing lateral root initiation, NAC1 could have an important role in determining 

the type of root system a tree will have, such as a shallow, well branched system or a deep 

system with a well-defined tap-root, and fewer lateral roots.   

The genome of P. trichocarpa has been fully sequenced, so this significant tool was 

used to match the gene sequences of PLT1, SHR, and NAC1 from Arabidopsis to homologous 

sequences in the P. trichocarpa genome.  The putative homologs of these genes were 

amplified from cDNA of the P. tremula × P. alba hybrid, and the PCR products were cloned 

into a plasmid vector for further analysis (Lanz-Garcia and Goldfarb, unpublished).  To study 

the function of each gene in Populus, the gene expression was modified either through 

inserting an inverted repeat to cause RNA interference (RNAi), or by inserting extra copies 

of the gene coding sequence driven by a Cauliflower Mosaic Virus (CaMV) 35S promoter.  

The first method, RNAi, also called post-transcriptional silencing, is an evolutionarily 

conserved mechanism that has been found to be effective in lowering gene expression in 

nematodes, fruit flies, and fungi as well as in plants (Fire et al, 1991; Plasterk and Ketting, 

2000; Flavell, 1994).  An inverted repeat of the target gene is inserted into the genome, and 

once the RNA is transcribed it forms a double stranded portion of the RNA in a hairpin loop.  

Plant cells have a natural mechanism, which may have evolved to protect them against 

viruses (Mourrain et al, 2000), that recognizes and destroys double stranded RNA (dsRNA).  

The dsRNA is cleaved into smaller pieces and unwound into single stranded RNA that can 

then bind to the native gene transcript, causing both native and inserted gene transcripts to be 



7 
 

destroyed (Hannon, 2002).  Levels of gene suppression vary among independent insertion 

events, which can either result in a decrease in the amount of the encoded protein or an 

almost complete silencing of the encoded protein.  Similarly, inserting additional 

homologous copies of a native gene can cause an increase in gene expression, but also has 

been documented to cause silencing of not only the inserted gene, but the native gene as well 

(Vaucheret et al, 1998).  This unexpected result was termed co-suppression by Napoli et al. 

(1990).  Because the number of transgenes that get incorporated into the genome and their 

position cannot be predicted for a transformation event (Vaucheret et al, 1998) it is important 

to screen carefully for positional effects and possible over-expression or suppression that 

could be occurring in individual transformed lines. 

Additionally, though it can be useful to do an initial screen for altered phenotypes in 

sterile tissue culture conditions, it can also be important to test for changes in phenotype 

under varying environmental conditions.  Many transgenic plant screens go directly from 

regenerating the putative transformants to study in a greenhouse (Andrade et al, 2009, Yadav 

et al, 2009, Fei and Nelson, 2004, and others) without screening first in tissue culture.  Russo 

and Slack (1998) demonstrated that screening a large number of putative disease-resistant 

potato plants in tissue culture could be a simple way of reducing effort and cost while still 

receiving good correlation with identical greenhouse studies.  On the other hand, some 

studies have found that tissue culture results did not predict the results obtained in a 

greenhouse (Bergmann and Stomp, 1992) or even that greenhouse results did not predict field 

trial results (Anand et al, 2003).  All of these examples show that it can be important to 
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screen transgenic plants at several levels under different conditions in order to obtain the 

most accurate results possible.  In the present study, I chose to screen a large number of 

putative transformants, first in tissue culture, and then impose water and nutrient stress in an 

experiment with fewer lines in growth chambers.  

Once a plant is confirmed to be a putative transformant, meaning the transgene has 

been incorporated into the genome, the level of transcription or gene expression must be 

quantified.  Being able to accurately determine the function of a gene is dependent on the 

ability to precisely measure the level of mRNA present (Gilliland et al, 1990).  The technique 

of real-time quantitative reverse-transcription PCR (qRT-PCR) is the most sensitive and 

reliable method for quantification of mRNA, even for low abundance targets (Freeman et al, 

1999).  Relative quantification of mRNA levels compared to a non-treated control is usually 

sufficient for studying how changes in gene expression affect physiology (Pfaffl, 2001), and 

this is the technique that was employed for the present study.  Special care must be taken to 

select appropriate, stably expressed endogenous controls or reference genes to normalize 

differences in template amount or RNA quality.  Based on previous qRT-PCR analyses in 

Populus I chose two reference genes, Ubiquitin (UBQ) and 18S ribosomal RNA (18S) that 

have been demonstrated as highly stable in Populus (Brunner et al, 2004; Lu et al, 2006; Li et 

al, 2008), with validation carried out for the specific experimental conditions and tissues.   

Finally, the resulting threshold (Ct) values from qRT-PCR were analyzed with a widely used 

efficiency corrected mathematical model presented by Pfaffl (2001) that incorporates the 

efficiency of each primer pair into the calculation for normalizing expression against the 
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reference gene and the non-treated control (in this case non-transformed wild type).  The 

relative change in gene expression levels can then be correlated to phenotypic changes 

measured. 

Previous work to isolate and clone transcripts of the three putative homologs, 

PLETHORA1-like, SHORTROOT-like, and NAC1-like (hereafter referred to as PtPLT1, 

PtSHR, and PtNAC1), from Populus tremula × P. alba hybrid aspen was carried out by 

Carmen Lanz-Garcia at North Carolina State University.  Also, the transformation of the 

gene constructs into the trees and the confirmation that they were incorporated into the DNA 

was carried out in the laboratory of Amy Brunner at Oregon State University (currently at 

Virginia Tech.).  An RNAi transgenic construct was made for each putative homolog, which 

I referred to as PLTi, SHRi, and NACi.  Also, a single over-expression transgenic construct 

of the SHR gene was made, which I referred to as SHR+.  The purpose of this thesis was to 

analyze the phenotypic alterations caused by the four transgenic constructs (Chapter 1), and 

to quantify the level of altered gene expression occurring in the transgenic lines (Chapter 2).  
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Abstract 

Trees fix carbon through the process of photosynthesis, and then preferentially allocate 

resources to their roots and shoots.  For carbon sequestration purposes, it can be useful to 

select genotypes that divert more carbon to the root system where it is less susceptible to 

degradation, and also to select genotypes tailored to specific site conditions.  Using genetic 

transformation in Populus tremula × P. alba hybrid aspen clones, I studied the effect on root 

growth and development and lateral root initiation of several putative homologous genes 

from Arabidopsis thaliana. The three genes studied, PLETHORA1 (PLT1), SHORT-ROOT 

(SHR), and NAC1 were regulated either by over-expression or RNA interference (RNAi) 

mediated suppression.  I found that the RNAi suppression constructs of PtPLT1, PtSHR, and 

PtNAC1 showed very limited phenotypic alterations when screened in tissue culture and no 

phenotype alterations in a growth chamber experiment.  The PtSHR over-expression 

construct showed reduced growth and biomass in roots and shoots, and reduced 

photosynthesis and stomatal conductance rates, but increased chlorophyll content in the 

leaves. There was relatively good correlation between growth traits measured both in tissue 

culture and growth chambers, except for two PtSHR over-expression lines that behaved 

differently in the two environments.  

 

Introduction 

The Populus genus has been studied for a wide range of research topics including genetic 

studies, carbon sequestration, biomass harvesting, bio-fuel production, phytoremediation of 
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toxic substances and many others.  Populus is considered an ideal model tree because it has a 

relatively small genome compared to other trees, it grows quickly, it has a short time to 

maturity, and it is relatively easy to work with in an experimental setting.  The genome of 

one of its member species, Populus trichocarpa (Torr. & Gray), was sequenced (Tuskan et 

al, 2006) providing the genetic background and tools for further research into genetic 

regulatory mechanisms in trees, including analysis of gene expression that controls tree root 

development and growth.  Plants fix carbon through the process of photosynthesis and it may 

be possible to increase long-term carbon storage in tree roots, or alter root architecture so that 

fast growing Populus trees can grow on a wider range of sites (Brunner et al, unpublished).  

Extensive research has been carried out on some of the genes involved with root 

development in Arabidopsis thaliana, a small herbaceous plant used as a model organism for 

genetic studies (Rédei, 1975, Benfey et al, 1993), but little is known about how similar genes 

might operate in Populus roots.   

To study this question, three genes that play an important role in Arabidopsis root 

growth and development, PLETHORA1 (PLT1), SHORT-ROOT (SHR), and NAC1, were 

identified as potentially important genes in the root growth of Populus.  In Arabidopsis, PLT 

is involved in the maintenance of the stem cell niche, and specification of the boundary of the 

root meristem (Aida et al, 2004).  In a dose dependent way, high levels of PLT retains the 

stem cell niche, while low levels promote mitotic division of the stem cell daughters (Galinha 

et al, 2007).  In a separate, but parallel, pathway to PLT, SHR and a downstream gene it 

regulates, SCARECROW (SCR), also are involved in the specification and maintenance of the 
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stem cell niche and endodermis layer, as well as directing root and shoot radial patterning 

(Benfey et al, 1993; Scheres et al, 1995; Fukaki et al, 1998; Aida et al, 2004).  Both SHR and 

SCR are important in Arabidopsis to the indeterminate growth of roots, allowing them to 

continually grow to access resources in the soil.  The third gene, NAC1, is responsible for 

lateral root initiation from the pericycle layer, but does not affect the length and morphology 

of lateral roots once they emerge (Xie et al, 2000).  Each of the genes analyzed in this study, 

if there are in fact homologous genes in Populus, have the potential to alter tree root structure 

and architecture in significant ways. 

In the current study, genetically modified constructs were made from Populus 

tremula × P. alba hybrid aspen for each target gene to cause either under-expression through 

RNA interference (RNAi), also called post transcriptional gene-silencing (PTGS) (Fire et al, 

1991; Flavell, 1994), or over-expression by inserting additional copies of the entire cDNA.  

An RNAi under-expression construct was made for the three target genes PtPLT1, PtSHR, 

and PtNAC1 in Populus, and I referred to these constructs as PLTi, SHRi, and NACi. A 

single over-expression transgenic construct was made of the PtSHR gene, which I referred to 

as SHR+.  I screened 17-20 independently transformed lines for each gene construct in tissue 

culture to detect alterations in growth or form of the roots and shoots compared to the non-

transformed wild type (WT).   

Once initial phenotype observations were made in tissue culture, a more in-depth 

study of the growth and physiology of the transgenic lines compared to the WT was carried 

out in growth chambers.  Water and nutrient limitation treatments were incorporated into the 



19 
 

experimental design to determine if the addition of these environmental stressors would bring 

out altered growth or physiology responses in the transgenic trees.   

I hypothesized that: 

1.) The three RNAi constructs, NACi, PLTi, and SHRi, would cause alterations in 

root and shoot growth in comparison to the WT.  

2.) The SHR+ over-expression construct would cause alterations in root and shoot 

growth compared to the WT. 

3.) a.  Phenotype alterations observed in tissue culture would correlate well with the 

phenotype alterations in the growth chamber experiment, and 

b. Water and nutrient stress would elicit altered growth or physiology 

phenotypes not visible in trees with ample water and nutrients. 

 

Materials and Methods 

Plant material and transformations 

Each of the three target genes, PtPLT1, PtSHR, and PtNAC1 were amplified from P. tremula 

× P. alba hybrid aspen (clone INRA 717-1B4) using the Gateway System (Invitrogen, 

Carlsbad, CA) (Lanz-Garcia and Goldfarb, unpublished).  For the under-expressed 

constructs, PLTi, SHRi, and NACi, an inverted repeat of about 300 nucleotides was cloned 

into a pCAPD vector (Filichkin et al, 2007) containing the potato PIV2 intron (Vancanneyt et 

al, 1990).  Similarly, the full-length PtSHR cDNA was cloned for the SHR+ over-expression 

into a pCAPO vector with the Cauliflower Mosaic Virus (CaMV) 35S promoter.  A 
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Kanamycin resistance gene was included in each vector to aid in the selection of putative 

transformants.  Transformation of the vectors into the WT clone trees was carried out by 

Amy Brunner’s lab at Oregon State University.  P. tremula × P. alba trees were co-cultivated 

with disarmed Agrobacterium tumefaciens using a standard leaf disc protocol as described in 

Filichkin et al. (2006).  

 

Phenotypic screen of gene constructs in tissue culture 

 A five-week phenotypic observation study was carried out in sterile tissue culture for all 

lines in each of the four constructs, alongside WT trees.  The experimental set-up was a 

randomized, complete block design with 4 blocks.  Each construct and WT were set-up in a 

separate experiment with 17 to 20 independent lines as well as 4 explants of WT, for a total 

of 21 to 24 explants that were randomly assigned in each block.  A 1.5 cm section of the apex 

of the explants was cultured onto half strength MS media (Murashige and Skoog, 1962) in 

Phytatrays (Sigma-Aldrich, St. Louis, MO).  The explants were grown in a growth chamber 

under 40 watt fluorescent bulbs with a constant temperature of 23 °C and a 12-hr 

photoperiod.  On days 14 and 28 of the experiment, the number of primary roots and lateral 

roots were counted and, on day 35, the final root count was taken and the explants were 

harvested.  Final measurements were taken of the shoot height and number of stem nodes, the 

length and width of a representative fourth leaf down from the shoot apex, and the total fresh 

weight of the stem, leaves, and roots.  The stem, leaf, and root tissues were dried in an oven 

overnight at 50 °C and weighed again for the total dry weight.  
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Growth chamber environmental conditions and tree acclimation 

A walk-in controlled environment growth chamber in the NCSU Phytotron was used for an 

11-week experiment.  The explants growing in tissue culture were transferred to Ray Leach 

SuperCells (Stuewe & Sons Inc., Tangent, OR) filled with river bottom sand and acclimated 

in a high humidity environment created by using a misting system enclosed in plastic 

sheeting.  Over the four-week acclimation period, the trees were gradually exposed to more 

light by removing shade cloth, and the humidity level was decreased.  Once the roots began 

to reach the bottom of the super cells, the trees were transferred to 4 × 4 × 14 inch Tall One 

Treepots (Stuewe & Sons Inc., Tangent, OR) also filled with river bottom sand and grown 

with a 16-hr photoperiod, and day/night temperatures of 22 / 20 °C.  The trees were given de-

ionized water twice a day until flow-through and nutrients once a day on Mon/Wed/Fri for 

two weeks.   

 

Growth chamber experimental design 

Once the trees were established in the larger pots, they were set up in a randomized split-plot 

experimental design with four blocks.  Each of the blocks had a complete 2 × 2 factorial 

design with treatments of high and low water and high and low nutrients.  One individual of 

each of 6 lines of NACi, 4 lines of PLTi, 5 lines of SHRi, and 8 lines of SHR+ for a total of 

23 genetic lines were randomized in each treatment plot as well as five individuals of WT.  

High and low water treatments were maintained throughout the experiment so that the high 

treatment was twice the amount of the low treatment, but the actual amount of each increased 



22 
 

throughout the experiment as the trees required more water (for actual volume applied see 

Appendix B).  The water treatment started with low water plots being watered 3 days per 

week and the high water plot being watered 6 days per week, and finished with the low water 

plots being watered twice per day and the high water plots being watered four times per day.   

The low nutrient treatment was a 1/3 dilution of the regular Phytotron nutrient solution (see 

Appendix A for mineral concentrations) applied three days per week in the morning, and the 

high nutrient treatment was the regular strength Phytotron nutrient solution applied 6 days 

per week in the morning.  All water and nutrient treatments were applied until the soil was 

saturated and flow-through was occurring.  Alongside the main experiment, an incomplete 

“mini” block was planted with several individuals of only a few lines within each construct.  

The same treatment conditions were maintained, except only the low water/high nutrient and 

high water/high nutrient treatments were applied, because there were not enough extra trees 

to employ all treatment combinations.  These smaller plots were maintained so that they 

could be harvested at a mid-point during the experiment. 

 

Growth measurements 

Measurements of height, diameter, and the number of stem nodes were taken at the start of 

the treatment application and at weeks 1, 3, and 5.  The incomplete “mini” block trees were 

harvested after 6 weeks of growth.  After 8 weeks, each of the main blocks was harvested in 

succession one week apart.  During the harvest, the final height, base diameter, number of 

stem nodes, and leaf count were recorded, and the total leaf area was measured with a Li-Cor 
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3100 leaf area meter (Li-Cor, Inc., Lincoln, NE).  The stem and leaves were then separated, 

and the roots were sieved and washed of sand and rocks. The leaves, stem, and roots were 

dried to a constant weight in a forced air oven at 70 °C and the mass for each part was 

recorded.  The total shoot and total root mass data from the mini block and each experimental 

block were used to calculate the root-to-shoot ratio over the course of the experiment.   

 

Physiology measurements 

In the fourth week of the experiment, a SPAD 502 chlorophyll meter (Minolta Camera Co., 

Ltd., Japan) was used was used to take three measurements of the SPAD value (unitless 

measure) on each of three leaves per tree and an average was taken.  Additionally, the week 

before each block was harvested, measurements of photosynthesis (A) in µmol m-2 s-1 and 

stomatal conductance (gs) in mol m-2 s-1 were taken with a Li-Cor 6400 (Li-Cor, Inc., 

Lincoln, NE) on a single fully expanded and light-exposed leaf per tree.  Measurements of 

leaf water potential (ψL) in MPa were also taken in the week before the harvest using a 

pressure chamber instrument (Model 1000, PMS Instrument Company, Albany, OR) on fully 

expanded, mature leaves that were collected from the top third of the tree in a two-hour 

window from 9 to 11 am. 

 

Statistical analysis 

For the tissue culture experiment, an analysis of variance was run in SAS JMP 8 (SAS 

Institute Inc., Cary, NC), for each construct and WT.  The model included the fixed effects of 
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block and line, and was used to analyze each response variable measured.  Constructs with a 

significant difference among lines were further analyzed with Tukey’s means test to 

determine which lines were significantly different from the WT.  A sub-set of lines was then 

chosen based on these results to study further in the growth chamber experiment. 

Alterations in root and shoot phenotypes of all growth and physiology measurements 

in the growth chamber experiment were assessed by conducting an analysis of variance 

(ANOVA) in PROC GLM (SAS Institute Inc., Cary, NC) according to the following general 

linear mixed model: 

 

[Eq. 1]     yijklm = µ + αi + βj + γk + (βγ)jk + (αβ)ij + (αγ)ik + (αβγ)ijk + δl + η(δ)m(l) + εijklm 

 

where µ is the base level mean, αi is the random effect of the ith block, βj is the fixed effect of 

the jth water treatment, γk is the fixed effect of the kth nutrient treatment, (βγ)jk is the fixed 

interaction effect between the jth water treatment and kth nutrient treatment, (αβ)ij is the 

random interaction effect between the ith block and jth water treatment, (αγ)ik is the random 

interaction effect between the ith block and kth nutrient treatment, (αβγ)ijk is the random 

interaction effect between the ith block, jth water treatment, and kth nutrient treatment, δl is the 

fixed effect of the lth genetic construct, η(δ)m(l) is the fixed effect of the mth independent line 

within the lth genetic construct, and εijklm is the random error with the expectations of ~NID 

(0, σ2).  ANOVA diagnostics showed that some of the response variables did not meet the  
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assumption of having residuals with a homogeneous variance, so these variables were log10 

transformed and ANOVA was run on the log10 values.  Because the interpretation of the p-

values did not change when the data were transformed, only the p-values from the log10-

transformed data are reported in the results.  Least square mean differences and F-tests were 

generated in SAS JMP 8 (SAS Institute Inc., Cary, NC) for constructs and lines within 

constructs using Tukey’s means test with a 95% confidence level.  

 The least square means for the independent lines within each construct were then 

compared between the tissue culture experiment and the growth chamber experiment using 

Pearson’s correlation coefficient in SAS JMP 8 (SAS Institute Inc., Cary, NC) to determine 

the strength and direction of the relationship between the two sets of results. 

 

Results 

Phenotype screen in tissue culture 
 
Independent lines from each transgenic construct were screened for phenotypic alterations in 

tissue culture. I found that the NACi construct had significant differences among lines in 

shoot height, number of stem nodes, leaf mass, and lateral root number (Table 1), but only 

one line was significantly smaller than the WT in shoot height and one line had significantly 

fewer lateral roots (Fig. 1 A, B).  None of the lines were significantly different from the WT 

in stem nodes or leaf mass (data not shown).  The PLTi construct had significant differences 

among lines in shoot height, and total mass (Table1), but no lines were significantly different 

from the WT (data not shown).  The SHRi construct had significant differences among lines 
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in leaf length, leaf mass, stem mass, and total mass (Table 1), but only two lines were 

significantly smaller than the WT in leaf length, and one line was significantly larger than the 

WT in stem mass (Fig. 1 C, D).  Based on these data, four to six lines were selected from 

each RNAi construct to see if more defined phenotypes would emerge under imposed water 

and nutrient stress and a longer growing period in the growth chamber. 

 The SHR+ over-expression construct had the most phenotypic differences, showing 

significant differences among lines in shoot height, number of stem nodes, leaf width, leaf 

length, leaf mass, stem mass, root mass, and lateral root number (Table 1).  The means test 

showed that seven out of twenty lines had significantly less shoot height, leaf mass, and 

lateral roots, and six lines had less total biomass (Fig. 2).  Also, four lines had smaller leaf 

length, one line had smaller leaf width, two lines had less stem mass, and one line had less 

root mass.  One line also had fewer stem nodes (Fig. 2).  Based on these data, eight lines 

from across the phenotypic range were selected for observation in the growth chamber 

experiment. 

 

Growth chamber growth measurements 

A longer more detailed study of growth and physiology was carried out for fewer transgenic 

lines from each construct in growth chambers. I found there was reduced growth in all of the 

traits measured in the low nutrient treatment, as expected, but there were no significant 

differences between the two water treatments; nor was there a significant interaction between 

the water and nutrient treatments at the 95% confidence level (Table 2).   Both construct and 
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line were highly significant for all growth traits measured (Table 2), because the SHR+ 

construct had significantly less growth in all of the growth traits measured than the other 

constructs and WT.  However, none of the three RNAi constructs (NACi, PLTi, and SHRi) 

showed any significant differences from the WT in growth.  Even though there were a few 

lines that were different from the WT in tissue culture, these differences could not be 

detected when the trees were grown for a longer period of time ex vitro.  Further analysis 

was, therefore, focused on the SHR+ over-expression construct. 

I tested to find out which lines within the SHR+ construct were significantly different 

from the WT in each growth trait, and found that six of the eight SHR+ lines had 

significantly smaller height, base diameter, average leaf area, shoot biomass and root 

biomass than the WT (Fig. 3 A, B, D, E).  Additionally, five of the eight SHR+ lines had 

significantly fewer stem nodes than the WT (Fig. 3 C).  There were no lines significantly 

different from the WT in root-to-shoot ratio overall.  However, I found some of the lines 

responded differently in root-to-shoot ratio under the low and high nutrient treatments.  The 

WT trees and two SHR+ lines that grew similar to the WT had higher root-to-shoot ratios in 

the low nutrient treatment than in the high nutrient treatment (Fig. 4). The rest of the SHR+ 

lines had much more similar root-to-shoot ratios between the two treatments, except for two 

lines (SHR+ 160 and 136) that varied somewhat. 

 

Growth chamber physiology measurements 

As well as quantifying the altered growth of lines within the SHR+ construct, I also looked 
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for alterations in the basic physiology of the trees: photosynthesis (A), stomatal conductance 

(gs), leaf chlorophyll content (SPAD value), and leaf water potential (ψL).  I found there were 

significant differences between the low and high nutrient treatments in A (8.47 ± 0.58 and 

9.99 ± 0.58 µmol m-2 s-1 respectively) and leaf chlorophyll content (unitless SPAD value) 

(25.77 ± 0.38 and 29.94 ± 0.38 respectively), but there were no significant differences 

between nutrient treatments for gs or ψL (Table 3).  None of the physiological measurements 

had significant differences between the water treatments, except the SPAD value, which had 

a marginally significant difference between the low and high water treatments (27.27 ± 0.43 

and 28.44 ± 0.43 respectively; p = 0.0484), and ψL, which had a marginally significant 

interaction between the water and nutrient treatments (p = 0.0453).  However, construct and 

line were again highly significant for all of the physiological measurements (Table 3).  

Consistent with the growth traits, lines with the SHR+ construct had significantly reduced A 

overall (7.42 ± 0.62 µmol m-2 s-1) compared to the WT (9.74 ± 0.63 µmol m-2 s-1).  The 

SHR+ lines also had significantly reduced gs overall (0.396 ± 0.035 mol m-2 s-1) compared to 

the WT (0.530 ± 0.035 mol m-2 s-1).  In contrast to the growth traits, only four of the eight 

SHR+ lines had significantly reduced A and only two of the eight SHR+ lines had 

significantly reduced gs compared to WT (Fig. 5 A, B). There was inherently more error in 

the measurements of A and gs, leading to more variation within a line.  In a surprising break  

with the rest of the results, I found that overall the SHR+ construct had increased chlorophyll 

content (32.59 ± 0.38 SPAD value) compared to the WT (26.72 ± 0.41 SPAD value).  All six  
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of the SHR+ lines that had reduced growth also had significantly higher leaf chlorophyll 

content (Fig. 5 C) and also were observed to have darker leaves.  Finally, four of the eight 

SHR+ lines had a significantly less negative ψL compared to the WT (Fig. 5 D), meaning 

they were further away from the wilting point, most likely due to their reduced size and 

lower transpirational demand. 

 

Regression analysis between experiments for SHR+ lines  

To determine if the phenotypes measured in tissue culture were consistent with the 

phenotypes measured in the growth chamber, I did an analysis of the strength of the 

relationships between traits measured in both environments.  The least square means for the 

SHR+ lines that were included in both experiments were compared and Pearson’s correlation 

coefficient was used to determine the strength and direction of the relationship.  Several of 

the variables were either log or square root transformed to improve the fit and compensate 

for non-linearity.  I found that shoot height measured in tissue culture and the growth 

chamber had a positive correlation of 0.8936 (p = 0.0012) (Fig. 6 A).  Leaf area was not 

measured directly in the tissue culture experiment, instead the leaf length and width of the 

fourth leaf down from the apex was measured. Leaf width did not have a significant 

relationship with the average leaf area in the growth chambers, but leaf length from tissue 

culture and the log of average leaf area were positively correlated (r = 0.8518, p = 0.0036) 

(Fig. 6 B).  Also, stem masses from both experiments had a positive correlation of 0.945 (p = 

0.0001) (Fig. 6 D), but the square root of leaf mass only had a positive correlation of 0.6747 
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(p = 0.0462) with the leaf mass in tissue culture (Fig. 6 C). The root masses in both 

experiments were positively correlated (r = 0.7159, p = 0.0301) (Fig. 6 E), and the total 

biomasses had a positive correlation of 0.7621 (p = 0.0001) (Fig. 6 F).   It should be noted 

that there were two lines (SHR+ lines 60 and 160) that deviated from these relationships 

more drastically than other lines in leaf mass, root mass, and overall biomass.  

 

Discussion 

Effect of water and nutrient treatments 

Water and nutrient treatments were incorporated into the experimental design implemented 

in the growth chamber experiment, because I had hypothesized that water or nutrient stress 

could cause altered phenotypic responses to stress in the transgenic lines.  However, the 

hypothesis was not supported, and the results did not show any noticeably altered phenotypes 

as a result of the stress treatments.  Phenotype alterations that did emerge in lines of the 

SHR+ construct were evident in both the low and high water and nutrient treatments.  The 

WT trees exhibited a classical response to lower nutrient availability, and increased their 

root-to-shoot ratio (Bloom et al, 1985).  Except for a couple of lines, the root-to-shoot ratio 

of the SHR+ lines was much less affected by the difference in nutrient levels.  These lines 

either were limited in their ability to take up nutrients, or because of their reduced size, the 

low nutrient level was sufficient and the high nutrient level was in excess. 

  Additionally, the nutrient level was the limiting factor in this study and not the water 

level.  Because the trees were grown in pots of sand, even the low water treatment required a 
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large amount of water to keep the trees from dying and it was very difficult to mimic chronic 

water stress in this type of environment.  If similar future studies were carried out, a larger 

pot size and possibly a different substrate mix would be necessary to more closely mimic 

chronic water stress.  Some more fine-tuned plant-by-plant approaches to imposing water 

stress have been used by other studies with various Populus species, such as the trees being 

watered to a certain percentage of their field capacity by weighing the pots every other day 

and calculating the amount of water lost by transpiration (Yin et al, 2005); or by inspecting 

each tree to add water when it shows the first sign of leaf wilting (Siemens and Zwiazek, 

2003).  The main purpose of the limited water treatment was not to exactly measure the 

response of the trees to water stress, but instead to screen for phenotypic alterations.  Because 

of this objective and the large number of trees included in the study, these more time and 

labor-intensive options were not practical for this application. 

 

RNAi under-expression constructs 

Consistent with other transgenic studies where tissue culture results did not predict results 

from a growth chamber or greenhouse (Bergmann and Stomp, 1992), none of the SHRi or 

NACi lines that were significantly different from the WT in tissue culture were significantly 

different from the WT when they grew for a longer period of time in growth chambers.  

Because the trees were so small in tissue culture, any little differences in growth were 

detectable.  However, when the trees grew for longer in the growth chambers, these small 

differences apparently disappeared.  The lack of phenotypic effects of the RNAi constructs 
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could have been due to the introduced sequences not being effective at targeting the gene of 

interest.  Alternatively, the target gene could have been effectively reduced, but there was a 

related gene or genes that were functionally redundant. Arabidopsis studies of PLT showed 

that under-expression of only one member of the PLETHORA gene family did not have much 

effect, but in mutants without PLT1, PLT2, and PLT3 the plants were completely rootless 

(Galinha et al, 2007).  Furthermore, Schrader et al. (2004) documented two homologs of the 

Arabidopsis SHR gene in P. tremula (PttSHR1 and PttSHR2).  Because the tree clone used 

for this study was a P. tremula × P. alba hybrid, there are potentially even more homologous 

genes in the genome which could have similar function.  Additional research is being 

conducted into the actual level of gene expression of the three targeted genes used for under-

expression and should bring more information to this result (Chapter 2).   

 

SHR+ over-expression construct 

Varying severities of stunted growth and reduced biomass were characterized in lines with 

the SHR+ over-expression construct that affected both the shoots and roots.  The SHR+ lines 

also had reduced leaf area, obvious curling and twisting of the leaves and petioles, and darker 

leaves.  Arabidopsis studies of shr mutants showed that the plants had shorter roots, darker 

cotyledons and leaves, and a lack of the endodermis layer in the roots, hypocotyl, and 

inflorescence stems (Benfey et al, 1993; Scheres et al, 1995; Fukaki et al, 1998; Helariutta et 

al, 2000).  An ectopic expression of Arabidopsis SHR with a Cauliflower Mosaic Virus 

(CaMV) 35S promoter resulted in extra cell layers surrounding the root stele and in some 
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lines the radial pattern was asymmetric (Helariutta et al, 2000), but no report was made of the 

overall root or shoot growth.  The CaMV 35S is a strong promoter that is constitutively 

expressed in many plant tissues (Odell et al, 1985).  In the present study, the CaMV 35S 

promoter was used to drive the over-expression of PtSHR, which could be leading to 

expression in tissues where PtSHR is not normally expressed.  I would expect from the 

outcome in these Arabidopsis studies that over-expression of PtSHR might lead to increased 

root growth, but the root growth of the over-expression lines in this study was reduced. 

SHR is a putative transcription factor in Arabidopsis, and has been documented to be 

up-stream of SCR, another transcription factor and a partner in root and shoot radial 

patterning as well as maintenance of the QC (Di Laurenzio et al, 1996; Fukaki et al, 1998; 

Helariutta et al, 2000; Sabatini et al, 2003).  Wysocka-Diller et al. (2000) found that in 

mature leaves, SCR expression is strongest in the bundle sheath cells around the leaf veins. 

Bundle sheath cells function similar to the endodermis layer, and conduct the flow of water 

and nutrients into the leaf and photosynthate out of the leaf (Esau, 1965; Leegood, 2008).  

Based on the results from Helariutta and colleagues (2000) that ectopic expression of SHR by 

the CaMV 35S promoter in the roots caused additional endodermis-like layers around the 

stele, it is possible that ectopic over-expression of PtSHR and, therefore, PtSCR in the leaf 

might produce additional bundle sheath-like cells around the leaf veins.  Especially if these 

cells were asymmetrically and haphazardly organized because of the strong CaMV 35S 

promoter, there could be a substantial negative impact on the transport capabilities of the 

leaf.   
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Related to this, I also found that the SHR+ over-expression lines had increased 

chlorophyll content, even though they had reduced leaf area and photosynthetic ability.  The 

SPAD meter used to measure chlorophyll content does have some limitations, because the 

SPAD values can be affected by variation in leaf thickness and color (Chapman and Barreto, 

1997; Campbell et al, 1990; Chang and Robison, 2002).  In this experiment, I found that the 

specific leaf area (SLA), a measure of leaf thickness, was slightly higher in some lines of 

SHR+ than the WT, and slightly lower than the WT in several other lines (data not shown), 

but they all had increased chlorophyll content. This leads us to believe that by taking three 

measurements per leaf on three leaves per plant, I was able to accurately detect a true 

increase in chlorophyll content and not just variation in leaf thickness or localized color 

change.  Additionally, although photosynthesis is mostly thought of as occurring in the 

mesophyll cells in C3 plants, bundle sheath cells can also have chloroplasts.  Bundle sheath 

cells have been shown to contain chloroplasts in Arabidopsis, barley, rice, and Populus 

deltoides, though they are sometimes reduced in size or volume from those in mesophyll 

cells (Kinsman and Pyke, 1998; Williams et al, 1989; Sheehy et al, 2007; Russin and Evert, 

1985).  Histological examination of the leaves is needed to ascertain whether an increase in 

bundle sheath-like cells is leading to an increase in the number of chloroplasts in the leaf, or 

if there is some other function for PtSHR or PtSCR related to cell expansion and division that 

could be causing the reduced leaf area and photosynthesis, but increased chlorophyll content 

in the SHR+ lines.  For example if cell expansion was inhibited, a leaf could have reduced 

total leaf area, but the same number of cells and chloroplasts.  
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Without further research, I am unable to determine definitively whether the reduced 

shoot and root growth of the SHR+ lines is caused by increased expression of PtSHR in 

abnormal tissues or if the growth is affected by an increase in expression of PtSCR and other 

genes that could be up or down regulated.  It is possible that abnormal expression of PtSHR 

in the shoot tissues and the reductions I found in leaf area and photosynthetic capacity led to 

extremely reduced root growth, that masked any potential effect of over-expressed PtSHR in 

the roots.  A microarray experiment to detect what other genes PtSHR is regulating 

downstream would be necessary to unravel all of the complex patterns of gene expression 

and related phenotypes involved.   

 

Analysis between tissue culture and growth chamber experiments 

There was a considerable amount of agreement between the two experiments that were used 

to detect altered phenotypes in the transgenic SHR+ lines compared to WT.  However, there 

were a few lines (SHR+ 60 and 160) that behaved differently under the different 

environments.  After looking at the raw data, it appears that these two lines had more 

variation between the individual explants in tissue culture than other lines, and also the 

overall growth response was somewhat different in tissue culture compared to the growth 

chamber.  This illustrates that some lines do not perform the same under different conditions, 

which is why testing for phenotypes at several stages can be useful. There were substantial 

differences in the growing conditions, experiment duration, and overall size of the trees 

between the two experiments, and a sizeable difference in the number of lines that could be 
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detected as significantly different from the WT between the two approaches.  Even with the 

reduced number of lines included in the growth chamber experiment, it was more sensitive in 

detecting biologically important differences than the experiment in tissue culture.  From this 

experiment, I conclude that measuring putative transformants in tissue culture may be a 

useful and rapid screening tool, but that growth chamber, greenhouse, and especially field 

experiments should be utilized to confirm biologically important phenotypic alterations in 

transgenic trees. 
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Tables and Figures 
 
Table 1.  P-values from the individual analysis of variance of the response variables measured in the tissue culture phenotypic 
observation experiment for each transgenic construct.   Each construct was analyzed separately with the WT, and the model 
contained the fixed effects of block and line.  Significant p-values are in bold. In cases where the overall model f-test was not 
significant, p-values for block and line were omitted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Source DF 
Primary 
root # 

Lateral 
root # Height 

Stem 
nodes 

Leaf 
width 

Leaf 
length 

Leaf 
mass 

Stem 
mass 

Root 
mass 

Total 
mass 

Root-to-
shoot ratio 

NACi             
Model 23 0.2816 0.0411 <0.0001 0.0131 0.2059 0.0990 0.0189 0.0679 0.4056 0.0451 0.7310 
 Block 3 - 0.2081 0.0013 0.0355 - - 0.0763 - - 0.0063 - 
Line 20 - 0.0424 0.0004 0.0278 - - 0.0308 - - 0.2174 - 

PLTi             
Model 19 0.5690 0.0762 0.0243 0.5682 0.9803 0.5424 0.0223 0.0831 0.1842 0.0125 0.8291 
 Block 3 - - 0.0667 - - - 0.0070 - - 0.0160 - 
Line 16 - - 0.0386 - - - 0.1145 - - 0.0391 - 

SHRi             
Model 23 0.8000 0.2577 0.0064 0.7912 0.1263 <0.0001 0.0130 0.0002 0.0594 0.0027 0.1625 
 Block  3 - - <0.0001 - - 0.0150 0.0121 0.0025 - 0.0060 - 
Line 20 - - 0.2552 - - 0.0001 0.0477 0.0013 - 0.0131 - 

SHR+             
Model 23 0.0955 <0.0001 <0.0001 0.0002 0.0003 <0.0001 <0.0001 <0.0001 0.0035 <0.0001 0.1829 
 Block  3 - 0.2119 0.1512 0.0005 0.0360 0.1831 0.8425 0.0916 0.4017 0.4766 - 
Line 20 - <0.0001 <0.0001 0.0022 0.0004 <0.0001 <0.0001 <0.0001 0.0018 <0.0001 - 
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Table 2.  P-values from the analysis of variance of the growth variables measured in the growth chamber experiment for the 
random effects of block and all interactions with block and the fixed effects of the water and nutrient treatments, transgenic 
constructs, and lines within constructs.  Significant p-values are in bold. 
 

Source of 
Variation 

 
DF 

 
Height 

Base 
diameter 

Stem 
nodes 

Average 
leaf area 

Shoot 
mass 

Root 
mass 

Root-to-
shoot ratio 

Block 3 0.0252 . 0.1198 0.9724 0.3635 0.4058 0.9432 

Blk x Water 3 0.4118 0.6308 0.4439 0.5327 0.5703 0.2964 0.1564 

Blk x Nutrient 3 0.1641 0.9466 0.4325 0.3649 0.5575 0.7817 0.1853 

Blk x Water x Nut 3 0.2923 <0.0001 0.0594 0.0087 0.0601 0.0013 0.0581 

Water 1 0.9225 0.3477 0.2378 0.9377 0.3345 0.5980 0.4674 

Nutrient 1 0.0021 0.0003 0.0018 0.0379 0.0026 0.0187 0.0791 

Water x Nutrient 1 0.1154 0.6614 0.9177 0.4765 0.4374 0.8891 0.1022 

Construct 4 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Line(Construct) 19 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0513 
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Table 3. P-values from the analysis of variance of the physiology variables measured in the 
growth chamber experiment for the random effects of block and all interactions with block 
and the fixed effects of the water and nutrient treatments, transgenic constructs, and lines 
within constructs.  Significant p-values are in bold. 

 

Source of  
Variation 

 
 
 DF Photosynthesis 

(A) 

Stomatal 
conductance 

(gs) 

Chlorophyll 
content  

(SPAD value) 

Leaf water 
potential  

(ψL) 
Block 3 0.6109 0.4860 . 0.1990 

Blk x Water 3 0.3283 0.5250 0.8169 0.4330 

Blk x Nutrient 3 0.9518 0.5686 0.8496 0.1875 

Blk x Water x Nut 3 <0.0001 <0.0001 <0.0001 0.2703 

Water 1 0.7685 0.5440 0.0484 0.0797 

Nutrient 1 0.0090 0.1211 0.0011 0.6635 

Water x Nutrient 1 0.7689 0.1838 0.5883 0.0453 

Construct 4 <0.0001 <0.0001 <0.0001 <0.0001 

Line(Construct) 19 <0.0001 <0.0001 <0.0001 <0.0001 
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Figure 1.  The least square means ± standard error of the growth traits with significant 
differences when measured in tissue culture.  A) The shoot height for NACi lines, B) the 
lateral root count for NACi lines, C) the leaf length for SHRi lines, and D) the stem mass for 
SHRi lines.  The WT is designated with a black bar.  Lines designated with a star are 
significantly different from the WT at α = 0.05. 
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Figure 2. The least square means ± standard error for growth traits measured in tissue culture 
after 5 weeks growth of 20 lines from the SHR+ over-expression construct and WT (black 
bar).  Measurements were made of A) final shoot height, B) number of stem nodes, C) leaf 
length (including petiole) of the fourth leaf down from the apex, D) leaf width of the fourth 
leaf down from the apex, E) leaf dry mass, F) stem dry mass, G) root dry mass, and H) 
number of lateral roots.  Lines designated with a star are significantly different from the WT 
at α = 0.05. 
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Figure 3. The least square means ± standard error of each SHR+ line and the WT (black bar) 
of the growth traits measured in the growth chamber experiment: A) shoot height, B) base 
diameter, C) average leaf area, D) number of stem nodes, E) and shoot and root biomass 
when the trees were harvested. Lines were ordered according to increasing shoot biomass, 
and lines designated with a star are significantly different from the WT at α = 0.05.  F) A 
picture of the various levels of stunted growth in SHR+ lines compared to the WT on the 
right.  
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Figure 4.  The mean ± standard error of each SHR+ line and the WT of root-to-shoot ratio 
from A) trees given the low vs. high nutrient treatments. Lines are ordered according to 
increasing shoot biomass from Figure 3.  B) A single SHR+ line 125 and WT from the high 
nutrient treatment as an example of how the root-to-shoot ratio changed over five different 
time points.  The data point for day 74 in SHR+ line 125 does not have an error bar because 
the second tree died.  
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Figure 5. The least square means ± standard error of each SHR+ line and the WT (black) of 
the physiology traits measured in the growth chamber experiment: A) leaf photosynthesis 
(A), B) stomatal conductance (gs), C) leaf chlorophyll content (SPAD value), and D) leaf 
water potential (ψL). Lines were ordered according to increasing shoot biomass from Figure 
3, and lines designated with a star are significantly different from the WT at α = 0.05. 
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Figure 6.  Correlation analysis of the growth traits A) shoot height, B) average leaf area and 
leaf length, C) leaf mass, D) stem mass, E) root mass, and F) total biomass measured in the 
growth chamber (Exp. 2) versus the corresponding growth traits measured in tissue culture 
(Exp. 1) of the SHR+ over-expression construct and WT.  The symbols designate the WT 
(), and SHR+ lines 60 (×) and 160 () that deviate from the correlation in leaf mass, root 
mass, and total biomass.  The Pearson’s correlation coefficient and p-value at α = 0.05 
confidence level are displayed.  
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Gene Expression Analysis of Putative Arabidopsis Homologs  
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Abstract 

Using genetic transformation, I studied the effect on root growth and development and lateral 

root initiation of several putative homologous genes from Arabidopsis thaliana in Populus 

tremula × P. alba hybrid aspen clones. The three genes studied in Populus, PLETHORA1 

(PtPLT1), SHORT-ROOT (PtSHR), and NAC1 (PtNAC1) were regulated either by over-

expression or RNA interference (RNAi) mediated suppression.  Relative gene expression 

levels compared to the non-transformed wild type were analyzed by real-time quantitative 

reverse-transcription PCR (qRT-PCR) after two weeks of growth in tissue culture.  The 

relative expression results were also correlated with measurements of phenotypic alterations 

in the transgenic trees.  I found that most of the independent lines of the PtPLT1, PtSHR, and 

PtNAC1 RNAi constructs did not have altered gene expression levels except for one line in 

the PtSHR RNAi construct.  Also, I found that the relative gene expression was strongly, but 

variably, increased in the leaves, stems, and roots of lines with the PtSHR over-expression 

construct.  The increase in gene expression of the PtSHR over-expression lines had strong 

negative relationships with the phenotype traits measured previously in tissue culture and 

growth chamber experiments. 

 

Introduction 

Considerable research has been carried out on the important genes that regulate plant growth 

and development in Arabidopsis thaliana (Busov et al, 2008), but much is still unknown 

about the genes controlling growth and form in trees.  Because of the perennial and large-
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scale growth habit of trees, their long life span, and their addition of secondary tissues 

(wood), it is necessary to expand our understanding of tree development (Bradshaw et al, 

2000).  To study further the mechanisms of root growth in trees, three genes that play an 

important role in Arabidopsis root growth and development, PLETHORA1 (PLT1) (Aida et 

al, 2004), SHORT-ROOT (SHR) (Benfey et al, 1993), and NAC1 (Xie et al, 2000), whose 

function were described earlier in this work, were identified as putative homologous genes in 

Populus trichocarpa (Tor. & Gray).  

The sequences of PLT1, SHR, and NAC1 in Arabidopsis were used to locate 

homologous sequences in the P. trichocarpa genome (Tuskan et al, 2006), and the genes 

were amplified from cDNA of P. tremula × P. alba (clone INRA 717-IB4) hybrid aspen 

trees.  The P. trichocarpa gene model names from the completed genome sequence (JGI v.2) 

and the Arabidopsis closest homologs are listed in Table 1.  To study the function of each 

gene in Populus, the gene expression was modified either through inserting an intron-spliced 

hairpin RNA (ihpRNA) producing vector to cause RNA interference (RNAi) (Waterhouse et 

al, 1998; Smith et al, 2000; Wesley et al, 2001) or by inserting a vector carrying a copy of the 

whole native gene to increase expression.  Levels of gene expression can vary among 

independent insertion events, leading to the necessity to screen carefully for possible under-

expression and over-expression in individual lines within gene constructs.   

For the present study, an RNAi under-expression construct was made for all three 

putative homologs in Populus, PtPLT1, PtSHR, and PtNAC1, which I referred to as PLTi, 

SHRi, and NACi.  Also, an over-expression construct was made for the PtSHR gene, which I 
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referred to as SHR+.   All of the transgenic constructs were transferred into hybrid aspen by 

co-cultivation with disarmed Agrobacterium tumefaciens and the transgenic plants were 

grown alongside the non-transformed wild type (WT).  Relative gene expression was 

determined by real-time quantitative reverse-transcription PCR (qRT-PCR) for various 

tissues harvested after two weeks growth in tissue culture when the lateral roots were 

emerging.  The expression results were normalized to an 18S rRNA reference gene and the 

WT.  Finally, the relative gene expression was correlated to the phenotypic alterations 

measured in earlier tissue culture and growth chamber experiments (Chapter 1).   

I hypothesized that: 

1.) The relative gene expression would be unaltered in the lines of the three RNAi 

constructs, NACi, PLTi, and SHRi. 

2.) The relative gene expression would be increased in the lines of the SHR+ over-

expression construct compared to the WT. 

3.) The relative gene expression level would correlate well with the extremity of the 

phenotypes measured in tissue culture and growth chamber experiments. 

 

Materials and Methods 

Plant materials 

The three target genes, PtPLT1, PtSHR, and PtNAC1 were amplified from P. tremula × P. 

alba hybrid aspen (clone INRA 717-1B4) (Lanz-Garcia and Goldfarb, unpublished) as 

described in Chapter 1.  An inverted repeat gene fragment for RNAi was cloned into a 
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pCAPD vector (Filichkin et al, 2007) containing the potato PIV2 intron (Vancanneyt et al, 

1990).  The full-length PtSHR cDNA with the Cauliflower Mosaic Virus (CaMV) 35S 

promoter was cloned into the pCAPO vector to cause over-expression (in Amy Brunner’s lab 

at Oregon State University).  Transformation of the trees was carried out by co-cultivation 

with disarmed Agrobacterium tumefaciens using a standard leaf disc protocol as described in 

Filichkin et al. (2006).  A total of 17 to 20 independent lines of each gene construct were 

screened in tissue culture for alterations in phenotype, and later a sub-set of these lines were 

further studied for changes in growth and physiology in growth chambers (see Chapter 1).  

From the results of the tissue culture screen, a selection of lines, representing a range of 

presumed phenotypes, was chosen for gene expression analysis, including 8 lines of NACi, 3 

lines of PLTi, 4 lines of SHRi, and 10 lines of SHR+.   

 

Tissue collection and RNA extraction 

The explants were cultured on half-strength MS media (Murashige and Skoog, 1962) as 

described in Chapter 1, and were grown in a growth chamber under 40 watt fluorescent bulbs 

with a constant temperature of 23 °C and a 12-hr photoperiod.  Each line had a total of 24 

explants growing in two Phytatrays (Sigma-Aldrich, St. Louis, MO) alongside 6 Phytatrays 

with 72 explants of WT, and all were allowed to grow for an initial 5 weeks. The explants 

were then re-cultured and the Phytatrays set-up in a randomized complete block design with 

two blocks.  The stem, leaves, and root tissues were harvested after two weeks of growth, 

because the phenotype screen data showed this as the time frame when the lateral roots were 
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emerging (data not shown).  The tissues were preserved in RNAlater solution (Ambion, 

Austin, TX) and frozen at -20 °C.  Total RNA was extracted from 50 mg of tissue using a 

Qiagen RNeasy Plant Mini kit (Qiagen, Valencia, CA) according to the manufacturer’s 

instructions, except a modified lysis buffer was used with 4 M GITC, 0.2 M pH 5.3 NaAc, 25 

mM EDTA, 2.5% PVP-10, and 1% β-mercaptoethanol.  RNA quantity and quality were 

assessed using a Nanodrop (Thermo Scientific, Wilmington, DE) and a 2100 Bioanalyzer 

(Agilent Technologies, Palo Alto, CA).   

 

Primer design 

The cDNA sequences for each target gene from the P. tremula × P. alba hybrid were blasted 

against the sequenced P. trichocarpa genome (JGI v.1.1 and v.2) to look for sequence 

similarity among related genes.   In the case where there was more than one gene with 

sequence similarity, I designed primers that distinguished between gene sequences.  Three 

pairs of 24-nt primers for each target gene sequence from the hybrid were designed using 

PrimerQuest (Integrated DNA Technologies, Inc., Coralville, IA) with melting temperatures 

of 60 ± 1 °C.  The stably expressed Populus reference genes Ubiquitin (UBQ) and 18S 

ribosomal RNA (18S) (Brunner et al, 2004) were tested as internal controls, but only 18S was 

used for the experiment based on its stable and high expression level in the tissues and 

experimental conditions used.  All of the primer pairs were tested on WT template for 

optimization and a single primer pair was selected for each cDNA sequence based on the 
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dissociation curve and primer efficiency from the qRT-PCR run.  All three target-gene 

primer pairs partially overlapped the section of sequence used for the RNAi inverted repeat.  

 

qRT-PCR 

The RNA was DNase digested with RQ1 RNase-free DNase (Promega, Madison, WI) 

according to the manufacturer’s instructions.  cDNA was synthesized from 1 µg of total RNA 

using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA) with random hexamer 

primers, except for no-reverse transcriptase controls, which received all reagents but the RT 

enzyme.  Real-time PCR was carried out on the ABI PRISM 7900HT Sequence Detection 

System (Applied Biosystems, Foster City, CA).  A gene-specific primer pair for PtSHR (5’-

TGGACGCCTCCATTCATGTGGTTT-3’ and 5’-ACCAACCCTCCTTATACCTCCTCA-

3’) was used to amplify transcripts from root, stem, and leaf tissue samples from the SHR+ 

lines, and from root samples from the SHRi lines.  A PtPLT1 primer pair (5’-GGCTGGGAA 

TGGCTTCCAATTCAA-3’ and 5’-AGCTACCATAGCCACTAGAAGGCA-3’) was used to 

amplify transcripts from root samples from the PLTi lines and a PtNAC1 primer pair (5’-GC 

AAGTGCCCTGCTTCTCCATTT-3’ and 5’-TTGCCCAAATGGGCCTGTACCCTT-3’) 

was used to amplify transcripts from root samples from the NACi lines.  A P. trichocarpa 

18S rRNA primer pair (5’-CGAAGACGATCAGATACCGTCCTA-3’ and 5’-TTTCTCAT 

AAGGTGCTGGCGGAGT-3’) was used as an endogenous control to normalize template 

amounts.  A 20 µL reaction volume was used for PCR containing 1 ng of cDNA, 5 µM of 

each primer, and 10 µL 2X Power SYBR Green Master Mix (Applied Biosystems, Foster 
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City, CA), with conditions according to the manufacturer (50 °C for 2 min, 95 °C for 10 min, 

45 cycles of 95 °C for 15 s and 60 °C for 1 min), and a denaturing cycle after amplification to 

confirm the specificity of the product.  The two biological replicates of each line were 

performed separately throughout extraction, RT, and PCR steps, and each sample reaction 

was carried out in triplicate, with no-template and no-reverse-transcriptase controls included 

on the plate.  Primer efficiencies were determined from relative standard curves using pooled 

WT template and reactions in triplicate.  The efficiency was calculated from the slope of the 

dilution curve according to the equation E = 10(-1/slope) (Rasmussen, 2001).  The PCR 

products were confirmed as specific to the target genes through Sanger DNA sequencing 

using the reverse primer for each target.  The resulting sequences were then aligned against 

the original cDNA sequence and blasted against the P. trichocarpa genome to confirm that 

only one gene product was amplified. 

 

Data analysis 

The resulting Ct values were analyzed by relative quantification using Pfaffl’s mathematical 

model (Pfaffl, 2001), which normalizes the relative fold change to the endogenous control 

and the expression level in the WT.  An assessment of the differences in the relative fold 

change compared to the WT was conducted by an analysis of variance (ANOVA) in PROC 

GLM (SAS Institute Inc., Cary, NC).  Only root tissue was analyzed for the RNAi under-

expression constructs, because no phenotype alterations were documented when the plants 

were grown and measured previously in a growth chamber (see Chapter 1).  The roots, stem, 
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and leaves were analyzed for the SHR+ over-expression construct, leading to the inclusion of 

tissue type in the statistical model.  The following general linear mixed models were used for 

each of the three RNAi constructs (SHRi, PLTi, and NACi) (Eq. 1) and the SHR+ over-

expression construct (Eq. 2): 

 

[Eq. 1]    yij = µ + αi + βj + εij                          

[Eq. 2]   yijk = µ + αi + βj + γk + (βγ)jk + εijk 

 

where µ is the base level mean, αi is the fixed effect of the ith block, βj is the random effect of 

the jth line, γk is the fixed effect of the kth tissue type sampled, (βγ)jk is the random interaction 

effect between the jth line and kth tissue type, and ε is the random error with the expectations 

of ~NID (0, σ2).  Line and the interaction of line and tissue were held random in these 

models because the vectors insert randomly in the genome of the tree, and I was interested in 

the effect of the inserted gene itself and not the individual positional effects of each line. In 

the SHR+ model, all possible interactions were tested and only significant interactions were 

left in the model.  Also, relative fold change was log10 transformed for the SHR+ data to 

meet the assumption of homogeneous variance for ANOVA.  Least square mean differences 

and F-tests were generated in SAS 9.1 (SAS Institute Inc., Cary, NC) for significant terms or 

interactions using Tukey’s means test with a 95% confidence level.  

 The least square means of relative fold change in expression for the independent lines 

within each construct were then compared to previous phenotype data (see Chapter 1) using 
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Pearson’s correlation coefficient in SAS JMP 8 (SAS Institute Inc., Cary, NC) to determine 

the strength and direction of the relationship between the changes in gene expression and the 

observed phenotypes.  

 

Results 

RNAi under-expression constructs 

The root tissue of 3 lines of PLTi, 8 lines of NACi, and 4 lines of SHRi were analyzed by 

qRT-PCR for relative change in gene expression of their respective target genes (PtPLT1, 

PtNAC1, and PtSHR) compared to the WT.  There were no significant differences in relative 

gene expression between the lines from the PLTi and NACi constructs (Table 2), although 

the relative expression level was slightly decreased in all of the lines except for one from the 

NACi construct (Fig. 1 A, B).  This partially explains the result from the previous study, in 

which the PLTi and NACi lines had no significant phenotype alterations compared to the WT 

(see Chap. 1).  The SHRi under-expression construct had a more surprising result, because 

there was one SHRi line (336) out of the four analyzed that had significantly increased 

relative gene expression in both biological replicates (Fig. 1 C).  However, the growth of 

SHRi line 336 was generally mid-range (see Chap. 1 Fig. 1 C, D) and the line was not 

significantly different from the WT in either tissue culture or growth chamber phenotype 

studies.  The rest of the SHRi lines analyzed were not significantly different from the WT in 

relative gene expression. 
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SHR+ over-expression construct 

Because the previous phenotype studies of the SHR+ lines showed that they had substantial 

reduction in root and shoot growth, gene expression analysis by qRT-PCR was carried out on 

root, stem, and leaf tissue samples from 10 different lines across the full range of phenotypes. 

An analysis of variance of the relative fold change for the SHR+ construct compared to WT 

showed that there were significant differences in the two experimental blocks, individual 

lines, tissue types sampled, and also the line by tissue interaction (Table 3).  Because the 

interaction of line and tissue was significant, I analyzed the simple effect of line depending 

on tissue type, and found that in four of the lines (SHR+ 60, 130, 160, 227) the tissue type 

did not have a significant effect on the relative gene expression of the line, but for the rest of 

the six lines the tissue type did have a significant effect (Table 4).  

Finally, least square means and F-tests were generated for the line by tissue 

interaction for SHR+ and I found that eight out of ten lines had significantly increased 

relative gene expression compared to the WT in all three tissues.  One additional line (SHR+ 

227) had significantly increased relative gene expression compared to the WT (~ 6-fold 

increase) only in its leaves (Fig. 2).  Line 227 did not have any phenotypic alterations in the 

leaves, though, which suggests that this level of change in gene expression was not enough to 

be biologically significant.  Five of the lines (SHR+ 125, 136, 160, 208.2, and 228) which 

had significantly increased relative gene expression in all tissues, also had significantly 

reduced root and shoot growth when measured in growth chambers (see Chap. 1, Fig. 3).  

There were two lines (SHR+ 90 and 130) with significantly increased gene expression that 
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were not included in the sub-set of lines studied in the growth chamber, but line 90 had 

significantly reduced growth compared to the WT in tissue culture (see Chap. 1, Fig. 2).  

Additionally, SHR+ line 203.2 was not different from the WT in relative gene expression 

(Fig. 2), but was shown to have somewhat reduced height and biomass compared to the WT 

when measured in growth chambers (see Chap. 1, Fig. 3).  

 

Correlations between gene expression and phenotype in SHR+ lines 

I used Pearson’s correlation coefficient to determine the strength and direction of the 

relationships between leaf, stem, and root relative gene expression and the leaf, stem, and 

root phenotype traits measured in tissue culture and growth chamber experiments from 

Chapter 1.  Some of the relative gene expression variables were transformed by squaring or 

taking the square-root to improve the fit when the relationship was non-linear.  After 

exploring all possible correlations, I found that leaf relative gene expression was most highly 

correlated with leaf length in tissue culture (r = -0.9307, p <0.0001) and average leaf area in 

growth chambers (r = -0.7742, p = 0.0147) (Fig. 3 A, B).  Leaf relative gene expression was 

more highly correlated with leaf length than leaf width in tissue culture, because the leaves of 

the SHR+ lines were shorter while the width was much less altered.  If I had measured leaf 

length in the growth chamber and not just leaf area, this relationship may have been stronger.  

The stem relative gene expression was most highly correlated with shoot height in both tissue 

culture and the growth chamber   (r = -0.8887, p = 0.0003 and r = -0.8831, p = 0.0016 

respectively) (Fig. 3 C, D).  Also, the root relative gene expression was most highly 
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correlated with root mass in tissue culture and the growth chamber (r = -0.7036, p = 0.0157 

and r = -0.6771, p = 0.0451 respectively), although this relationship was not as strong as the 

ones in the leaves and stems.  

 

Discussion 

RNAi ineffectiveness 

RNAi occurs through a natural mechanism where an inverted repeat is transcribed and forms 

a hairpin loop, and this piece of dsRNA is recognized and cleaved, which can lead to post-

transcriptional silencing of the inserted gene and the native gene (Hannon, 2002).  Though I 

would expect the gene expression of an RNAi line to be decreased, I had one line (SHRi 336) 

with increased expression in both biological replicates.  It is possible that the gene sequence 

was incorporated into the genome and transcribed, but was not post-transcriptionally silenced 

for reasons that are difficult to determine without further research.  There was, however, no 

resulting phenotypic change because the increased RNA abundance of this sequence did not 

contain the entire coding sequence necessary to translate into a functional protein.  The rest 

of the lines from the PLTi, SHRi, and NACi under-expression constructs did not have 

suppressed gene expression in the targeted genes. 

Much research has been done on RNAi construct design and the factors affecting 

silencing efficiency and stability, but there are still unknowns in this complex gene 

suppression mechanism.  Waterhouse and colleagues (1998) showed that using an inverted 

repeat of sense and antisense sequences caused higher efficiency silencing than just using an 
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antisense sequence.  Furthermore, addition of a hairpin loop with an intron-spliced spacer 

increased the efficiency to near 100% in Arabidopsis (Smith et al, 2000; Wesley et al, 2001).  

Many studies have been carried out in Populus that used these design criteria with efficient 

gene suppression (Li et al, 2008; Lee et al, 2009; Maloney and Mansfield, 2010; and others) 

most often using the generic ihpRNA producing vectors pHANNIBAL and pKANNIBAL 

described by Wesley et al. (2001).  For the present study, an ihpRNA producing pCAPD 

vector was used, which was reported to effectively cause gene silencing in an Arabidopsis 

study of the genes AP1, ETTIN and TTG1 (Filichkin et al, 2007).  Also the same vector under 

a different name, pZKY2 Direct, was used by Ramirez-Carvajal and colleagues (2009) to 

cause the under-expression of a cytokinin type-B response regulator, PtRR13, in P. tremula × 

P. alba.  They found that the gene expression of PtRR13 was reduced, but there was no 

resulting phenotypic change, and they presumed it was either because of incomplete gene 

silencing or other genes with functional redundancy (Ramirez-Carvajal et al, 2009).  To my 

knowledge, there are no reported studies in Populus where an ihpRNA producing vector was 

used, and there was no reduction of gene expression in any of the transformed lines, but there 

are some studies where a portion of the lines were successfully down-regulated and others 

were unaffected by the RNAi construct (Coleman et al, 2008; Mohamed et al, 2009).  

Because the RNAi vector in this study was used to target several different genes, I cannot 

attribute this result to a gene or sequence specific problem, and further research is necessary 

to decipher the actual reason why silencing did not occur. 
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PtSHR over-expression in tissues of SHR+ lines 

The analysis of gene expression levels in the leaves, stem, and roots of the SHR+ lines 

showed that PtSHR was indeed over-expressed as was intended.  In four of the lines (SHR+ 

60, 130, 160, 227), the relative gene expression was not significantly different in the leaves 

stem and roots.  It is not surprising that the expression levels of SHR+ line 227 would not be 

affected by tissue type, because this line was not significantly different from the WT in 

growth.  SHR+ line 130 also had similar gene expression in all three tissues, but the gene 

expression correlated well with the corresponding phenotypes measured in tissue culture.  

However, line 130 was not included in the growth chamber experiment, so I have limited 

data to make conclusions.  The last two lines, SHR+ 60 and 160 are more perplexing, 

because they had varied responses across the phenotype traits, and did not always correlate as 

well between the two phenotype experiments (see Chap. 1 Fig. 6), nor between the gene 

expression level and the phenotypes (Fig. 3).  Lines 60 and 160 had very similar levels of 

relative gene expression to each other, but very different growth responses in the growth 

chamber.  It is possible that there were positional effects that interacted with how the gene 

expression levels were rendered into altered phenotypes, such as impacts on other genes.  

This discrepancy may also have been affected by the differences in timeline that tissue 

samples and growth measurements were taken.  

Compared to the WT, the increase in the PtSHR expression level was overall highest 

in the leaves (from ~ 6 to 293-fold increase), intermediate in the roots (from ~ 3 to 163-fold 

increase), and lowest in the stems (from ~ 3 to 48-fold increase).  This extremely high level 
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of PtSHR expression in the leaves, driven by the strong CaMV 35S promoter could cause 

high PtSHR activity in many cells and layers where it would not normally be expressed.  In 

Arabidopsis, ectopic expression of SHR with the CaMV 35S promoter in the roots led to 

additional endodermis-like layers around the root stele, but they were asymmetrically or 

chaotically organized in some lines (Helariutta et al, 2000).  Additionally, Wysocka-Diller et 

al. (2000) found that in mature Arabidopsis leaves, the bundle sheath cells around the veins 

was the site of the highest SCR expression.  As I hypothesized in Chapter 1, increased 

expression of PtSHR, and subsequently an increase in the gene it up-regulates, PtSCR, could 

possibly lead to the specification of extra bundle sheath-like cells around the leaf veins that 

might be asymmetrically or chaotically organized.  Because bundle sheath cells direct the 

fluid movement into and out of the leaf, much like an endodermis layer (Esau, 1965; 

Leegood, 2008), an increase in bundle sheath-like cells could negatively impact the growth 

of the whole tree by restricting water and photosynthate movement.  If so, this could have 

contributed to the extremely reduced root and shoot growth I observed in the SHR+ lines. 

Additionally, there was one SHR+ line (203.2) that did not have increased relative 

gene expression, but did have somewhat reduced growth in the growth chamber experiment.  

This line appeared different than the other SHR+ lines in shoot and leaf characteristics and 

did not have reduced photosynthesis or stomatal conductance like the other SHR+ lines (see 

Chap. 1 Fig. 5), leading us to hypothesize that disruption of a native gene by insertion of the 

transgene may have caused the reduced growth and not increased expression of the transgene 

itself. 
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Correlating relative change in gene expression with phenotype changes 

The correlation between root gene expression and the total root mass measured in tissue 

culture and growth chamber experiments was not as strong as the correlations in the leaves 

and stems.  It is possible that if I had measured root length and not just root mass that this 

may have been more highly correlated with the relative gene expression.  This was 

established in the leaves and stems, where the gene expression was more closely related to 

the length of the organ than the total mass.  Overall, the strength of the correlations between 

gene expression and phenotype were slightly stronger in the tissue culture experiment than 

the growth chamber.  This could be explained by the fact that the tissue samples used for 

gene expression analysis were taken from trees growing in tissue culture, because I wanted to 

sample the lines when the lateral roots were first emerging after 2 weeks growth.  However, 

there were still relatively strong relationships with the altered growth of the trees from the 

growth chamber.  These results add further evidence to my conclusion that screening large 

numbers of transgenic plants first in tissue culture and then in a growth chamber or 

greenhouse can indeed be useful as well as time and cost effective. 
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Tables and Figures 
 
 
Table 1.  The Populus trichocarpa gene model names and their closest Arabidopsis 
homologs from a blast search of JGI version 2.  
 

Gene Name Subfamily Populus Gene Model Arabidopsis Closest Hit 
 

PtSHR GRAS POPTR_0012s06430 At4g37650 
 

PtPLT1 AP2 POPTR_0003s20470 At3g20840 
 

PtNAC1 NAC POPTR_0007s08420 At1g56010 
 
 
 
 
 
 
 
Table 2.  The ANOVA results for relative fold change in gene expression with the fixed 
effect of block and the random effect of transgenic lines for each RNAi construct.  
Significant p-values are in bold. 
 

Source DF F-value P-value 
PLTi n = 8   
  Model 4 1.55 0.3753 
  Block 1 2.48 0.2131 
  Line 3 1.23 0.4335 
NACi n = 22   
  Model 9 1 0.4867 
  Block 1 1.52 0.2406 
  Line 8 0.94 0.5218 
SHRi n = 11   
  Model 5 6.97 0.0263 
  Block 1 0.31 0.6041 
  Line 4 8.61 0.0182 
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Table 3.  The ANOVA results for relative fold change in gene expression with the fixed 
effects of block and tissue type, and the random effects of transgenic lines and the random 
interaction of lines and tissue types for the SHR+ over-expression construct.  Significant p-
values are in bold. 
 

Source DF F-value P-value 
SHR+ n = 72   
  Model 33 39.9 <0.0001 
  Block 1 20.83 <0.0001 
  Line 10 30.29 <0.0001 
  Tissue 2 4.24   0.0289 
  Line × Tissue 20 3.93   0.0001 

 
 
 
 
 
 
 
Table 4.  The interaction of line and tissue type was significant for the SHR+ construct; 
therefore I analyzed the simple effect of line depending on tissue type.  The tissue type did 
not have an effect on the relative fold change of four SHR+ lines, but did have a significant 
effect on the relative fold change of six other SHR+ lines (p-values in bold). 
 

Source   DF F-value P-value 
SHR+ 60 2 0.29 0.7500 
lines: 90 2 8.85 0.0007 
 125 2 9.35 0.0005 
 130 2 0.74 0.4822 
 136 2 4.93 0.0125 
 160 2 2.48 0.0969 
 203.2 2 8.43 0.0009 
 208.2 2 10.16 0.0003 
 227 2 1.77 0.1841 
 228 2 6.46 0.0038 
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Figure 1. The relative fold change in gene expression was normalized to an endogenous 
control and the non-transgenic WT for the RNAi constructs A) PLTi, B) NACi, and C) SHRi.  
Error bars are the standard error between two biological replicates.  Lines designated with a 
star are significantly different from the WT at the α = 0.05 confidence level. 
 
 
 
 
 

  
 
Figure 2. The relative gene expression was normalized to an endogenous control and the non-
transgenic WT for the SHR+ over-expression construct in leaf, root, and stem tissue samples.  
Error bars are the standard error between two biological replicates, but are difficult to see due 
to their small magnitude relative to the differences in gene expression.  Lines and tissues 
designated with a star are significantly different from the WT at the α = 0.05 confidence 
level. 
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Figure 3.  Correlation analysis of relative gene expression verses the phenotypes measured in 
tissue culture (Exp. 1: A, C, E) and a growth chamber (Exp. 2: B, D, F) for leaves (A, B), 
stems (C, D), and roots (E, F) of SHR+ lines. The symbols designate the WT (), and SHR+ 
lines 60 (×), 160 (), and 203.2 () that deviate from the correlation in several of the panels, 
and remaining SHR+ lines (•).  Pearson’s correlation coefficient and p-values are displayed. 
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CONCLUSION 

 

In my study of putative Populus root growth and development genes I found that increased 

expression of PtSHR in the leaves, stems, and roots was correlated with reduced growth and 

biomass over the whole tree.  The transgenic lines with increased expression of PtSHR also 

had decreased photosynthetic capacity even though they had increased chlorophyll content in 

the leaves. The over-expression of PtSHR was highest in the leaves, leading us to 

hypothesize that this extremely altered expression could have effected many different tissues 

and cell layers where PtSHR would not normally be expressed and caused this extreme 

negative phenotype.  It is difficult to determine the natural role of PtSHR in Populus because 

the strong promoter CaMV 35S was used to drive the over-expression construct.  

Observations of trees from a corresponding PtSHR under-expression construct would have 

helped immensely, because ideally they would have opposite phenotypes. 

Unfortunately none of the RNAi-mediated suppression constructs actually caused 

suppression of the targeted genes.  It would be useful to make new RNAi constructs of the 

putative PtPLT1, PtSHR, and PtNAC1 genes using a more widely efficient transformation 

vector, such as pHANNIBAL or pKANNIBAL (Wesley et al, 2001).  Alternatively, there are 

other methods for gene suppression being developed in Arabidopsis and animals, such as 

using small interfering RNAs (siRNAs) or microRNAs (miRNAs) that could be more 

effective.  SiRNAs and miRNAs are now considered functionally interchangeable in the 

RNA-induced silencing complex (RISC) mechanism (Hutvágner and Zamore, 2002; Doench 



75 
 

et al, 2003).  However, SiRNAs result from virus, endogenous, or experimentally introduced, 

long dsRNA transcripts to trigger RNAi (Fire et al, 1998; Hamilton and Baulcombe, 1999; 

Elbashir et al, 2001; Hammond et al, 2001), and miRNAs result from endogenous or non-

coding gene transcripts that are cleaved from small stem loops and control expression of 

other genes (Lau et al, 2001; Lagos-Quintana et al, 2002; Mourelatos et al, 2002; Lim et al, 

2003).  Many plant miRNAs have been predicted to regulate transcription factors that are 

important for development (Rhoades et al, 2002), and modification of the miRNA precursor 

allows for any related set of genes to be targeted (Alvarez et al, 2006; Niu et al, 2006).  The 

efficiency of engineered miRNAs in down-regulating several phenylalanine ammonia-lyase 

(PAL) genes has also recently been demonstrated in P. trichocarpa (Shi et al, 2010).  The 

knowledge that the scientific community has on the RNAi mechanism and the small RNAs 

involved in gene suppression is continually expanding as new findings come out all the time.  

Finally, the field of genetically modified forest trees is just beginning in comparison 

to some crop species.  Original gene discovery usually occurs by using a strong promoter that 

creates an extreme positive or negative phenotype, but this is not typically useful for 

commercial deployment (Sakamoto et al, 2003).  Once the function of genes regulating root 

development, and other beneficial traits, are more clearly characterized, trees with more 

moderate phenotype alterations can be deployed.  There is still much work that needs to 

happen before this is possible in Populus, such as characterizing native, tissue specific 

promoters, or developing criteria for engineering artificial promoters (Busov et al, 2008).    
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Appendix A.  NC State University Phytotron nutrient solution mineral concentrations 

Stock Solution Formula Wt (g) g/L of Stock Solution 
     A   
Magnesium nitrate Mg(NO3)2  6H2O 256.41 26.0 
Calcium nitrate Ca(NO3)2 4H2O 236.15 64.0 
Chelated Iron (10% Fe)  10.0 
    
     B   
Potassium nitrate (KNO3) 101.11 40.4 
Ammonium nitrate (NH4NO3)   80.04 16.0 
Potassium phosphate (mono)  KH2PO4 136.09   4.8 
Potassium phosphate (dibasic) K2HPO4 174.18   5.6 
Potassium sulfate (K2 SO4) 174.27   6.0 
Sodium sulfate (Na2SO4) 142.04   6.8 
    
    B Micronutrients   
Boric acid (H3BO3)   61.83     0.28 
Molybdic acid  (MoO3 2H2O) 179.97       0.002 
Zinc sulfate (ZnSO4  7H2O) 287.54       0.011 
Manganese chloride  MnCl2  4H2O 197.90         0.0816 
Copper sulfate (CuSO4  5H2O) 249.70       0.004 
Cobalt chloride (CoCl2  6H2O) 237.90           0.00024 
Uranine    0.3 

 

 
 
 
Appendix B. The calculated amount of water applied in the low and high water treatments in 
the growth chamber experiment until the harvest of Block 1.  All of the treatments remained 
the same after the harvest began.  
 

Time period Times watered per week   Total volume applied per week (L) 
(Days from start of experiment) Low water High water   Low water High water 

1-14 (14 days) 3 6  ~2 ~4 
15-34 (20 days) 7 14  ~5 ~10 
35-57 (23 days) 14 28   ~10 ~20 

 
Note: The trees were watered until flow-through, but approximately 0.7 liters of water was applied each time.  
This value was calculated by weighing a pot of dry sand, and weighing it again when the sand was saturated 
with water. 
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