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ABSTRACT 
 

The manipulation of flowering can provide many benefits. First, it permits development 
of a strategy to genetically engineer reproductive sterility. This should help alleviate 
ecological concerns over the use of transgenic plantations. Additionally, sterility can reduce 
genetic pollution from plantations, promote vegetative growth, and eliminate nuisance 
tissues. Flowering control should also allow for shorter breeding cycles. 

While each strategy for engineering sterility has advantages, it is unclear which method 
will work best with trees. Thus, we are testing a variety of techniques, such as 
tissue-specific ablation; dominant negative mutations; and post-transcriptional gene 
silencing, including RNA interference. Using the first approach, we have had success with 
the promoter from PTD, a poplar homolog of the Arabidopsis gene APETALA3. This 
promoter has directed expression of reporter and cytotoxin genes in floral tissues of 
Arabidopsis, tobacco, and poplar. 

Despite indications that one or more of these strategies can be successfully applied to 
trees, we have not yet demonstrated that any single one fulfills the basic requirements for 
commercial use as a long-term containment measure. We are conducting research to 
determine whether sterility can be complete, stable over several rounds of propagation and 
growing seasons, successfully identified in juvenile trees, and cause no detrimental effects on 
growth. 

Recently we have begun working with genes that affect the onset of flowering. Using 
real-time PCR to quantify expression of these genes in various tissues collected from female 
and male trees during different seasons and along an age gradient, we have detected 
expression changes that correlate with maturation. We are also beginning to experiment with 
various genomics approaches for identifying other genes that may be useful in engineering 
flowering control. 
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INTRODUCTION 
 

Being able to control flowering in trees is desirable for several reasons ". First, it will 
enable the development of trees that are incapable of producing sexual propagules. This 
would limit gene flow into the wild, helping to mitigate ecological concerns over 
establishment of transgenic plantations. Second, it is likely to prevent the growth reduction 

NOTICE: 
This material may 

be protected by 
copyright law. 

 



248 
 
 
control could lead to more rapid progress through conventional breeding as a result of shorter 
breeding cycles. 

One of the more common ways to genetically engineer reproductive sterility is to ablate cells 
by expressing a deleterious gene in a tissue-specific fashion Z. Floral tissuespecific promoters are 
fused to one of a variety of cytotoxin genes that lead to rapid and early death of the tissues 
within which the gene product is expressed 3. The most popular form of sterility employs an 
RNAse gene that, although isolated from a bacterium, encodes an enzyme that is common in 
plants and animals 7 

. 

A second way to genetically engineer flowering control is through the use of dominant 
negative mutations (DNMs). DNMs suppress the function of a gene at the protein level by 
overexpression of a mutant version of a protein 8. Inhibition is thought to occur by a variety of 
means, including formation of an inactive heterodimer, sequestration of protein cofactors, 
sequestration of metabolites, or stable binding to a DNA regulatory motif. The usefulness of this 
approach for floral control was demonstrated in Arabidopsis with DNM versions of the 
AGAMOUS (AG) gene 9. Expression of a truncated AG protein in which the C-terminal region 
was deleted resulted in flowers phenotypically similar to those observed in ag mutants, 
suggesting that the truncated version of AG was inhibiting endogenous AG function. 

A third technique to control flowering involves post-transcriptional gene silencing (PTGS). 
Recent studies in a variety of eukaryotic organisms have shown that doublestranded RNA is a 
potent inducer of PTGS. This approach to induced silencing has been termed RNA 
interference (RNAi) 1°-1 I. Recent work in plants using inverted repeat transgenes showed that 
RNAi could provide a reliable means for engineering stable suppression of gene activity in 
plants 12-13. 

All of these approaches rely on the use of genes that control floral development, either 
through the use of floral-specific promoters or coding sequences with high homology to native 
genes that are targetted for suppression/silencing. In addition, flowering-time genes provide a 
means of advancing or retarding the onset of reproductive growth. Thus, a major effort in our 
laboratory is directed at isolating and characterizing genes that regulate flowering time. This 
paper describes the recent progress we have made in various aspects of flowering control in 
trees. 
 
CELL ABLATION 
 

In our early attempts at utilizing cell ablation with poplar, we relied on heterologous 
promoters, which had shown floral-specific expression in tobacco and Arabidopsis4-16 to drive 
the expression of two cytotoxin genes, DTA 17 and barnase 18. When introduced into transgenic 
poplars, these fusions resulted in decreased vegetative growth (Fig. 1), suggesting leaky expression 
in non-target tissues. 

Recently, we have begun experimenting with the promoter from a poplar gene, PTD (the 
Populus trichocarpa homolog of DEFICIENS), that appears to be floral-specific in its 
expression pattern 19. We have shown that PTD promoter directs expression of the GUS gene 
early in the development of floral organs in Arabidopsis and poplar (Fig. 2A & B). The latter was 
co-transformed with the LEAFY (LFY) gene from Arabidopsis under the control of the 35S 
promoter, which has been shown to induce early flowering in poplar Z°. A PTD::DTA fusion 
resulted in either ablated or perturbed development of petals and stamens in Arabidopsis (Fig. 
2C), and the ablation of petals, stamens, and carpels in transgenic tobacco (Fig. 3A). PTD::DTA 
also appears to prevent flowers 
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Figure 1. Effects of various sterility-inducing transgenes on growth. INRA 717-1B4 is a female 
P. tremula x P. alba clone; 353-38 is a male P. tremula x P. tremuloides. 

 
Figure 2. Specificity of PTD promoter. PTD::GUS expression in an Arabidopsis flower (A) and 
early-flowering (co-transformed with 35S::LFY) aspen (B). Dark zones indicate GUS 
expression. Effects of PTD::DTA on flower development in Arabidopsis (C); a transgenic 
flower is shown on the left, a non-transgenic control on the right. 

 
Figure 3. Effects of PTD::DTA on flower development in tobacco (A) and aspen (B). The 
upper panel in (A) shows normal flower development. Florets from transgenic tobacco plants 
consisted of only sepals [lower panel in (A)]. The 35S::LFY construct was used to induce 
flowering in aspen. 
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from forming on poplar co-transformed with 35S::LFY (Fig. 3B). Expression of 
PTD::DTA had no significant effects on growth in tobacco (data not shown). 

DOMINANT NEGATIVE MUTATIONS

The approach taken for generating our DNM constructs is shown in Fig. 4. A key 
feature of these constructs is the promoter used to drive expression of the DNM transgene. 
For strong inhibition, the DNM protein should be present at a much higher level than that of 
the native protein. We are using hybrid promoters composed of two copies of the enhancer 
element from the 35S promoter (e35S) coupled to either the ACTIN2 (ACT2) or ACTINII 
(ACTH) promoters from Arabidopsis. The ACT promoters show strong expression in 
meristems, young growing tissues, and floral tissues. We have verified that the 
2e35SlACT2:: GUS and 2e35SlACTll:: GUS constructs function in transgenic poplar, 
tobacco and Arabidopsis. 

Guided by a study of an AG DNM 9, we altered poplar and Arabidopsis MADS-box (a 
motif common to many floral homeotic genes) cDNAs via polymerase chain reaction (PCR) 
to encode proteins that lack the C-terminal domains (Fig. 4). Constructs containing full-length 
coding regions were also produced to provide positive controls for analysis of transgenic 
phenotypes. All constructs have been introduced into Arabidopsis via in planta transformation 
and co-transformed with 35S::LFY into poplar. Fifteen constructs containing Arabidopsis 
transgenes are currently under evaluation in transgenic Arabidopsis; five each for the 
Arabidopsis genes API, AP3, and A G. Though not a MADS-box gene, PTLF (the P. 
trichocarpa homolog of the Arabidopsis LFY gene) also has a modular structure 21 . Alignment 
of all known LFY homologs revealed a total of six putative protein domains, based on amino 
acid conservation (Fig. 4). However, the actual functions of these domains are unknown, so 
analysis of LFY 

Figure 4. Domain structure and deletions used to generate dominant negative mutant versions 
of genes being tested in transgenic Arabidopsis, tobacco, or poplar. Constructs denoted with 
an asterisk are full-length versions. 
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genes lacking various domains was undertaken. Five LFY DNM transgenes have been 
introduced into Arabidopsis and tobacco; results from this will guide development of one or 
more PTLF DNMs for use in poplar. 

In total, 27 different kinds of DNM and control constructs have been introduced into 
Arabidopsis. Preliminary results suggest that the hybrid promoter used in our first generation 
DNM constructs may not be exhibiting the desired expression pattern. Thus, we are now 
beginning to assemble another set of DNM constructs that will utilize a different promoter. 

 
RNA INTERFERENCE 

 
We have just begun to experiment with several options for suppressing flowering via RNAi 

of single and multiple floral homeotic genes. In these studies, we are using an early-flowering 
genotype of P. alba that allows us to test transgenes for their effects on flowering in a short 
time interval. We are focusing on several genes isolated in our laboratory, including poplar 
homologs to the Arabidopsis genes LFY (PTLF), AG (PTA G), APETALAI (PTAPl ), and 
APETALA3 (PTD). 

Following studies by Chuang and Meyerowitz (2000) " with AG, the MADS-box region will 
be excluded from our constructs in order to avoid suppression of non-target MADS-box genes. 
Untranslated regions (UTRs) will also be excluded from the RNAi transgenes so that 
UTR-specific probes can be used to distinguish native gene and transgene expression while 
analyzing transgenic plants. An incomplete version of PTLF will be employed to ensure that it 
cannot encode a functional protein. 

Constructs will be produced to suppress: 1) PTLF, 2) PTAPI-1/PTAPI-2, 3) 
PTAGIIPPTAG2, and 4) PTD. While the first three are likely to give both male and female 
sterility, the phenotype of PTD is difficult to predict. PTD most resembles a B-function gene in 
sequence (required for stamen and petal development in most angiosperms); however, in poplar 
it is also expressed strongly in female flower primordia. We have characterized two PTAPI s and 
the two PTAGs 22. Because each pair shares approximately 90% nucleotide identity in coding 
regions outside the MADS box, it is highly likely that an RNAi transgene-containing sequence 
from one of the pair (e.g., PTAPI-1) will result in suppression of both (e.g., PTAPI-1 and 
PTAPI-2). RNAi and cosuppression studies both suggest that this level of nucleotide identity is 
sufficient for cross-suppression, which has been observed for sequences with as little as 84% 
identity 11. If this turns out to be untrue, we will make constructs containing sequences from both 
genes within each pair. 

Because of functional redundancy, suppression of more than one floral regulatory gene is 
likely to be necessary to achieve complete sterility. Thus, we will also generate constructs that are 
designed to suppress the following pairs of genes: 1) PTLFIPPTAPI, 2) PTLF/PPTAG, 3) 
PTAPI/PPTAG. One construct is designed to suppress three genes: PTLF/PPTAPI/PPTAG. 
 
EXPRESSION STABILITY 

 
Stable transgene expression over the lifetime of a tree, and in its vegetative propagules, 

is critical for all engineered sterility systems. We have therefore begun investigating the 
stability of transgene expression using reporter genes. 

The vector to be used for studying stability will consist of two reporter genes, green 
fluorescent protein (GFP) and a herbicide resistance gene, which were selected for 
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economy and speed of assay. Glufosinate is a contact herbicide that inhibits glutamine 
synthetase. Glufosinate resistance is conferred by the bar gene from Streptomyces 
hygroscopicus, which encodes phosphinothricin acetyltransferase 23 . Both genes can be used for 
scanning entire plants for sectors that have undergone gene silencing--one using a UV light 
source (GFP) and the other using low concentrations of glufosinate containing herbicide, which 
acts in a non-systemic manner. 

Because gene silencing may be very different with a native versus a foreign promoter, we are 
using a different promoter with each reporter gene. We have chosen the rbcs promoter to drive 
expression of the bar gene because it exhibits strong leaf expression. An Arabidopsis rbcS 
promoter fused to bar has been shown to confer high levels of glufosinate resistance in poplar 
24, a result that we have repeated with transgenic poplars generated in our laboratory and grown 
in local field trials (unpubl. data). The GFP reporter gene will be driven by the 35S promoter, 
which has been used widely in transgenic poplars and is known to yield high levels of expression 
in leaves. 

Poplar lines containing these reporter-gene constructs will be subjected to various stresses 
and grown in the laboratory and the field for several years to observe expression. 

 
FLOWERING-TIME GENES 
 

We are also identifying genes that regulate the transition from the vegetative to the 
reproductive phases in trees. We are trying to determine the degree of correspondence between 
the genetic control of phase transition in poplar, which has a juvenile period of four to six years, 
and that of the herbaceous annual plant Arabidopsis, which initiates flowering after a juvenile 
period that is only weeks in length. Both genera belong to the same clade of the eudicots 25, and 
the Populus genome is small 26, facilitating gene-to-gene comparisons. In addition, we are trying 
to relate vernalization, the induction of flowering by cold treatment, to the chilling temperatures 
needed to end dormancy in temperate zone trees, and to determine whether changes in DNA 
methylation are involved in post-dormancy changes in gene expression. 

We are identifying candidate genes for study by isolating genes from poplar based on 
sequence homology with known flowering-time genes in Arabidopsis and other annual plants. 
To evaluate whether these candidate genes have important regulatory roles, we are taking 
advantage of a few characteristics that have established Populus as a model system for genetic 
and molecular analyses of woody plants. First, the ease of vegetative propagation, and the fidelity 
of juvenile characteristics in vegetative propagules, provides a continuous age gradient of a single 
genotype through the first year of flowering. This facilitates intensive study of quantitative and 
cell-specific changes in gene expression in relation to phase transition. Moreover, the ease with 
which poplars can be transformed has made them the tree taxa of choice for transgenic studies 
worldwide 27-3°. This allows direct functional tests of the roles of specific genes via RNAi and 
overexpression. 

We have already conducted expression analysis on several candidate genes in relation to 
maturation and seasonal changes in expression. We collected various tissues at different seasonal 
times (Fig. 5) from one female and one male P. trichocarpa x P. deltoides genotype. Ramets of 
each clone were represented in a continuous age gradient of one to six years (i.e., they had been 
through one to six growing seasons when we began our collections). For both genotypes, 
inflorescences were first initiated at age four (i.e., during their fifth growing season). In total, 
more than 60 RNA samples 
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Figure 5. Seasonal cycle for P. trichocarpa x P. deltoidies floral development in western 
Oregon (A). An age gradient of the female poplar clone from which tissues were collected 
(B). 

were isolated. For accurate quantification of the modest expression levels shown by most of 
these genes, real-time quantitative RT-PCR was employed. 

The vegetative expression levels of PTLF differed significantly between juvenile and 
mature ramets in vegetative buds initiated during the current season (shoot apical meristem 
leaf primordia, and bud scales were removed) (Fig. 6). This difference persisted, although to a 
lesser degree, into autumn, but all ramets showed a uniformly low level of PTLF transcript in 
post-dormancy vegetative buds. The expression of P. trichocarpa IDI-LIKES (PTIDILS) was 
markedly upregulated in newly expanding shoots (shoot apical meristem, leaves, internode) 
from mature ramets that would soon initiate inflorescences (Fig. 6). 

 

Figure 6. Variation in gene expression with age in a male poplar clone for poplar homologs of 
INDETERMINATE] (A) and LEAFY (B). Darkened bars indicate juvenile trees, open bars 
indicate sexually active trees. (C) Seasonal variation in vegetative bud gene expression in a mature 
female ramet for the poplar LEAFY gene (left) and AGAMOUS gene (right) at five years of age. 
Bars show one standard deviation based on three replicate measurements. 
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That PTLF vegetative bud expression was highest in the newly initiated vegetative buds of 
mature trees during long days is consistent with expectations based on the expression 
characteristics of LFY Similarly, the expression pattern for PTIDIL5 corresponds well with 
that of the maize gene ID 1 31. PTAG2 vegetative bud expression did not correlate with 
maturation, but was instead expressed at surprisingly high levels in ramets of all ages. It also 
exhibited a striking pattern of seasonal variation, in contrast to that seen with PTLF in mature 
ramets (Fig. 6). PTAG2 was expressed at low levels in newly initiated vegetative buds and 
pre-dormancy, autumn vegetative buds. However, it was dramatically upregulated in 
post-dormancy vegetative buds. This result is particularly interesting given that the 
methylation and expression level of AG is altered in Arabidopsis lines with an overall 
decrease in methylation, and that the CURLY-LEAF gene acts to prevent AG vegetative 
expression 32. The PTA G2 pattern suggests the possibility that dormancy causes a transient 
change in its epigenetic regulation. 
 
GENOMICS 
 

Another way in which we will identify genes whose expression changes with 
maturation is via hybridization of poplar expressed sequence tag (EST) microarrays. With 
the aid of our collaborators in Sweden and France, we will use various RNA collections to 
screen microarrays for additional genes whose expression is correlated with maturation, 
and confirm expression patterns of selected genes using real-time PCR. Based on sequence 
homologies and expression patterns, we will begin to study the function of several genes 
via transformation using RNAi suppression and overexpression. All constructs will be 
tested in the early-flowering P. alba clone. 
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