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To isolate a floral-specific promoter useful for genetic engineering of reproductive 

sterility in poplar, we screened a black cottonwood (Populus trichocarpa) floral cDNA 

library with the MADS domain of the AGL1 gene from Arabidopsis. A MADS-box cDNA 

and corresponding gene were isolated which are homologous to the floral homeotic 

transcription factor DEFICIENS. The PTD gene encompasses 2.6 kilobases and its coding 

region corresponds to a deduced protein of 226 amino acid residues. Sequences matching 

binding sites for homeodomain and MADS-box proteins are present in the promoter. 

Phylogenetically, PTD is most closely related to TM6 from tomato and PD2 from potato. 

Cottonwood flowers are distinct in that they have only two whorls: an outer perianth 

cup and inner reproductive organs. Cottonwood floral meristems are truly unisexual and 

thereby well-suited for the study of gender-specific developmental programs. In situ 

hybridization indicated that the temporal expression pattern of PTD mRNA exhibits sexual 

specificity. In females, PTD was first detectable on the flanks of the inflorescence meristem. 

As the floral meristems differentiated, PTD was present across the entire meristem exclusive 

of the perianth cup. Expression later became localized to the areas of the female floral 

meristem between and around the carpel primordia. In males, PTD niRNA was first detected 

in the floral meristem when the perianth cup began to differentiate and develop. When 

stamen primordia developed, PTD was present in them. In mature flowers, PTD mRNA was 

present in the nucellus of the ovules and in the tapetum and filament of the anthers. No 
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expression was detected in non-reproductive floral or vegetative tissues. PTD expression in 

male floral meristems and stamens is predicted by the ABC model of floral organ 

development, however, expression of PTD in the unisexual, apetalous female floral 

meristems of Populus is not consistent with the model. The PTD promoter should be useful 

for engineering reproductive sterility through cell-specific ablation when fused with the 

coding region from a cytotoxin gene. 
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PREFACE
 

This thesis is organized in standard format. Part I is comprised of an Introduction that 

describes the rationale, goals, and research approaches for this work, and a Review of the 

Literature that encompasses several topics relevant to the research project. A brief review of 

floral morphology and the current state of knowledge in floral developmental genetics is 

included to refresh the reader. The PTD gene that is the focus of this thesis is a member of 

the MADS-box family of transcription factors; thus, the family is briefly reviewed with an 

emphasis on plant genes. PTD is highly homologous to DEFICIENS; thus, the 

DEFICIENSIAP3 subfamily of MADS-box genes is described in detail. A review of the 

organism, Populus trichocarpa, is also included, with special emphasis on its mode of 

reproduction. Finally, the rationale for genetically engineered reproductive sterility is 

explained and methods by which it has been accomplished in other species are reviewed. Part 

II includes a description of the thesis work, its results and conclusions, a discussion, and 

suggestions for further research. 

A List of Abbreviations and Acronyms used throughout the thesis is included in the 

opening pages. Some of the specialized terms used in this thesis, particularly those used in 

describing floral morphology, may be unfamiliar to the reader; thus, a Glossary of Terms is 

provided in Appendix B. Plant genes, proteins, and mutants are distinguished with 

conventional type treatments: gene names and abbreviations are uppercase and italicized, 

proteins are uppercase but not italicized, and corresponding mutants are lowercase and 

italicized. 



PTD: A POPULUS TRICHOCARPA GENE WITH HOMOLOGY TO FLORAL
 
HOMEOTIC TRANSCRIPTION FACTORS 

PART I: INTRODUCTION AND REVIEW OF THE LITERATURE 

INTRODUCTION 

The increasing demand for pulp and paper products by a growing worldwide 

population, coupled with decreasing amounts of land available for silviculture, has led to 

an urgent need for increased yields from available resources. Poplars are preferred species 

to help fill this void in many temperate regions of the world due to their rapid growth. 

Increased yields are expected from transgenic poplars with resistance to insects and 

herbicides. However, concerns have been raised over the ecological impact of the flow of 

transgenic traits into indigenous populations. The potential for problems would be lessened 

if the trees were also engineered to not produce pollen or seeds [reviewed in (1)]. Additional 

potential benefits of sterility are increased stem yield and reduced production of allergens. 

Genetically engineered sterility has been accomplished in a variety of agronomic and model 

species using various methods. The method of choice for engineering sterility in trees is 

specific ablation of floral primordia. This has been accomplished in model species by fusing 

a floral-specific promoter with the coding region from a cytotoxin gene. The primary 

objective of this study was to isolate a floral-specific gene promoter from cottonwood that 

could be used for this purpose. 

In addition to its practical objectives, this study also sought to gain further insight 

into floral development genetics. The truly unisexual floral meristems of cottonwood render 

the species well suited for the study of gender-specific developmental pathways. 
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In the past decade much progress has been made in identifying genes involved in 

floral development. Most of the genes involved in floral organogenesis belong to a family 

of transcription factors termed MADS-box genes. This knowledge was exploited to identify 

a floral-specific gene from cottonwood. A cottonwood cDNA library was constructed and 

probed with the MADS-box portion of a cDNA from the model species Arabidopsis. A clone 

was isolated which showed homology to a floral homeotic transcription factor from 

Antirrhinum majus (snapdragon) called DEFICIENS (DEF). DEF is expressed specifically 

in the floral organs of Antirrhinum and is necessary for the normal development of petals, 

stamens, and pistils. The homologous cottonwood cDNA was named PTD (P. trichocarpa 

DEF). 

The gene corresponding to the PTD cDNA was isolated and its sequence analyzed. 

Tissue and cell-specific expression patterns of the PTD mRNA were determined through 

RNA-gel blots and in situ hybridization. Phylogenetic analysis was used to elucidate the 

relationships between PTD and other plant MADS-box genes. Additional analyses provided 

insight into the phylogenetic relationships among all known members of the DEF gene 

family. 
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REVIEW OF THE LITERATURE
 

FLORAL DEVELOPMENT 

Basic Morphology 

The idealized flower consists of four organ classes arranged in helices or whorls at 

the receptacle of a floral shoot (figure 1). The perianth consists of two sets of sterile 

appendages: the outer calyx (first whorl) 

composed of sepals, and the corolla (second 
sepal 

petal 

whorl) which is composed of petals. Internal to CD 

the perianth is the androecium (third whorl) 

composed of stamens which in turn consist of the 

anther filled with pollen and its supporting 
gynoeeissea 

filament. At the center of the flower is the 

gynoecium (fourth whorl), which is composed of 

the stigma, style, and ovary. Enclosed within the Figure 1 The four organ whorls of the 

gynoecium are the ovules. Flowers possessing all idealized flower. 

four sets of organs are called "complete." Many 

variations exist. Flowers may have extra sets of organs or may lack one or more sets.' An 

individual plant may bear combinations of staminate, gynoecious, and/or perfect flowers and 

a species may be monomorphic or polymorphic in this respect.b 

"Flowers which possess both stamens and a gynoecium are described as perfect, 
bisexual, or monoclinous. Flowers that lack either stamens or a gynoecium are described as 
imperfect, unisexual, or diclinous. 

bMonomorphic plant species may be hermaphrodite, monoecious, andromonoecious, 
(continued...) 
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Developmental Genetics 

The transition to a reproductive meristem 

Production of a fertile flower is the result of a complex network of gene activation 

and repression. Studies of floral mutants in model species such as Arabidopsis have defined 

multiple steps at which these genes act. The first step in floral development is floral 

induction, which results in the transition of a vegetative meristem into an inflorescence 

Photoperiod 
SD LD, 

Floral repressor 
.41" EMF 

Constitutive 
1SD repression 
HYI, HY2, HY3, ELF3 

LD promotion 
CO, FD, FE, FHA, FT, 

FWA, GI 

floral promotion _L 

FCA, FLC, FPA, FRI, FVE, 
FY, LD 

GA synthesis 
& sensitivity 

Constitutive 
repression 

Vernalization I 

GA I GAI SPY, ABA, A BI TFL, ELFI, ELF2 

V RN 

Vegetative Floral meristem 
LFY, API, AP2, CALmeristem 

I 

Elongation 

Figure 2 Floral induction model. SD, short day; LD, long day; GA, gibberelin; -0-, 

promotion; -4, repression. Redrawn from Martinez-Zapater et al, 1994. 

b(...continued) 
gynomonoecious, or polygamous. Polymorphic species may be dioecious, androdioecious, 
gynodioecious, or trioecious. Hermaphrodites are the most common. 



5 

meristem.c The inflorescence meristem has three functions: the formation of floral meristems 

on its flanks, the formation of axis tissues at its base, and the maintenance of the 

inflorescence meristem at its apex. 

Floral induction is regulated by developmental and environmental factors including 

photoperiod, temperature, and nutrients (2). Martinez-Zapater et al proposed a model for 

the genetic and environmental interactions that control the transition to flowering in 

Arabidopsis (figure 2). Genes that regulate floral induction in Arabidopsis have been 

identified by their mutant phenotypes and include constitutive floral promoters, constitutive 

represso rs, long day promoters, short day repressors, gibberellin synthesis and sensitivity 

genes, and vernalization sensitivity genes [reviewed in (2)(3)(4)]. In the model, a central role 

is proposed for EMF. Emf mutants produce a single flower upon seed germination (5), and 

studies suggest that EMF is required for the inhibition of reproductive growth; this 

inhibition is removed only when developmental and environmental signals are present (6)(7). 

Thus reproductive development in Arabidopsis seems to be a default pathway and normal 

vegetative growth can occur only while the reproductive program is delayed due to 

inhibition. 

cThe reproductive meristem is often called an inflorescence meristem because it 
usually gives rise to a series of flowers called an inflorescence. 
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Floral meristem initiation 

The second step in floral development is the formation of a floral meristem.d In the 

past decade substantial progress has been made in cloning and characterizing genes involved 

in floral meristem initiation. The phenotypes of the Arabidopsis mutants /ft (8) and apl (9) 

and the Antirrhinum mutantsflo (10) and squa (11) suggest that the corresponding wild-type 

genes promote the transition from inflorescence to floral meristems.e Constitutive expression 

of LFY and AP1 results in precocious flowering, suggesting that they also function in the 

establishment of inflorescence meristems (12)(13). AP1 and SQUA are members of the 

MADS-box family of presumed transcription factors (reviewed below) but LFY and FLO are 

not. However, FLO and LFY encode homologous proteins with proline-rich and acidic 

regions, and LFY has been localized to the nucleus, all characteristic of transcription 

factors. All four genes are expressed very early in floral development. Double mutant 

analyses indicate that LFY and AP1 interact with each other; the ?Yap] double mutant has 

a more thorough conversion of floral to inflorescence meristems than either single mutant, 

suggesting that they function in parallel pathways to promote floral meristem formation and 

that these pathways are partially redundant (14)(15)(16)(17)(18). Similar studies indicate 

that the Antirrhinum genes FLO and SQUA also act in parallel pathways (19). 

A mutant allele of the CAL gene was found to enhance the apl mutant phenotype, 

although the cal-1 allele alone has no phenotype, nor does cal-1 enhance the phenotype of 

a strong /ft mutant (20)(16). In an apl background, CAL positively affects the expression 

of both LFY and AP1. In wild-type plants, the combination of both LFY and AP1 activities 

'In some species, floral induction results in the formation of a floral meristem 
directly, and a single flower develops at the end of a stem. 

eInflo//b; mutants, early floral meristems are replaced by inflorescence meristems. 
Although late leafy flowers do form, they are abnormal and resemble secondary 
inflorescences. AP1 and SQUA mutants have a similar phenotype. 
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may be greater than the minimal requirement for floral meristem formation, and CAL may 

not be necessary. 

Double mutant analysis revealed that the organ identity gene AP2 also contributes 

to meristem identity (17)(21)(22). Although ap2 single mutants show no defect in floral 

meristem formation, ap2 mutations enhance the apl or /6) mutant phenotypes, leading to a 

more thorough conversion of floral to inflorescence meristems. One explanation is that AP2 

is required for floral meristem identity in the absence of LFY or AP1 activities; this is 

consistent with the finding that AP2 is also expressed at stages before floral organ formation 

CLV1 has a function that increases the size of vegetative, inflorescence, and floral meristems 

(23). C/v/ mutations also enhance the phenotypes of /ft and lb, apl mutants, indicating that 

CLV1 is involved in determining meristem identity. These analyses suggest that although 

LFY and AP1 are the major functions that promote floral meristem formation, CAL, AP2, 

and CLV1 are also involved in the process. 

In contrast, TFL1 inhibits floral meristem formation (24)(25)(26). Tfll mutants 

flower early and produce a determinate primary inflorescence with two to five abnormal 

flowers and no secondary inflorescences. In tfll mutants, the secondary and primary 

inflorescence meristems are converted into floral meristems. It is thought that TFL1 

antagonizes LFY, AP1, and AP2. The Antirrhinum gene CEN shows sequence homology to 

TFL and cen mutants have a phenotype similar to to mutants (27). Both mutations result in 

the conversion of a normally indeterminate inflorescence into a determinate one. However, 

whereas TFL delays the commitment to flowering, CEN does not! 

fln situ hybridization data correlates with these observations, as TFL is expressed 
during the vegetative phase but CEN is not. 
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Intermediate genes 

The A.majus gene FIM appears to act as an intermediary between the genes 

regulating meristem identity and the organ identity genes (28). Fim mutants have altered 

organ identity in whorls two, three, and four and reduced determinancy of the meristem. 

FIM interacts with FLO and SQUA to initiate the floral development program and controls 

the spatial and temporal expression of the organ identity gene DEF (discussed below). UFO 

is an intermediate Arabidopsis gene required for proper identity of the floral meristem (29). 

It shows some similarities in phenotype and sequence with FIM. UFO acts in a manner 

similar to LFY but has additional roles. UFO is involved in establishing the whorled pattern 

of floral organs, controlling the determinanacy of the floral meristem, and activating AP3 

and PI (discussed below). 

Initiation of floral organ primordia 

The third step in floral development is the 

transition of the floral meristem into floral organ 

primordia. An elegant model based primarily on B 

studies of floral organ identity gene mutants in 

Arabidopsis was proposed (30) which makes 

predictions about the expression patterns and 

Whorl 

Organ 

A 

1 2 

Se P 
3 4 

St Ca 

functions of the genes involved in specifying floral 

organ identity (figure 3). The central premise of the 

model is that the identity of an organ is dependent Figure 3 The ABC model of floral 

upon the combination of organ identity genes organ identity gene function. A-' 
sepals; A +B' petals; B +C' stamens; 

expressed in the cells which give rise to that organ. C-0 carpels. Abbreviations: Se, sepal; 

Briefly, where "A" genes alone are expressed, a P, petal; St, stamen; Ca, carpel. 

sepal is expected to develop; where both "A" and 
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"B" genes are expressed, petals are expected to develop; where both "B" and "C" genes are 

expressed, stamens are predicted to develop, and where "C" genes alone are expressed, 

carpels are expected to develop. 

The model also predicts that the proteins encoded by these genes are expressed early 

in the whorl where development is affected by mutations in the gene. That is, "A" genes are 

required for proper development of sepals and petals and are expressed early in whorls one 

and two, "B" genes are required for petal and stamen development and are expressed early 

in whorls two and three, and 
Table 1 Floral organ identity genes from model species.

"C" genes, required for Homologous genes are listed in the same row 

stamen and carpel 

development, are expressed 

early in whorls three and Function A. thaliana A. majus P. hybrida 

four. Furthermore, "A" and A API SQUA 

"C" activities are mutually AP2 - -

antagonistic (31). For AP3 DEF GP 

example, AP1 and AP2, are B 
PI GLO FBP I 

"A" function genes required 
- - pMADS2/FBP3 

for specifying sepals and 
C AG PLE FBP6 /PMADS3 

petals in whorls one and 

two. AG, a "C" function 

gene, is required for specifying stamens and carpels in whorls three and four. AP2 is a 

negative regulator of AG expression in whorls one and two (32), and AG is a negative 

regulator of API in whorls three and four (33). The model also predicts that the effects of 

the organ identity genes are not restricted to a particular region of the flower; thus any type 

of organ can occur in any whorl if the appropriate genes are expressed in that whorl. This 

prediction has now been demonstrated experimentally (34). 
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Genes homologous to the Arabidopsis organ identity genes have been isolated in 

diverse species including monocots (35)(36)(37) and conifers (38)(39). Organ identity genes 

isolated from Arabidopsis, A. majus, and P. hybrida are listed in table 1. All belong to the 

MADS-box family of transcription factors (reviewed below) except AP2, which is thought 

to be related to a different group of transcription factors (40). 

Along with the functions and interactions specified in the ABC model, organ identity 

genes may also serve other functions. AG, for example, is involved in specifying 

determinancy of floral organ initiation, demonstrated by the additional whorls of sepals and 

petals in ag mutant flowers (41). The organ identity genes are also likely to be involved in 

interactions with the downstream genes directing floral organ growth and development. 

Expression of the anther-specific genes TAP1, FIL1 (42), and FIL2 (43) is reduced in def 

mutants, and their promoters contain CArG boxes, which indicates that the genes are targets 

for regulation by MADS-box gene products. 

The network of gene interactions also involves cadastral genes that function in 

specifying the boundaries of the organ identity genes. LEUNIG, for example, is a negative 

regulator of AG expression in whorls one and two (44), and SUPERMAN negatively 

regulates AP3 and PI activity in the fourth whorl (45). BEL1, a gene involved in ovule 

development, negatively regulates AG expression in ovules (46).g BEL1 encodes a 

homeodomain transcription factor (47). 

gBell ovules lack an inner integument and the embryo sac fails to mature. Cells of 
the outer integument develop into carpel-like structures and the ovules have increased levels 
of AG expression relative to wild-type. 
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MADS-Box GENES 

The majority of floral homeotic genes are members of the MADS-box family of 

transcription factors. The MADS-box is a conserved region of approximately 60 amino acid 

residues. MADS is an acronym for the first four known genes in which the MADS-box was 

identified: yeast minichromosomal maintenance factor (MCM1), the floral homeotic genes 

AG and DEF, and human 

serum response factor 

L(SRF)(48). Plant MADS-box 8i 

genes contain four domains 

(figure 4): the highly 
Figure 4 Plant MADS-box gene structure. M, MADS-

conserved MADS-box region box; L, linker region; K, K-box; C, Carboxy-terminal 
region.which is located near or at the 

5' end of the translated region 

in plant genes; the L or linker region between the MADS and K domains; the K domain, a 

moderately conserved keratin-like region predicted to form amphipathic a-helices (49); and 

a highly variable carboxy-terminal region. The K-box is only present in plant MADS-box 

genes. 

Studies have shown that the organization of the MADS domain in plants is similar 

to that in SRF; the basic N-terminal portion of the domain is required for DNA-binding and 

the C-terminal half of the box is required for dimerization (50). Because MADS proteins 

bind DNA as dimers, the MADS box as well as a C-terminal extension that is involved in 

dimerization are required for DNA-binding. The C-terminal extension varies throughout the 

gene family. C-terminal deletions indicate that the minimal DNA-binding domain of AP1 

and AG includes the MADS-box and part of the L region, whereas AP3 and PI require a 

portion of the K box in addition to the MADS and L regions (50). Similar results were 

obtained for DEF and GLO (discussed below). The difference in the sizes of the minimal 
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binding domains is thought to reflect the dimerization characteristics of the respective 

proteins: AP1 and AG bind DNA as homodimers whereas AP3/PI and their Antirrhinum 

homologs DEF/GLO bind as heterodimers. 

MADS-box proteins have been found to bind to a motif found in target gene 

promoters referred to as the CArG-box. CArG-box motifs are also found in the promoters 

of MADS-box genes, where they are thought to be targets for auto-regulation. Riechmann 

et al used circular permutation and phasing analysis to detect conformational changes in 

DNA that resulted from MADS-box protein binding (50). They found that bound AP1, 

AP3 /PI, and AG all induce DNA bending oriented toward the minor groove. 

DEFICIENS, APETELA3, AND THEIR HOMOLOGS 

AP3 is a B function gene. Consistent with the model, ap3-3 mutantsh have sepals in 

place of petals in the third whorl, and carpels in place of stamens in the third whorl (51). The 

first and fourth whorls of ap3 mutants are normal. PI is the other B function gene in 

Arabidopsis, and coexpression of AP3 and PI in flowers is sufficient to provide the B class 

organ identity function; flowers ectopically expressing both genes consist of two outer 

whorls of petals and inner whorls of stamens (52). 

DEF is the functional equivalent of AP3 in Antirrhinum, demonstrated by the 

complementation of ap3 mutants' with an introduced DEF gene (53). Similar to AP3 

mutants, in defmutants, the petals, normally in the second whorl, are replaced by sepals, and 

h The phenotype of AP3-3 mutants is the result of a stop codon at position 18. 

' When introduced into Arabidopsis ap3 mutants, the DEF cDNA sequence driven 
by the AP3 promoter is able to partially rescue the strong ap3-3 and ap3-4 mutants and 
completely rescues the milder ap3-1 mutant. 
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the normal four stamens and one stamenoid present in the third whorl of Antirrhinum flowers 

are transformed into a gynoecium filled with ovules (54)(55). However, strong def mutants 

have an additional phenotype: the gynoecium in the fourth whorl fails to develop. 

The P. hybrida gene pMADSI, which is responsible for the greenpetals (gpt) mutant 

phenotype, is highly homologous to AP3 and DEF. In the second whorl, gpt mutants exhibit 

a phenotype similar to def and ap3 mutants (56), however GPT does not appear to play a 

significant role in either third or fourth whorl organ development (57). 

Expression Patterns 

Generally, DEF homologs are expressed primarily in the petals and stamens, as 

predicted by the ABC model. Expression has also been noted, however, in the sepals, 

carpels, ovule integuments, and pedicel excision zone. The timing of the onset of expression 

also varies, but it usually occurs when the sepal primordia begin to differentiate and develop. 

Expression patterns of DEF homologs are reviewed here in detail. 

DEF expression occurs throughout floral development. In Antirrhinum, DEF 

mRNA first becomes detectable at the beginning of sepal organ differentiation (table 2). At 

the times of appearance of petal and stamen primordia, strong hybridization signals are 

visible in the corresponding areas. Expression of DEF is highest in petals and stamens (54) 

(table 3). In stamens, expression is stronger in or exclusive to non-sporogenic tissues: the 

filament and the connective tissue, epidermis and endothecium of the anthers. DEF is 

expressed weakly in the gynoecium and a weak hybridization signal is seen in young sepals 

which disappears later in development (58). 
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The expression pattern of AP3 is similar to but not identical to that of DEF. In 

Arabidopsis, AP3 RNA is first detected shortly after the sepal primordia begin to form in the 

precursors of the petals and stamens prior to the differentiation of these organs from the 

floral meristem (48). When petal and stamen primordia first become visible, AP3 RNA is 

present in and around the newly formed petal and stamen primordia. While the stamens are 

growing rapidly, AP3 RNA continues to be present at high levels in all cells of the stamens 

and throughout the petals. When the petals begin to grow rapidly, AP3 RNA is more 

abundant in petals than in stamens; relative levels of AP3 signal decrease from then onward 

as the flower matures, decreasing first in the stamens and later in the petals. By the time of 

fertilization,AP3 transcripts are at low levels. Expression is detected late in development in 

the outer integuments of the ovules (59) and at very low levels in siliques (58). No 

expression is detectable in roots and vegetative tissues. 

Tobacco and Petunia have expression patterns similar to DEF and AP3. The 

tomato gene TM6 is strongly expressed in carpels. The Petunia homolog of DEF, GPT, 

is also expressed most strongly in petals and stamens (60). In situ hybridization reveals 

strong signals in regions of the floral meristem that give rise to petal and stamen primordia. 

No hybridization is observed in the center of the floral meristem. Later in development, but 

before the fourth whorl primordia are present, expression occurs in the primordia of the 

second and third whorls. It is also expressed at low levels in carpels and sepals but not in 

leaves. TM6, a tomato cDNA that shows homology to DEF, is expressed at equally high 

levels in petals, stamens, and carpels but not in sepals (61)(62). Expression of the tobacco 

DEF ortholog, NTDEF, is initially spread throughout the floral meristem. As development 

proceeds, expression becomes enhanced in the second and third whorls, but is still easily 

detectable in the fourth whorl and faintly detectable in the first whorl (63). 

Three DEF homologs in potato have identical expression patterns. In potato, 

where three different promoters control nearly identical coding sequences with homology 

to DEF, expression patterns of the three genes were investigated using promoter-GUS 
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fusions and found to be identical (64). Expression was predominantly in the petals and 

stamens, with some activity in the wall of the gynoecium. Expression was first observed 

when floral primordia for sepals and stamens had started to differentiate. In the anther, 

expression was noted in all tissues, but was predominantly located in the vascular bundle and 

along the line crossing the connective tissue between the stomium and the vascular bundle. 

GUS activity was also present in the abscission layer between the pedicel and the flower 

stem. Expression was maintained throughout floral development. No GUS activity was 

observed in other plant tissues. Expression of PD2, a DEF-like potato cDNA with high 

homology to TM6, was not invesitagated. 
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Table 2 mRNA expression patterns of DEF homologs in inflorescence and floral 
meristems. Characterizations of expression are based on descriptions in the literature. 

References are in parentheses. N/D, not determined. 

Gene Specks Inflorescence Meristem	 floral Meristem 

first detectable shortly after sepal primordia begin toArabidopsis no form in the presursors of stamen and petal primordiaAP3 (65) thaliana 

first deteclable at the beginning of sepal
 
DEF (54) Antirrhinum majus no
 differentiation 

strong in regions of the floral meristem that give rise 
Petunia hybrids N/DGPT (60)	 to petals and stamens 

no
NMI-17 (66) Medicago sativa no 

initially spread throughout the floral meristemN7DEF (63) Nicotiana tabacum N/D 

Solarium	 N/DN/DPD2 (64) tuberosum 

first observed when stamen and petal primordia begin 
noSTDEF (64) "	 to differentiate 

Lycopersicon	 N/DN/DTA46 (61) esculatum 

first detected on the shoulders of the floralRumex acetosa no primordium. No expression in center.female 

RAD1 (67) first detected when outer perianth segments begin to 
Rumex acetosa no develop; localized to shoulder region of floral 

male primordium 

Silene latifolia expression occurs slightly 

female	 before the floral meristem detected in the central dome of the floral meristem in 

separates from the both sexesSLAB (68)
 
Silene latifolia inflorescence meristem in
 

male both sexes
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Table 3 mRNA expression patterns of DEF homologs in floral organs. Characterizations 
of expression levels are based on descriptions in the literature. References are in 
parentheses. N/D, not determined. 

Gene Specks ' Sepals Petals Stamens Carpels Other 

ovule outer 

AP.1 (65) 
A. thallana none strong strong none integument.. 

siliques 

DEF (54) A. majus low strong strong low 

GPT (60) P. hybrida low strong strong low 

NMII7 Al sativa none none none none root nodules 

N7DEF (63) N. tabacum low strong strong moderate 

PD2 (64) S. tuberosum N/D N/D N/D N/13 

pedicel
moderate 

STDEF (64) S. tuberosum none strong strong abscission
(in ovary wall) 

zone 

MI6 (61) L. esculatum none strong strong strong 

strong until
R. acetosa none (in perianth arrest of none 

female segments) 
development 

R.4D I (67) 
none (in

R. acetosa none (in perianth strong 
central area 

male segments) of meristem) 

strong
S. latifolia 

low strong until low 
female degeneration

SLLB(68) 

S. latifolia 
low strong strong none 

male 
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A DEF homolog in white campion is expressed in the floral meristems of both 

male and female flowers. SLM3, a DEF homolog from the dioecious plant white campion, 

is expressed in immature flowers of both sexes, though steady state levels were higher in 

male than in female flowers (68). Unlike poplar, in white campion, stamens initiate 

development in both male and female flowers. SLM3 expression first occurs slightly before 

the central floral meristem separates from the inflorescence meristem in both male and 

female flowers. Expression is detected in the central dome of the floral meristem in both 

genders. While the sepals are initiating, SLM3 expression is reduced in the center where the 

gynoecium will later appear and becomes restricted to the regions of the floral meristem 

where petal primordium will later develop. It is expressed more centrally in male floral 

meristems than in female. SLM3 continues to be expressed in stamens and petals until the 

gynoecium begins to elongate. From then on, SLM3 is expressed weakly in sepals and in the 

more mature gynoecium of female flowers. SLM3 is not detected in the stamens of female 

flowers once they begin to degenerate. Female flowers at later stages have strong expression 

only in petals and weak expression in the gynoecium. No expression is detected in leaves. 

Because SLM3 is expressed with similar timing in both sexes, it is thought to be unlikely that 

SLM3 is responsible for sex-dependent differences in males and females. 

Sorrel DEF homologs are expressed in stamen primordia of male and female 

flowers. RAD1, a DEF homolog from the dioecious species sorrel (Rumex acetosa), is 

expressed in floral primordia of both male and female inflorescences. In the male, expression 

of RAD1 is first detected when the outer perianth segments begin to develop and is localized 

to the shoulder region of the floral primordium. At this stage, there is no significant 

expression in the central whorl that will give rise to the carpel and the absence of RADI 

expression in the central whorl persists throughout the development of the male flower. 

Expression of RADI in the stamens persists throughout floral development. No expression 

is detected in the perianth primordia at any stage. In the female flower, RADI expression is 

first detected on the shoulders of each primordium. No expression is seen in the center of the 
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primordium. In older flowers, RAD1 expression is confined to whorl three, which gives rise 

to stamen primordia that are later aborted. There is no evidence of expression in either 

perianth whorl. RAD1 expression is strong in the stamen primordia until the time when 

stamen development ceases. In later stage primordia, RAD1 expression is barely detectable. 

The expression pattern of the RAD1 paralog RAD2 is similar to that of RAD1, but RAD2 is 

expressed at much lower levels than RAD1. 

NMH7 shows sequence homology to DEF but is not a floral homeotic gene. 

NMH7 is an alfalfa gene with homology to DEF; however it is not expressed in flowers nor 

is it expressed in leaves or roots (66). NMH7 is specifically expressed in root nodules and 

is symbiotically induced by the bacterium Rhizobizon meliloti. In situ hybridization showed 

that NMH7 is expressed at the beginning of the symbiotic zone and throughout the central 

tissue of the nodule and is localized to infected cells. No expression was detected in the root 

meristem, cortex, endodermis, or vasculature. 

Function 

In Antirrhinum plants homozygous for the def mutant allele globifera,] petals are 

replaced by large sepaloid leaves and the zygomorphic structural organization is lost (54). 

Transposon excision events that occur very late in development of the sepaloid petals in the 

second whorl restore petaloid features, indicating that DEF functions in establishing the 

identity of petals in the second whorl (69). Temperature-shift experiments using the 

temperature-sensitive mutant def101 k showed that continual DEF function during second 

The DEF mutant globifera was created through the insertion of a TAM7 transposon 
into the third intron of the DEFA gene. It is genetically unstable and reverts germinally to 
wild type. Expression of DEF is abolished in globifera mutants. 

The defA-101 phenotype results from the deletion of three base pairs at the N
(continued...) 
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whorl organogenesis is necessary to establish and maintain wild-type petal organ identity. 

However, partial to complete restoration of petal development is possible by restoring DEF 

function even subsequent to the initiation of all floral organ primordia (70). 

In contrast to the less rigorous temporal requirement of petal development, 

temperature-shift experiments suggest that DEF must be functional from the time sepal 

primordia initiate in order for complete restoration of stamen development to occur (70). 

DEF is also required at a very late stage, as ovules appear at the base of stamen filaments 

when DEF function is removed even after microsporogenesis. Furthermore, expression of 

DEF in epidermal cells alone or in the L2' and L3 layers is not sufficient to restore stamen 

identity, although the phenotype of the third whorl organs is less aberrant than that seen 

when DEF is absent (71). These experiments suggest that normal stamen development in 

Antirrhinum requires high levels of DEF expression in multiple cell layers of the stamen 

throughout development. 

In severe defmutants a genuine gynoecium does not develop in the fourth whorl (54). 

Temperature shift experiments demonstrate that DEF is not required for carpel 

organogenesis; however DEF function at an early stage is required for carpel initiation in the 

center of the flower; transient expression is sufficient to establish initiation, and initiation is 

independent of the identity of the organs in the third whorl (70). DEF is therefore thought 

to be involved in the growth and proliferation of the central floral meristem (72). Although 

DEF mRNA is present in the center of the early floral primordium, detectable DEF protein 

k(...continued) 
terminal end of the K-box, resulting in deletion of a lysine residue. mRNA expression is 
slightly decreased and DNA-binding ability is lost. 

'The inflorescence meristem and floral primordia contain two outer layers and inner 
cells. Epidermal structures of flowers usually derive from the Ll; internal cells of sepals and 
petals as well as some internal cells of stamens and ovaries derive from the L2; the deepest 
layers in the reproductive organs usually derive from the L3. [Reviewed by Meyerowitz et 
al, A genetic and molecular model for flower development in Arabidopsis thaliana.. 
Development Supp. 1: 157-167. (1991)] 
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is not (70). Tr6bner et al suggested that DEF may function indirectly in the third whorl as 

an "antiterminator" which prevents the premature termination of meristem growth in the 

fourth whorl (102). Alternatively, Zacho et al speculated that DEF protein, in an outer 

region of the fourth whorl which is composed of only a few cells, is actively involved in 

carpel initiation, and that the absence of DEF function in the center of the flower could be 

a prerequisite to terminate initiation inside the carpel (70). 

Regulation 

Induction and upregulation 

Induction of DEF expression and its upregulation in stamens and petals are two 

independent processes (54) (see figure 5). Analysis indicates that DEF and GLO are induced 

independently (102). However, organ - specific up - regulation of DEF and GLO in petals and 

stamens involves autoregulation and depends on the expression of both DEF and GLO 

(102)(54), which appear to dimerize with each other exclusively (73) m and bind specifically 

as a heterodimer to CArG-box motifs in the promoters of both genes (54)(72)(72). 

Maintenance of DEF transcription by autoregulation starts after the initiation of all floral 

primordia has taken place (70). Similarly, in Petunia, induction of pMADS1 and fbpI seem 

to be independent of each other andfbp1 is transcriptionally up-regulatd by the presence of 

pMADS1. However, maintenance of pMADSJ expression is independent of fbp 1 (74). 

Experiments in Arabidopsis indicate that AP3 and PI are regulated in a similar manner (75). 

When a yeast two-hybrid system was used to screen a cDNA expression library for 
sequences that coded for proteins which interact with DEF and GLO, only GLO was isolated 
when DEF was used as "bait", and only DEF was isolated when GLO was used as "bait." 
In contrast, four different genes including SQUA were isolated when PLE was used as "bait." 
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Petunia Antirrhinum 

induction induction induction induction 

+ + + + 
FBP1 PMADS1 GLO DEF 

-\ 
If 

FBP1 PMADS I GLO DEF 
maintenance maintenance maintenance maintenance 

petals petals andand 
stam ens 

Figure 5 Model for the induction and autoregulatory maintenance of
 
B function gene expression. Redrawn from Angenent, G.C., (1995).
 

Nuclear localization 

Immunolocalization has shown that DEF and GLO are located in the nucleus, 

supporting the hypothesis that they are transcription factors (70). When the temperature-

sensitive allele def-101 is shifted to the non-permissive temperature for thirty minutes, 

nuclear levels of both DEF and GLO are reduced. McGonigle et al studied nuclear 

localization of AP3 and PI by firing AP3- and PI- GUS fusions under control of the CaMV 

35S promoter into onion epidermal cells using microprojectile bombardment (76). 

Interestingly, they found that nuclear localization was dependent on the simultaneous 

expression of both genes. Experiments using truncated genes demonstrated that most of the 
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coding sequence with the exception of the MADS-domain was not required for nuclear 

localization. In vivo experiments using transgenic Arabidopsis plants further supported the 

results; when the 35S-AP3-GUS fusion was introduced, GUS activity was present in a 

number of tissues however nuclear localization occurred only in those cells where 

endogenous PI was present. Reciprocal experiments using 35S-P/-GUS fusions gave similar 

results. When both constructs were introduced, nuclear localization in vegetative cells was 

observed. 
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Polar interdermal transport 

Studies with globifera periclinal chimeras suggest that a high level of DEF 

expression in the L 1 cell layer allows the growth and expansion of petal lobes (71). 

Establishment of DEF or GLO expression in the L2 and L3 layers results in the recovery of 

petaloid identity in the L 1 but is not sufficient to allow petal lobe expansion. 

Immunolocalisationexperiments demonstrated that the restoration of petal identity in the Ll 

layer in L2L3 chimeras was due to direct trafficking of DEF and GLO from the inner layers 

into the Ll. Thus the functions of DEF and GLO are non-cell-autonomous. This trafficking 

is directionally regulated as movement occurs only from the inner cell layers to the 

epidermis, not from outer cell layers to inner ones. Also, trafficking only occurs between 

different layers, not between cells of the same layer, which explains the sharp boundaries 

observed in revertant sectors. Microinjection experiments suggest that the movement is 

governed by plasmodesmata. Perbal et al proposed that control of intradermal DEF and GLO 

trafficking could be involved in maintaining the boundaries of their expression domains. 

Thus, while polar interdermal transport may ensure that epidermal cells adopt the same 

developmental fate as the cells in the inner layers, the absence of intradermal transport may 

help to sharpen the boundaries between floral organ whorls. 

Genetic interaction 

FLO10 (superman) 

In the Arabidopsis mutant superman, also know as FLO10, the three outer whorls 

are normal, and AP3 expression patterns in those whorls is the same as in wt. In the fourth 

whorl, a homeotic transformation of carpels to stamens occurs and AP3 expression extends 

to the excess stamens (77), suggesting that the SUP gene product represses expression of 

AP3 in the fourth whorl, and that ectopic expression of AP3 there may be one of the causes 
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of the development of extra stamens. SUP is expressed in the third whorl and acts to 

maintain the boundary between the third and fourth whorls (78). The loss of determinancy 

noted in sup flowers may also be mediated by AP3 and PI (79). Sup mutants display 

asymmetric growth of the outer integument of the ovules, resulting in reduced female 

fertility. Because AP3 is expressed in the outer integuments of ovules (59), it seemed 

possible that ectopic expression of AP3 in sup mutants could be responsible for the aberrant 

ovule phenotype. However, aberrant ovules also occur in sup ap3 double mutants (80). The 

putative SUP protein contains a zinc-finger and a region resembling a leucine-zipper motif, 

suggesting that it functions as a transcriptional regulator. 

FLO/LFY 

Studies of DEF expression info periclinal chimeras indicate that FLO activates DEF 

expression and that the activation involves communication between cell layers (81). 

Similarly, AP3 expression is reduced in /6/ mutants in Arabidopsis (82). 

FIM/UFO 

FIM acts as a mediator between the meristem identity genes and the floral organ 

identity genes (83). Mutations in FIM have a number of effects including partial homeotic 

transformation of floral organs in the second and third whorls similar to those seen in def 

mutants. DEF expression is delayed and reduced in Jim mutants. Expression of DEF in 

patches of cells at later stages may indicate that another pathway is capable of activating 

DEF. The Arabidopsis ufo mutants also display a number of defects in inflorescence and 

floral development which include aberrant organs in the second and third whorls. Levels of 

AP3 and PI protein and mRNA are quite reduced in the early floral primordia of ufo mutants, 

suggesting that one of the roles of UFO is positive regulation of AP3 and PI (84). 
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Structure 

DEF 

The DEF mRNA is 1.1 kb in length. The first exon contains the MADS-box and the 

short third and fourth exons contribute to the K-box region. The DEF protein corresponds 

to a 227 aa ORF, of which the MADS-box region occupies 58 aa. The conserved 

phosphorylation site typically found in MADS-box genes for the Ca"/ calmodulin 

dependent multiprotein kinase of mammalian proteins is present (48). The defA promoter 

region contains a 244 bp, almost perfect inverted repeat, the significance of which is 

unknown. A CArG-box is located 1.2 kb upstream of the transcription start (48). 

The K-box 

region of the DEF MADS-box K-box-helix 1 K-box-helix 2 C-terminal region 

protein has the 

potential to form two 

amphipathic helices 1 60 89 109 119 143 227 

which can be involved 

in protein-protein 

interactions (see figure	 Figure 6 The two helices of the DEF K-box. Numbers indicate 
codons from translational start.

6). Zacho et al used 

deletion analysis 

coupled with gel-retardation assays to determine if the K-box region of DEF is involved in 

DNA/protein complex formation (70). They found that elimination of the second helix of 

the K-box, either by truncation (which also removed the C-terminal region) or by internal 

deletion, still allowed formation of a DNA-binding complex, though the intensity of the 

signal was decreased. However, when half of helix one was also removed, DNA-binding 

was abolished. 
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Davies et al used truncated DEF coding regions in conjunction with a yeast two-

hybrid system to determine which DEF protein domains are required for heterodimerization 

with GLO (73). They found that the 5' untranslated region and the MADS box could be 

completely removed without abolishing interaction between the two proteins. However, all 

deletions within the K box abolished detectable interaction. The C-terminal region seemed 

to have a role in stabilization, however the interaction may be sufficiently stabilized by the 

presence of the L and K regions such that the C-terminal region is not necessary. 

AP3 

The AP3 transcription unit also consists of seven exons (58). In the MADS-box 

region, 53/58 aa are identical with DEF. Of the five changes, four are conservative. The K-

box consists of 66 amino acids, 33 of which are conserved with DEF. Overall, 58% 

(131/227) of the predicted amino acid residues are identical with DEF. The overall homology 

is 77% if conservative changes are included. 

C-terminal deletions indicate that the minimal DNA-binding domain of AP3 and PI 

requires the MADS domain, the L region, and a portion of the K box (50). Krizek and 

Meyerowitz (85) found that the functional specificity of AP3 is determined by the L region 

and the K domainn. Both the MADS-box and C-terminal regions of the AP3 coding sequence 

can be replaced with the corresponding sequences from AG and the product of the chimeric 

gene still retains its functional specificity. This is interesting because the C-terminal region 

of AG has no sequence homology with AP3. The C-terminal region is, however, important 

nEctopic expression of a chimeric gene comprised of the CaMV 35S promoter, the 
AGMADS box, the AP3 K domain and L region, and the AG C-terminal region results in the 
same phenotype as ectopic expression ofAP3: stamens and carpelloid stamens in the fourth 
whorl. 
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because AP3 protein produced from a truncated AP3 gene which lacks the C-terminal region 

is not able to function. 

Phylogeny 

Several phylo genetic studies of plant MADS-box genes have been published. Doyle's 

study using full gene sequences identified five clades (86). Clade 1, consisting of GLO, 

NTGLO, FBP1, and PMADS2 is a sister-group to Glade 2, which includes DEF, GPT, AP3, 

and TM6. Clade 2 is further divided into two subgroups with a bootstrap replicate value of 

100%. One subgroup includes DEF, GPT, and AP3 while TM6 remains by itself. Doyle notes 

that the separation of TM6 from DEF and GPT was not phylogenetically anticipated, raising 

the possibility that TM6 is not a direct ortholog of DEF, GPT, and AP3 but rather the product 

of an early gene duplication in the Glade 2 lineage. The other clades consist of FBP2-like 

genes (Glade 3), the AP1ISQUA group (Glade 4), and the AG group (Glade 5). AGL6, TM3, 

and TM8 are left as orphans. In addition to Antirrhinum, Arabidopsis, Petunia, and tomato, 

Doyle's study includes one Brassica gene, one tobacco gene, and two genes from Zea. 

The phylogentic tree constructed by Purugganan et al is similar to Doyle's, except 

that the AP 1 ISQUA group and the FBP2-like genes here are sister groups within the same 

Glade, which also contains another small subgroup consisting of AGLI3 and AGL6 (87). The 

DEF /AP3 group and the PI /GLO subgroups are again sister clades. The DEF group includes 

GPT, STDEF, DEF, AP3, and TM6. TM6 again is seperate from the other members of the 

DEF Glade with a bootstrap relicate value of 99 %. Within the AP3 and PI groups, a 

comparison of the nonsynonymous/synonymoussubstitution ratios for the K domain and C-

terminal regions indicated that the ratios of substitution were roughly equivalent in the two 

regions, suggesting that the K and C domains are under similar levels of selective constraint 

in the AP3 and PI groups. Further analyses indicated that the lineages for each of the floral 

homeotic gene groups were established in a relatively brief evolutionary time span, and that 
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this divergence occurred approximately 340-500 million years ago (mid Paleozoic-

Ordovician), depending on the date that is accepted for the monocot/dicot divergence. The 

study also suggests that the floral MADS-box genes are continuing to evolve at a rapid pace. 

Puraggan.an et al noted that most of the plant MADS-box genes in their study were organized 

into three distinct monophyletic gene groups whose members share common functional roles 

in floral development. Their study included genes from Antirrhinum, tobacco, tomato, 

Petunia, Arabidopsis, Zea, potato, and Aranda. In a slightly later study, several new genes 

from Arabidopsis were identified, four of which did not fall into any of the previously 

identified clades, nor did they group with each other, indicating that they diverged much 

earlier (88). Three of these genes were expressed preferentially in roots (AGL12, AGL14, and 

AGL1 7) and the other, AGL15, is expressed in developing embryos and in leaves. 

Tandre et al performed a phylogenetic analysis that included MADS-box genes they 

isolated from Norway spruce (89). The gymnosperm genes were intercalated within the same 

three principle clades established in previous phylogenetic studies. 

http:Puraggan.an
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P OPULUS TRICHOCARPA 

The genus Populus consists of approximately 30 deciduous or semi-evergreen tree 

species subdivided into six sections (90)(91). Populus trichocarpa, commonly known as 

black cottonwood, California poplar, and western balsam poplar, is placed in section 

Tacamahaca (90). Poplars and willows (genus Salix) comprise the family Salicaceae. The 

Salicaceae are placed in the division Magnoliophyta, class Magnoliopsida, subclass 

Magnoliidae, superorder Violanae, order Viola les, according to Thorne (92). The earliest 

fossil evidence of Populus dates to the Late Paleocene (about fifty-eight million years ago) 

(93). Fossils of section Tacamahaca date to the early Miocene (about 25 million years ago). 

The natural habitat of P. trichocarpa is confined to North America where it occurs 

from southern Alaska and southern Yukon south to southern California and western Nevada, 

and locally in Wyoming and southwestern North Dakota (90). It achieves optimum 

development and greatest abundance in the Pacific Northwest. P. trichocarpa is primarily 

a riparian species but may become established in adjacent disturbed areas such as agricultural 

fields and forest clearings (94). 

P. trichocarpa is anemophilous and its cottony seeds are also dispersed by wind. 

Asexual reproduction occurs during the winter months through root suckering, crown 

breakage, tree fall during storms and flooding events, and cladoptosis (95). In some instances 

vegetative propagules may outcompete seedlings, however the proportion of trees established 

from asexual vs. sexual means varies and few studies have sought to establish their relative 

importance (94). 

Poplars are among the fastest-growing of temperate trees. In contrast with other 

temperate deciduous trees, their shoots continue to grow and produce leaves after bud burst 

and throughout the growing season (96). P. trichocarpa, one of the tallest and most massive 

deciduous trees in North America, may reach a maximum height of sixty-five meters and 
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widths of up to three meters (97)(98). The species and its hybrids are important 

commercially due to their rapid growth. P. trichocarpa produces pulpwood in as few as three 

years and sawlogs in twenty, and hybrids exhibit markedly faster growth rates (99). Hybrid 

poplar plantations now occupy more than 20,000 hectares in the Pacific Northwest alone. 

The chief commercial use of P. trichocarpa and its hybrids is pulpwood for the manufacture 

of high grade paper and other products. Additional commercially important uses include 

plywood cores, veneers, pallets, and crates (90)(98). 

The ability to produce large quantities of biomass quickly has made hybrid poplars 

a major focus of the Department of Energy's Biofuels Feedstock Development Program 

(100). Their high rate of water cycling renders them increasingly important for 

bioremediationof polluted sites, landfill leachates, municipal and industrial wastewater, and 

farm runoff areas (101)(102)(103)(104). Their ability to quickly establish large root masses 

has resulted in their use as site stabilizers and barriers to the subsurface flow of contaminated 

groundwater (105). P. trichocarpa is also an integral component of riparian ecosystems 

(106) and is used extensively in shelterbelts (107). Around homes and farms it is commonly 

used as a shade tree and ornamental (108). 

Poplars are excellent model trees for molecular genetics research. They are easily 

propagated sexually, clonally, and in tissue culture (106). P. trichocarpa hybrids have been 

transformed and regenerated using Agrobacteriumtumefaciens (90)(106)(109),A. rhizogenes 

(110), and biolistics (111). The mass of the P. trichocarpa nuclear genome is 1.4 picograms 

(112), which is only four times that of Arabidopsis (113). The mapping distance is estimated 

to be 2400-2800 cM, with 180 kb per cM (114). Poplars are precocious trees, flowering in 

as few as five years (90). Transgenic P. tremulax tremuloides lines constitutively expressing 

the Arabidopsis LFY- gene flower within months (115)(116)(117). 



32 

Derivation of Floral Structures 

P. trichocarpa is a dioecious species which bears actinomorphic, achlamydeous 

flowers on amenta (118). The calyx and corolla are replaced by a green cup-shaped structure 

referred to as the "perianth cup" (91). Staminate flowers are polyandrous. Dioecy, 

achlamydy, and polyandry are thought to be secondarily derived traits conducive to 

anemophily (119)(120). Traces of amphisporangiate ancestry are rare within the genus 

(119). Vascular traces (119)(120) and developmental morphology (120) indicate that the 

perianth cup of Populus is derived from the fusion of perianth parts. Further evidence that 

the perianth cup is derived from a true perianth is suggested by the appearance of calyx-like 

structures in flowers of anther- derivedPopulus maximowiczii plants generated by Stoehr et 

al., who speculated that production of the structures is governed by recessive genes revealed 

in the haploid plants (121). It remains unclear if the perianth cup is derived from fused 

sepals, fused petals, or adnation of petals and sepals. 

Floral Development 

The inflorescences of P. trichocarpa begin to develop in the spring (late April to 

early May in Corvallis, OR) of the year prior to the year in which they will flower. After 

anthesis has occurred, the new inflorescence elongates rapidly within bud scales in the axils 

of leaves. Concurrently, lateral bract primordia develop acropetally along the inflorescence 

flanks (91). As the bract primordia elongate, cells at the axils of the bracts become organized 

into a flattened disk. Continued growth at the perimeter of the floral disk produces a raised 

ring of tissue which will develop into the perianth cup. Up until this stage (late May to early 

June in Corvallis) the development of staminate and carpellate flowers is indistinguishable. 
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Development of the carpellate flower 

In females, the center of each floral disk expands into a convex floral apex while 

continued growth of the raised ring of tissue produces a cup around the apex (91). The 

gynoecial primordium develops into usually three but sometimes four carpels which unite 

to form a unilocular ovary. Anthesis occurs in late winter/early spring before the vegetative 

buds open. Unlike willows, alders, and birches, the bracteoles abscise as the catkins elongate 

during flowering (96). In the mature female flower the superior ovary contains anatropous 

ovules and is covered with trichomes. Detailed study of ovule development in P. trichocarpa 

has not been reported; however in most species of poplar two integuments can be observed 

in early spring; as the ovule matures, the integuments fuse and only a single integument is 

visible in the mature ovule (122)(123). The stigmas are deeply lobed and the stigmatic 

surface is covered by papillae. The mature inflorescence bears twenty to forty capsules, and 

each capsule contains thirty to fifty seeds. The "cotton" of black cottonwood is composed 

of portions of the placenta, bearing several unicellular hairs, which are attached to each seed. 

Among temperate trees with female catkins, only the Salicaceae have seeds with a coma of 

cottony hairs on parietal placentas (96). 

Development of the staminate flower 

The center of each male floral meristem grows at a slower rate than the tissue at the 

perimeter, resulting in a concave disk (91). Stamen primordia arise centrifugally from the 

floral meristem as rounded protuberances. Forty to sixty stamens eventually develop in each 

flower. Each anther contains two pollen sacs that are each divided into two microsporangiun 

locules in which numerous microspore mother cells develop. The inflorescences pass the 

winter in this stage. In late winter/early spring, the microspore mother cells undergo meiosis 

and form microspores, the tapetal cells disintegrate, the tetrads separate into individual 
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pollen grains, and anthesis occurs. During drying, thickened bands in the anther walls 

promote differential shrinkage which promotes rupture of the stomium. 

Dioecy 

Dioecy has been estimated to occur in only 3-4% of the angiosperms (124)(125).° 

There are multiple means of achieving dioecy (126) (see figure 7). Most commonly, both 

male and female organs are initiated, then production of either ovules or pollen is blocked 

at a later stage. More rarely, initiation of either the stamens or the gynoecium does not occur. 

P. deltoides belongs to the latter group; SEM studies revealed no indication of stamen 

initiation in pistillate flowers and vice versa (127). Micrographs of P. deltoides and Rumex 

acetosa are shown in figure 8. (R. acetosa and S. latifolia are the only dioecious species in 

which DEF-homologous genes have been studied previously). Note that in poplar, initiation 

of the first stamen primordia takes place near the center of the flower and stamen initiation 

then proceeds centrifugally (120) whereas in R. acetosa, stamen initation takes place at the 

periphery of the floral meristem, just inside the perianth segment primordia, and the center 

of the meristem is left open though a gynoecium does not develop there (67). Development 

in S. latifolia is similar except that a rudimentary gynoecium develops in the center of the 

male flower (68). Centrifugal polyandry is uncommon (128), and renders Populus 

distinctively well-suited to the study of sex-specific floral developmental programs. 

°This classic estimate may be low because many newly discovered tropical species 
were not included in the survey, and dioecy is more prevalent in tropical than in temperate 
species. [see Bawa, K.S. (1980)] 
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Figure 7 Stages in the production of gametes which are blocked to effect diocy. 
Redrawn to include P. deltoides from Dellaporta, S.L., Calderon-Urrea, A. (1993). 
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Figure 8 Stamen initiation in male flowers of P. deltoides and R. acetosa. Stamen initiation 
in Populus begins in the center of the floral meristem (a) and proceeds centrifugally (b), 
whereas stamen development in R. acetosa is confined to the perimeter of the floral meristem 
just interior to the perianth primordia. (c). SEM micrographs of P. deltoides were kindly 
provided by R. Kaul, Univ. of Nebraska. The R. acetosa SEM micrograph was kindly 
provided by C. Ainsworth, Univ. of London. 
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Gender determination 

Poplars are usually dioecious however exceptions are known. One species, the 

Chinese P. lasiocarpa, is monoecious (129). Moreover, Larsen's survey of reported 

deviations from dioecy in normally dioecious species of Populus listed P. alba, P. candicans, 

P. deltoides, P. grandidentata, P. nigra, P. sieboldii, P. tremula, P. tremuloides, and P. 

trichocarpa (130), thus the potential to produce floral organs of both genders seems to be 

retained by both sexes throughout the genus. In P. trichocarpa specifically, perfect flowers 

occasionally appear, as do male flowers on female catkins (131). Perfect flowers and flowers 

of inappropriate gender occur more frequently on female trees than on male trees, and most 

female catkins containing male flowers also contain hermaphroditic flowers.P Santamour 

found evidence that the perfect flower condition is heritable in P. tremuloides (132), however 

Heslop-Harrison reported the conversion of male flowers into female flowers accompanying 

infestation of Salix catkins with the Eriophyid mite Epitrimerus salicobius (133). Skewed 

gender ratios have been observed in some populations of P. trichocarpa, sometimes 

associated with particular environmental conditions and sometimes not (134). 

These observations as well as recent molecular work indicate that gender 

determination in the Salicaceae is genetically controlled yet can be modified by 

environmental conditions. Although there were early reports of the identification of sex 

chromosomes in the Salicaceae (133), later researchers have been unable to confirm their 

existance (135). Recently, bulked segregant analysis of RAPD products in Fl progeny of P. 

PHermaphroditic flowers on female trees appear in several forms; some have 
antheroid structures attached to the inside of the cup, while others have a single, poorly 
developed antheroid emerging between the carpel base and the cup. Still others have one to 
seven four-lobed, normal anthers which contain pollen and are carried by a regular filament 
attached at the carpel base. The gynoecia of hermaphroditic flowers are normal. Male flowers 
which appear on female catkins have only 1 to 22 stamens contained in an irregularly shaped 
cup, or, in rare cases, the cup is missing completely and the stamens are attached directly to 
the axis.These stamens have normal filaments and four-lobed anthers containing pollen 
[Stettler, R. (1971)] 
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trichocarpa X P. deltoides indicated that gender determination may be controlled by multiple 

loci operating in an additive or epistatic manner (136). A similar study in Sal ix identified one 

RAPD product which was linked with an autosomal locus involved in determining 

femaleness (137). A two-locus, eight-allele, epistatic model, possibly involving an unknown 

cytoplasmic gene, was proposed. 

GENETICALLY ENGINEERED REPRODUCTIVE STERILITY 

Rationale 

More than 3 billion cubic meters of wood are harvested every year and the human 

population is still increasing at a rate of 1.7 per cent (138). Forest production is under serious 

pressure. Poplars are fast-growing trees but are susceptible to severe damage from pathogens 

and insect pests (139), and their growth rate is highly reduced by competetion from weeds 

(140). Genetic engineering offers potentials for the improvement of both qualitative and 

quantitative traits in trees. Genetically engineered trees are also predicted to require lower 

total input costs due to decreased reliance on pesticides and reduced application costs such 

as fuel, time, and machinery use. The culture and processing of genetically engineered trees 

may also be less damaging to the environment than conventional practices; for example, the 

insecticidal action of insect-resistantplants is more specifically targeted towards pest species 

than that of sprayed insecticides [see (141)(142)(143)]. 

Transgenic poplars with engineered insect resistance (144)(145)(146) and herbicide 

resistance (147)(148)(149) have been produced; however there is concern that the flow of 

genes conferring resistance to insects into indiginous populations may accelerate the 

evolution of insect resistance to relatively safe and commonly used insecticides such as Bt 

(150). In some situations, particularly commercial conifer forests, poplars are considered 

weeds and there is concern that herbicide-resistancegenes present in poplar plantations may 
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spread into adjacent indigenous populations making weed control in conifer forests more 

difficult (151)(152). Thus, although it is uncertain if transgene containment will be necessary 

for all transgenic trees in all environments, and because it is difficult to predict exactly when 

and where trangene escape might cause problems, containment of transgenic trees at this 

time is the most ecologically sound course. Governmental regulations may require provisions 

for transgene containment before commercial use is permitted [reviewed in (1)]. Genetic 

containment is difficult to achieve in trees, however, due to their size, longevity, and 

typically high rate of outcrossing. Most forest trees are reproductively mature before harvest 

For these reasons, genetically engineered sterility has been proposed as the best method for 

transgene containment in trees at this time (1). 

In addition to facilitating the commercial deployment of trees containing growth-

enhancing transgenes, engineered sterility may increase stem yield in itself. There is 

evidence from studies in agronomic species and conifers that early disruption of reproductive 

organogenesis may result in increased allocation of resources to vegetative growth [reviewed 

in (1)]. No studies of reproductive drain have been reported in Populus, however in one year 

a single P. deltoides produced 18.2 kg of seeds alone (153), and mature poplars produce 

many large inflorescences. Thus, the expenditure of resources on the production of 

reproductive structures in poplar would seem to be great enough that diversion of these 

resources into vegetative growth would result in significant gains in stem yields. 

Furthermore, male sterility could be of benefit in breeding programs with dioecious species 

such as poplars, and reductions in pollen production would decrease the levels of airborne 

allergens. 
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Strategies 

Two basic strategies used in reported instances of engineered reproductive sterility 

seem amenable to genetic engineering of sterility in trees: 1) inhibition of the expression of 

genes essential for reproductive development via antisense, cosuppression, or dominant 

negative mutation and 2) ablation of floral tissues by expression of a cytotoxin-encoding 

gene under the control of a floral-specific promoter. Despite several successes in producing 

sterile plants via ectopic expression of endogenous floral genes (154)(155)(156)(157) this 

approach is not a practical means for engineering tree sterility because of its propensity for 

pleiotropic effects and poor predictability. Although mitochondrial genes have been 

implicated in male sterility in a variety of species (158), mitochondrial genes must be 

targeted to the mitochondria, which requires the addition of a mitochondrial signal sequence 

to the coding region (159). A potentially greater problem is that their mechanism of action 

may be deleterious to the plant's health (160)(161). Thus mitochondrial gene based methods 

for engineering sterility are not appealing. The possibilities of floral gene deletion or 

mutagenesis through homologous recombination are not practical options because of their 

present low efficiency. 

Disruption of floral gene expression 

Antisense, co-suppression, and dominant negative mutation depend on identifying 

genes needed for the development of reproductive organs, but do not require promoters 

which function exclusively in floral tissues. Though all three approaches have resulted in the 

production of sterile plants (162)(163), antisense has been employed most widely. Van der 

Meer et al., for example, used antisense chalcone synthase in petunia to disrupt the 

production of flavonoids essential for pollen pigmentation and development, resulting in 

male sterility (164). When antisense was used to suppress expression of TAG1, the tomato 

homolog of AG, plants with aberrant flowers exhibiting both male and female-sterility were 
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obtained yet vegetative organs were unaffected (165). Similarly, disruption of the tomato 

MADS-box gene TM5 using antisense resulted in complete sterility (166). The antisense 

TM5 RNA did not appear to interfere with expression of the three other MADS-box genes 

studied and no effects were observed in vegetative organs. 

Floral promoter/cytotoxin fusions 

Sterility may also be engineered by inserting genes under the control of floral specific 

promoters that ablate cells or disturb development of tissues. Using floral promoter-cytotoxii 

gene fusions is likely to be more effective for achieving increased vegetative growth than 

gene suppression because suppression of homeotic genes usually results in the substitution 

of one floral structure for another or even in the production of additional floral organs as is 

seen in ag mutants. In contrast, ablation results in complete loss of the targeted organs. To 

ensure that pleotrophic effects on vegetative organs do not occur it is necessary to use 

promoters that are highly specific in their expression. 

The combination of a tobacco tapetum-specific promoter and the coding region of 

the RNAse barnase gene from Bacillus amyloliquefaciens has been used to engineer male 

sterility, by selectively destroying the tapetal cells, in a variety of species 

(167)(168)(169)(170). Similarly, the promoter region from the tobacco stigma-specific gene 

STIG1 was fused with the barnase coding region in order to engineer female sterility (171). 

Flowers of transgenic tobacco plants containing the construct developed normally but lacked 

the stigmatic secretory zone which produces an exudate required for pollination. Tapetum
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specific promoters have also been combined with a glucanase coding regions to engineer 

sterility (172). 

An attractive feature of employing barnase for engineering sterility is the existence 

of barstar, a protein from B. amyloliquefaciens which inhibits expression of barnase 

through the formation of a stable one-to-one complex. Crossing barnase-male-sterile lines 

with transgenic barstar-male-fertile lines results in restoration of fertility (173)(174), a 

necessity in agronomic crops where the products are seeds or fruit and of potential value for 

advanced breeding of transgenic trees. Restoration of fertility can also be accomplished by 

introducing an antisense version of the toxin gene' (175). 

Though the combination of a tapetal or stigma-specific promoter with a cytoxin 

coding sequence has been quite successful for engineering sterility, using a floral homeotic 

gene promoter to drive a cytotoxin coding region is even more attractive. Homeotic genes 

are typically expressed early in floral development, thus maximizing the potential for 

enhancing vegetative growth through diverted resource allocation as discussed above. Also, 

some of the homeotic gene promoters direct expression in both male and female reproductive 

tissues, thus eliminating the need to engineer separate constructs for ablating. male and 

'1 During normal floral development in angiosperms, a callose wall is secreted by the 
microsporocytes before and during meiosis. After meiosis this wall is broken down by 
callase, a P-1,3-glucanase secreted by the tapetum, and the microspores are then released into 
the locule of the anther. In transgenic tobacco plants which express a modified form of a 
pathogenesis-related (3 -1,3- glucanase driven by early tapetum-specific promoters, premature 
dissolution of the callose wall occurs causes varying degrees of male sterility. 

RolC is one of the T-DNA genes from Agrobacteriumrhizogenes. When introduced 
into tobacco plants under the control of the CaMV 35S promoter, its expression causes a 
number of effects including male sterility and reductions in plant height, apical dominance, 
and leaf pigmentation. RoIC inhibits microspore development, leading to the production of 
nonfunctional pollen. Fertility was restored to male-sterile tobacco plants through crosses 
with transgenic plants containing the rolC gene in an antisense orientation under control of 
the CaMV 35S promoter. 
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female reproductive organs. This approach has also been successfully employed: Day et al 

created a translational fusion using 1.9 kb of the Arabidopsis AP3 promoter fused with the 

DTA coding regions (176) and introduced the chimeric toxin gene into both Arabidopsis and 

tobacco (177). In Arabidopsis, petals, stamens, and ovule integuments were specifically 

ablated early in development, demonstrating the specificity and effectiveness of the 

approach. Similar results were obtained in tobacco except that the timing and occasionally 

the development of the gynoecium were also affected. The tobacco homolog of AP3, 

NTDEF, is moderately expressed in the fourth whorl (63). It seems possible that once 

introduced into tobacco, the AP3 promoter is subjected to the same control mechanisms that 

govern expression of the endogenous gene and therefore becomes moderately active in the 

fourth whorl. 

'The DTA gene encodes a protein that inhibits translation through ADP-ribosylation 
of elongation factor two. It is considered highly safe because the toxin is only active in the 
cell in which it is expressed; the protein is not secreted and it is not internalized by 
eukaryotic cells in the absence of the diphtheria toxin B subunit. When linked to a cell-
specific promoter, the DTA gene is therefore an excellent candidate for targeted cell 
destruction and has been used to ablate cells in a wide variety of organisms. 
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PART II: CLONING OF PTD AND CHARACTERIZATION OF GENE STRUCTURE
 

AND EXPRESSION 

INTRODUCTION 

We have isolated a cottonwood cDNA and corresponding gene, PTD, that is 

homologous to the Antirrhinum gene DEF, a B-function, floral organ identity gene expressed 

primarily in petals and stamens. The PTD gene sequence and structure, and putative 

regulatory elements within the promoter region are presented. We show the phylogenetic 

position of PTD within the MADS domain family of transcription factors and describe the 

phlogenetic relationships of the DEF sub-family. Cell-specific expression patterns of PTD 

in developing and mature inflorescences of both genders are shown. We discuss the 

distinctive floral morphology of Populus and its value in elucidating gender-specific 

developmental programs, the potential roles of PTD in cottonwood floral development, the 

possibility that PTD expression is regulated by a homeodomain protein, and the suitability 

of the PTD promoter for use in genetically engineering reproductive sterility. 
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MATERIALS AND METHODS 

PLANT MATERIALS 

All plant materials were collected from indigenous P. trichocarpa trees growing in 

the Willamette Valley drainage, OR. Sections of branches were partially submersed in 

aerated water to produce the roots used in the RNA-gel blot Seedlings used for in situ 

hybridization experiments were sprouted in potting soil in the greenhouse. 

NUCLEIC ACID ISOLATION 

Genomic DNA was isolated from vegetative buds using a CTAB method (178). 

RNA was isolated using the method suggested by Hughes and Galau (179). Poly A+ RNA 

was isolated using oligo dT spin columns (Clontech or Qiagen) as suggested by the 

manufacturers. 

CDNA AND GENOMIC CLONE ISOLATION 

Early (late spring) female floral poly A+ RNA was used as a template to construct a 

cDNA library in X Zap® as suggested by the supplier (Stratagene). The PTD cDNA was 

obtained by probing the library at low stringency with an Eco RI fragment of pCIT2241 

[provided by Elliot Meyerowitz, California Institute of Technology, Pasadena, CA (180)] 

which contained the MADS-box region of AGLI. Putative positives were subjected to two 

additional rounds of screening. pBluescriptplasmid vectors containing putative MADS-box 

cDNA clones were excised from X ZAP as suggested by the supplier. 
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To construct the genomic library, male P. trichocarpa genomic DNA was partially 

digested with Sau3A1 and ligated into ? GEM 12® (Promega). Isolation of the PTD genomic 

clone was accomplished by screening 6 x 105 clones with a BSU36I/XhoI restriction 

fragment containing the nonconserved 3' portion of the PTD cDNA. 

DNA SEQUENCING AND ANALYSIS 

300-500 by fragments of the PTD cDNA and 1.7-3.5 by fragments of gPTD were 

subcloned into pBlueScript® (Stratagene) to facilitate sequencing. Sequencing reactions 

utilized the M13 forward and reverse primer regions flanking the multiple cloning site 

present in the vector as well as synthetic primers designed using Generunner V. 3.0 (Hastings 

Software Inc., 1994) and synthesized by the Oregon State University Central Services 

Laboratory (OSUCSL). Sequencing was performed by the OSUCSL using fluorescent primer 

dye/dideoxy chain termination and an ABI automated DNA sequencer. DNA sequences were 

assembled and analyzed using Generunner. DNA manipulations were perfomed according 

to established procedures (181). 

PHYLOGENETIC ANALYSES 

Sequences used in the phylogenetic analysis were obtained from GENBANK. 

Alignments of protein sequences were made using Gene Runner and refined visually. The 

neighbor-joiningtree method (182) in the MEGA (Molecular Evolutionary Genetic Analysis, 

Version 1.1) computer program (183) was used for distance-based phylogenetic analysis. 

The bootstrap procedure was used to generate 1,000 data sets. Poisson-correction distance 

(d) was used to estimate the number of amino acid substitutions per site under the 

assumption that the number of amino acid substitutions at each site follows the Poisson 

distribution: d = -ln (1 p), where p = Nd/N is the proportion of different amino acids 
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between two sequences compared, and Nd and N are the number of amino acid differences 

and the total number of amino acids compared, respectively. Consensus trees were inferred 

from 1,000 neighbor-joining trees. 

Parsimony analysis was performed using the PROTPARS program in the PHYLIP 

(Phylogeny Inference Package, Version 3.57c) software package (184). The SEQBOOT 

program was used to generate 500 data sets. The majority-rule and strict consensus tree 

program CONSENSE was used to infer the consensus tree from the most parsimonious trees 

found in bootstrap data sets. 

DNA AND RNA GEL BLOTS 

For the RNA gel blot, two ug of poly A+ RNA from vegetative buds and mature male 

and female catkins of P. trichocarpa collected in February, or 30 1..tg of total RNA from roots 

and from developing male and female floral buds collected in May were applied to a 

formaldehyde agarose gel, subjected to electrophoresis, blotted onto a nitrocellulose 

membrane, hybridized, and washed at high stringency (0.1 x SSC; 1% SDS @ 69°C). For 

the DNA gel-blot, ten 1.2g of P. trichocarpa genomic DNA were digested with restriction 

enzymes, blotted onto a nylon membrane, hybridized, and washed at high stringency. 

Electrophoresis, blotting, hybridization, and washing were performed according to 

established procedures (181). The blots were probed with a 595 by NdeI/XhoI fragment 

which contained only the PTD C-terminal region and the 3' half of the K domain to avoid 

cross-hybridizationwith the numerous MADS-box sequences present in the P. trichocarpa 

genome [see (185) and Appendix C]. The RNA gel-blot was stripped and reprobed with the 

P. deltoides 18S rDNA [provided by Renato D'Ovidio, Universita' della Tuscia, Viterbo, 

Italy (186)]. Blots were exposed to a Molecular Dynamics (MD) phosphorimager plate, 

scanned with a MD SI phosphorimagerusing MD Scanner Control Version 2.0 software, and 
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converted to 8 bit format using MD Convert 16 to 8 Software Version 1.5a. RNA bands were 

quantitated using Image QuaNTTM software Version 4.2. 

IN SITU HYBRIDIZATION 

In situ hybridizations were performed using the PTD cDNA essentially as described 

by Kelly et al (187). Eight to ten i_cm sections were probed with either antisense cRNA 

transcribed using the T7 promoter in the pBluescript vector, or with sense (control) cRNA 

transcribed from the T3 promoter. The antisense cDNA template was digested with Nde I 

at a site 380 bases from the 5' end to terminate transcriptionwithin the K domain. The sense 

cDNA template was digested with Xho I at the 5' end of the cDNA. Probe was applied at a 

concentration of ten to 30 rig/m1 of hybridization solution. Higher concentrations of probe 

resulted in unacceptable background levels. Silver grains were visualized with a Zeiss 

Axioskop microscope equipped with a darklight illuminator and/or a darkfield stop in the 

substage condensor. Tissue sections were photographed with a Contax camera mounted on 

the microscope using Fuji Sensia ISO 100 slide film. The ovule depicted in the brightfield 

micrograph was stained with hematoxylin and eosin. 
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RESULTS 

P. TRICHOCARPA FLORAL DEVELOPMENT 

Typical P. trichocarpa trees are pictured in figure 9. The inflorescence buds of P. 

trichocarpa develop as axillary accessory buds on short shoots and as axillary lateral buds 

near shoot tips (figures 10, 11, 12). Flowers develop on pendulous inflorescences called 

catkins or aments (figures 13, 14). Developing floral organs are enveloped within the 

perianth cup (figures 15, 16). The flowers of P. trichocarpa consist of two whorls: the 

perianth cup and either a pistil or stamens (figures 17, 18). No indications of stamen 

initiation are present in carpellate flowers and vice versa (figures 19, 20). Bisexual flowers 

or flowers of inappropriate gender were not observed during the course of this study.The rim 

of the perianth cup in both genders and the stigmatic lobes of female flowers develop red 

pigmentation at maturity (figure 21a). The anthers are white until anthesis when they develop 

red pigmentation (figures 21b). Dehiscense occurs along the stomium of the anther to release 

pollen (figure 22). Each flower is borne on a short pedicel which also supports a bract. The 

bracts develop a slight amount of pigmentation as they mature (figure 23), and abscise at 

anthesis. 



Figure 9 Indigenous P. trichocarpa trees near the Figure 10 Inflorescence buds. 1, lateral axillary floral bud; 
Willamette River, Corvallis, OR. a, axillary accessory floral bud; v, vegetative bud. 



Figure 11 Cluster of axillary accessory inflorescence buds. Figure 12 Developing inflorescence with bud scales and 
a, axillary accessory bud; v, vegetative bud; p, petiole. petiole removed. i, inflorescence; p, base of petiole. 



Figure 13 Mature female catkin. Figure 14 Mature male catkins. 



Figure 15 Developing female flower in late spring. c, Figure 16 Developing male flower in late spring. s, stamen 
carpel primordium; p, perianth cup. primordia; p, perianth cup. 
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Figure 17 Floral diagrams of female and 
male P. trichocarpa flowers. Organs are, 
from outside to inside, the perianth cup, and 
either three fused carpels (left) or 40-60 
stamens (right). 

perianth cup 

Pistillate Flower Staminate Flower 

Figure 18 Major floral organs of P. trichocarpa. The 
flowers consist of only two whorls: the perianth cup and 
either a gynoecium (left) or stamens (right) 



Figure 19 Carpel primordia emerging from the floral Figure 20 Developing stamens. s, stamen primordium; p, 
meristem. c, carpel primordium; p, perianth cup. 200 x obj. perianth cup. 100x obj. 
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Figure 21 Mature flowers. a) female; b) male; s, stigmatic lobes; p, perianth cup; t, 
anther; f, filament. 
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Figure 22 Mature anther releasing pollen. 

Figure 23 Mature bract with red pigmentation. 
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cDNA AND GENOMIC CLONE ISOLATION AND STRUCTURE 

Floral buds were collected from a native female P. trichocarpa tree in late May. The 

bud scales were removed and poly A+ RNA isolated from the developing inflorescences was 

used as template to construct a cDNA library in X Zap®. The MADS-box region of AGL1 

was used as a probe to screen 1 x 106 independent clones at low stringency. pBluescrip 

plasmids were excised from the positive plaques and the inserts were sequenced. Three of 

the clones were identical and coded for a 917 base pair cDNA with an open reading frame 

corresponding to 224 amino acid residues. The cDNA had high homology with the DEF 

gene from Antirrhinum and is referred to here as PTD (P. trichocarpaDEF). A translational 

start signal was not present at the 5' end of the cDNA. 

The gene corresponding to the cDNA was isolated by screening a male P. 

trichocarpa genomic library with the 3' nonconserved region of the PTD cDNA. The 

genomic sequence (figure 24) matched the cDNA sequence exactly. An ATG was present 

10 bases upstream from the truncated five prime end of the cDNA thus the deduced PTD 

protein sequence consists of 228 amino acids residues. A sequence [TTCACCCTT] matching 

the Inr consensus motif [Py2CAPy5] (188) was present 121 nucleotides upstream from the 

putative translational start site. A similar sequence [TTCATATCT] is present in the DEF 

promoter at the site which gives the strongest signal in Si mapping and primer extention 

experiments and is therefore designated the DEF transcriptional initiation site (54). 

A TATA-like sequence [TATTTA] was present 30 bases upstream from the Inr motif. 

In rice, an almost identical sequence [TATTTAA], located 34 bases upstream from the 

transcription start site, is sufficient for accurate initiation of basal transcription from the 

phenylalanine ammonia-lyase promoter (189). CCAAT motifs were present at -215 and -245 

relative to the ATG. 
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Figure 24 PTD gene sequence. Exons are capitalized. The deduced amino acid sequence is 
above the coding sequence. The cDNA sequence and all motifs are underlined. The MADS 
domain is indicated by a solid blue line above the sequence. The K domain is denoted by a 
dashed pink line. The putative translational start site is shown in red.. The Inr consensus 
sequence and CAAT motifs are green. The TATA motif is blue and double-underlined. The 
homeobox motif is blue. RSFR motifs are pink. 
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Fig. 24) cont'd 
-1897 aat ataattatta ataaatttga
 

aaaaatatta ttactatcga aaaaaactat aaatttgatt tgaatgataa
 
aattaaaaat taaaaatatt tttattatca ttattgttaa tataattatt
 
aaaaaattta aaaaatatat tattactatt gagaaaaacc ataactgttt
 
atgcgacatt ttatgtcatg gaaaatgagc tgaaaaaaac caataaaaag
 
aaaaaaacta atgaaaaaaa agaaaaaaaa atatgaatta actgggttaa
 
cccttgaaac caggttaccc cgtcaaacct tggattcgtg tcgtgaaagt
 
ttgttaacta aatagaaaaa aaaaattgac gggttaccca gaattaactg
 
ggctaacccg tcaaaccagg ttacctatca aacccgggat ccgtgtcatg
 
aaagtttgat aactaaatag aaaacaattg aacattaaca acctaaatta
 
aacgaaaaaa attaattaaa aacaagaaaa caaaaacaaa caaaaaacat
 
aagcatgtta gtaatgagga aaaagaaaaa aaatttgatt caactgagtt
 
aacccgtcaa acccgggatt cgcgtcatga aagtttgata actaaataga
 
aaaaaaaatc gacgggttaa acgaaaaaaa attaacaaac taaactaaac
 
aaaaaaaaat tgattaaaaa ggaaaaaagc aaaaaaaata atttcgggtt
 
aactcatcaa accaggttaa cccgtcaaac ccgagatccg tgtcatgaaa
 
gtctgataac taaataattt tttttttcac attaacaaac taaattaaac
 
aaaaaaaatt cattaaaaga aaaaaaaaca caaagaaaaa agcaaaaaaa
 

RSRF
 

aacctataat agcataaata aataaataaa aacaggaaaa aaatttttta
 
aaaaaaacct ttcaatcact aatacataga aggtgtgggg aaagccacag
 

RSRF homeobox
 

tgatttcccc gtacctttta aagtattact taatatatag gtgaatttaa
 

ttgaccgtca cgaaaaagac tattctggct tcctcttaca atggacgcta
 
tctaaattca aatactttga aaaaagattt aatcctgtaa ccttctttcg
 
tttttttatg ccttcaatcc atctatttat tgtttttatg atttttctta
 
gatacaaaag agcatatttt aaagaagaaa aaaataagct aagcacctca
 
agttttgatt ttttttttat tttgcagcca attttttaaa tattaaaatt
 
ttcataatag atcaaaggat aattcaaaat tgcatccaaa taacaacatt
 
agtaatggaa ggacttatgg tatgaatgga tcaataatat aagggctgaa
 
ttaacaacat tttttttatt tagatcctgt ttatttttac gttttaaaaa
 
tatttttgaa attattttat tttttattat aaattaatat ttttagatca
 
ttttaatacg ttaatataaa aaataatttt tttaaaaaaa tttattttaa
 
tatatttttt aaaaataata tttaaaaaaa caatcataac aatattctca
 
ttacctaaca cagtcatgga acaggaatga gaaaaggtct tatcagtaaa
 

CAAT
 
ttgcttgcat gtcatgtcaa ggtgtatgaa cctcccaata cttctcacgc
 

CA AT
 

tacccttcag aaatccaatc tcagaagcca cagacaatct aagttacgct
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24) coned 

RSRF/TATA 
acaatcaact ttccatcacc ctttccttat ttagaaactc cacttaatca
 

Inr
 

catttCACCC_TTTTTCATCA TCTTCTCTTT CCCTTCAAGA AGCCTAGGTA
 
CTGTGCAAGA AACCCTTATC TCTCCCCCTC AGTATTTACT TTTGTTTAGT
 

MG R G K I
 

GCTACAGCTT TCACAAAGAA GTAAGGAAAA AATATGGGTC GTGGAAACTAT
 

E IK K E NPTN R Q V Y S
I T
 
TGAAATCAAG AAGATCGAAA ACCCCACAAA CAGGCAAGTC ACCTACTCGA
 

C
 
AGAGAAGAAA TGGTATTTTC AAGAAAGMC AAGAACTCAC TGTACTTTGT
 
K RRN GIF K K A QELT V L
 

D A I V P
 

GATGCTAAGG TCTCTCTTAT CATTGTCCCC AACACTAACA AACTCAATGA
 
K VSLI NTN KLNE
 

Y I S S
PST
 
GTACATTAnC CCCTCCACAT CGtacgtata ctcgtatcat gtttctggct
 
aagtatttc ttccgtgcttt ctcttctttc tttcttttct tgtcttttat
 
gttgcagttt tatgaaacct tggtaatgga accgtagttt ttattgttaa
 

T K K I Y D Y Q
Q N ALG
 
ttatgaccag gACAAAPAAG ATCTACGATC AATATCAGAA CGCTTTAMC
 

T E
 

ATAGATCTGT GGGGCACTCA ATACGAGgtt aacctttctt ttctgtcttt
 
cttctaatgt ttgatctata ggacgaatat gagattcttc aaaggatttt
 

IDL W G Q Y
 

K M Q E H L R K L N D
 

gtttgtgagg tttgcagAAA ATaCAAPAGC ACTTGAGGAA GCTGAATGAT
 

I N H K L R Q E I R
 

ATCAATCATA AGCTGAGACA AGAAATCAGg taacttcaaa agaaataacc
 
ttcgcatata tgcatgtggt tatggttttt atgggaatat ctgtaaattt
 

RRGE
Q
 
gtggagctac taattaaggt atttgttttt aacagGCAGA GGAGAGGAGA
 

G L N A L N I D H L R G
GDLS
 
GGGCCTGAAT GATCTGAGCA TTGATCATCT GCGCGGTCTT GAGCAACATA
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24) coned 

LEQH
 
TGACTC-1AAC4C 

gtgaacatct 
actagtaatt
agtttttttt
aaatattgaa 
aatcttacat 
aaccggtcgg
ttatcatttt 
tatcattttg
ttgaacttgt
tttgggtaac 

cactttacac 

I K T 
GATCAAAACA 

acattttacc 

ggcgattaat 
M E Y 

GATGGAA TAT 

tccaacttgg 

gtgctttggg
V D N 

GTGGACAATG 
A F R 

TGCATTCCGC 
L H L G 

TTCACCTTGG 
GTGCTTGAGG 

TGCTAACTAC; 
GGAAGTA AAA 

A TC,C4C AGCAT 

ATTAATTAAA 
agcattctgc 
gaaatgtgtt 
acgtatgtgt 

M T E 

CTTGAATC;C;T 

ttatataatt 
tgagttcggt 
ccttaccaaa 
ttttgaatca 
ttaatcaaac 
tgttttatgt
ttttttttaa 
ggattcttgg
gcttctttac
ccttaacctc 

ttacaagttc 

Q N E 

CAAA11CGAAA 

tcttcaattt 
K
 

tgcaggtgAA 

gtaagaatct 
aaaaacacat 

E
 

at t taagGAA 
E A A V 
AAGCTGCTGT 

L H H 

C'TGCATCACC; 

D G F 
AGATGGATTT 
TCGACC.TTCC 
AGATC;CTATC 

AATACTTTCA 
ATTAGATTGT 
TATAAAAGCT 

aatatcccat 
ggatcaaccg 
atactaggga 

V R G
 

GTGCGTGGCA
 
atcaagttct 
ccggtgtatc 
tcaaagtcat 
acttatacaa 
tttcaaatta 
acattaatat 
atttgagtta 
aaaccctggt
ctttgcatta 
atctatagaa 

aacattcttt 

T YR K 
CC'TACAC4GAA 

catgcatgta 
N L E 

GAATTTAC-1AQ 

aaattttcat 
ggattaaacc 

A K L 

GCAAAACTAC; 

A L A 
TGCACTTGCA 
G H N H 
MCACAACCA 
G A H 

GGAGCCCATr; 

AGCTCTTCAG 
TAA TA TTATT 

TAGATTGTAA 
GATTTGAGC A 

CTTTTTCACA 

atgatctgca 
tcatatgtat 
gtcaacaaca 

R K 

GGAAC-Igtcag 
aattcctaaa 
aagcaggtta 
tttgaggatt 
attcatcaat 
gatcttataa
tatgttttag
ttttaatcct 
tagaaagaaa
tggattttca 
gggatatgcc 

gattatttac 

K
 

C;AAGgt tagt 
gcttttggaa 

E R H 

GAGAGACATG 

gtgcttgttt
tgagatttttEDRQ
 
AGGATCGACA 
N G A
 

AATGGGGCTT 
H H H 

CC'ACCACCATELRL
 
AACTTCGCCT 
ACATCTTATC 
TAATAATTAA 
TTTACCTCAG 

AGGAATGTCA 

AATAtaattC
 
ggcttaataa
gtatgtatgt 
cagggggtgt 

atgttttcaa
atttgagctt
atctagatct
ttttaataaa 
ctacaactcg
atatgatatt
ttgaactctt
tatcaatttt 
atacacaccc 
tgaactggat
ttgtaattaa 

Y H V 

agTACCATGT 

gataaaaaga 
caaattctct 
G N L L 

GABACCTCTT 

tcgctaattt
tttttctttt
 

Y G L 
GTATGGTTTA
SNL Y
 
CCAACCTCTA 

L P N 
C1TCCICTAATc 

P & 

TCCTTGAC-ITC; 

TAAATC-ICC-ITG 

TTAAGACICCC 

GGTAATGTGT 
TTCCITTATC,C; 

cacttggagt
ttatatgatt
atgtatgtat 
aagcaccaaa 
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24) coned 

tgcattatcc actgtttttg cccaaacccc atttggcata ggtcgacaat
 
accataccaa tgcctccgaa gccatccttc cccgccgccc tacacaaacc
 
aaaaccgctg aattcctg
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CArG-box motifs have been found in the promoters of DEF homologs and are 

believed to be involved in autoregulation (reviewed above). Results of a survey of known 

MADS-box protein binding sites and consensus sequences are summarized in tables 4 

through 6. Table 4 summarizes the results of experiments in other laboratories that tested the 

ability of plant MADS-box genes to bind to CArG-box motifs found in the promoters of 

MAD S-box genes and to specific sequences recovered from random-oligonucleotidebinding 

experiments. Consensus sequences derived from random-oligo binding experiments are listed 

in table 5. Table 6 lists several sequences from gene promoters in yeast, humans, and 

Xenopus to which MADS-box gene products bind. 

The sequences listed in tables 4-6 were added to the nucleic acids search motif table 

in Generunner (Hastings Software) to locate potential MADS-domain protein binding sites 

in the PTD promoter. Sequences matching the consensus binding site for the human 

RSRF/MEF2 sub-family were found at -1031 to -1021 [CCTATAATAG], -920 to -910 

[CCTTTTAAAG], and -159 to -149 [CCTTATTTA]. The latter site encompasses the TATA 

motif. A sequence exactly matching the homeobox protein binding motif [ATTTAATTGA] 

is present 878 bases upstream from the translational start. 

The PTD gene consists of seven exons that are 224, 66, 62, 100, 56, 33, and 416 

nucleotides in length; the introns are 138, 91, 106, 554, 81, and 107 nucleotides in length 

(figure 25). The number and positions of introns within the PTD coding region are nearly 

identical with those of the DEF gene. PTD introns have a slightly larger average size than 

those of AP3 (54) but are smaller than those of DEF (53) and ST-DEF (64). 
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Table 4 Binding affinities of MADS domain proteins for CArG boxes. References are 
given in parentheses. 

Designation Sequence MADS-box Protein Strength Notes 

CArG-1G (72) CCTAAATATG DEF/GLO weak GLO promoter 

CArG-2 G (72) CCA1-1-11CGA DEF/GLO weak GLO promoter 

CArG-3G (72) CCACAATAGA DEF/GLO weak GLO promoter 

CArG-1D (72) CC 1 1111AGG DEF/GLO strong DEF promoter 

CArG-2D (72) CCITTGTAGA DEF/GLO none DEF promoter 

CArG-3D (72) CCACAAT1'GA DEF/GLO none DEF promoter 

API strong 

Probe A (50) CCA111 11AG AP3/PI strong AP3 promoter 

AG moderate 

AP 1 moderate 

Probe B (50) CCA 1 11 n GG AP3/PI moderate SUP promoter 

AG moderate 

API moderate 

Probe C (50) CCATATTTGG AP3/PI moderate AG clone # 85 

AG low 

AP 1 strong 

Probe D (50) CCAAAAAAGG AP3/PI strong AGL5 promoter 

AG moderate 

AP 1 none 

Probe E (50) CCGAATGGGG AP3/PI low AG clone # 41 

AG low 

API low 

Probe F (50) CCATTTATAG AP3/PI low AGL3 clone # 3 

AG low 

API low 

Probe G (50) CCACATATAG AP3/PI low AGL3 clone # 103 

AG low 
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Table 5 Consensus sequences derived through in vitro site selection. 
Sequences are listed using IUPAC codes: A or T = W; A, C, G, or T = N; 
A, C, or T = H; A, G, or T = D; A or G = R; C or T = Y. References are 
given in parentheses. Three RSRFC4 consensus sites (boldface) are 
located in the RID promoter. 

MADS-box protein Consensus Sequence 

AG/AGL I (190) (191) (192) CCWWWWNNGG 

AGL2 (191) CCAWWWWTRG 

AGL3 (191) CCAWWWWTRGH 

SRF (193) CCWTATAWGC 

RSRFC4 (194) YTATWWWRAR 

MCMI (195) CCYWWWNNRG 

Table 6 Non-plant CArG-box motifs. 

Gene Promoter CArG-box sequence Binding Protein 

yeast STE2 (196) CCCAATTAGG 

yeast STE6 (197) CCTAATAGGG 
MCMI 

yeast BAR I (198) I AlFa I (199) CCGAAAAAGG 

yeast MFa2 (199) CCTATTCGGG 

human c-fosH (200) CCATATTAGG 
SRF 

Xenopus cytoskeletal actin (201) CCATATTTGG 
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Exon 1 2 3 4 5 6 7 

AP3 PRIOR I, I.I Pim, 
, i \\II I I
 

I I i I I
 
N\ 

PTD 

I I 

I / 

DEF 
I I I
 

I I I
 \ \ \ 
I I \ \ \ \ 

ST-DEF 111 
0 0.5 1 1.5 2 2.5 3 

kb 

Figure 25 Comparison of the gene structures of AP3 (Arabidopsis thaliana), PTD (Populus 
trichocarpa), DEF (Antirrhinum majus), and ST-DEF (Solanum tuberosum). Exons are 
shaded boxes and introns are solid lines. Dotted lines link the boundaries of homologous 
exons. The initial ATG was considered the starting point of the first exon for the purpose 
of calculating relative sizes. 
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PHYLOGENETIC ANALYSES
 

The MADS-box Gene Family 

A phylogenetic analysis of amino acid sequences from the MADS and K-domains 

of 25 plant MADS-box genes was performed to determine the position of PTD within the 

plant MADS-box gene family. Sequences included in the study were chosen to represent all 

clades established in previous studies (reviewed above) and to represent a variety of species 

including a monocot, two gymnosperms, and seven dicots (table 7).The resulting 

dendrogr am was consistent with previous studies (figure 26). Three monophyletic groups 

were discerned: the AG group, the AP3 /PI group and the AP 1 group. The AG Glade was well-

supported (99%) and consisted of the cucumber gene CUS1, PLE from A. majus, AG from 

Arabidopsis, ZAGI from maize, and DAL2 from spruce. As in previous studies the AP3 and 

PI groups formed sister clades; DEF, GPT, AP3, PTD, and TM6 comprised the well-

supported (100%)AP3 Glade, and PI, GLO, and FBP I comprised the PI clade (99% support). 

Two genes from Monterey pine, PRMADSI and PRMADS2, and a gene from white mustard, 

SAAP1, have not before been included in a phylogenetic analysis; they were in the API 

Glade along with SQUA, CAL, and AP 1 (90% support). The spruce gene DAL1, which is 

expressed in vegetative shoots and in male and female cones, formed a moderately supported 

(78%) pair with the Arabidopsis gene AGL15, expressed in developing embryos and in 

leaves. The phylogenetic relationship between these two genes had not been previously 

explored. The Arabidopsis genes AGL1 2, AGL14, and AGLI 7, the tomato gene TM8, and the 

spruce gene DAL3 were "orphans.' Amino acid alignments used in the comparison are 

shown in figure 27. 

`A previous study positioned DAL3 close to the tomato gene TM3, and DAL1 near 
AGL6. The DAL1 group formed a sister Glade with the API group, and this entire group was 
sister to the DAL3 /TM3 group (Tandre et al, 1995). 
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Table 7 Genes and species included in the phylogenetic analysis of plant MADS-box genes. 
References are given in parentheses. 

Common Common 
Gene Species Gene Species 

name name 

Arabidopsis Antirrhinum garden 
AG (202) thale cress GLO (72) 

thaliana majus snapdragon 

Petunia 
,,AGLI2 (203) ' GPT (204) petunia

hvbrida 

Arabidopsis 
11 tt

AGL I-1 (203) P1(205) thale cress 
thaliana 

11 11AGLI5 (203) PLE (206) 

ft ftAGL I 7 (203) PR/14/ (39) Pinus radiata Monterey pine 

11 ftAPI (207) PR112 (39) 

Populus black 
II IfAP3 (65) PTD 

trichocarpa cottonwood 

II IICAL (208) SAAP I (209) Sinapis alba white mustard 

Cucumis Antirrhinum garden
CSCUSI (210) cucumber SQUA (II) 

sativus majus snapdragon 

Norway 
DAL I (38) Picea abies SRF (211) Homo sapien human 

spruce 

Lycopersicon 
11 ftDAL2 (38) TA16 (49) tomato 

esculatem 

DAL3 (38) 
.. TAB (49) 

Antirrhinum garden 
DEF (54) ZAG I (212) Zea maize maize 

majus snapdragon 
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CSCUI 
PLE

99 AG 
ZAG1 
DAL2 

97 DEF 
GPT 

100 AP3 
PTD

76 TM6 
PI99 
GLO99 
FBP1 

93 PRM1 
PRM290 
SQUA

99 CAL 
95 API100 

SAAPI 
78	 DAL1 

AGL15 
DAL3 
TM8 
AGL12 
AGL14 
AGL17 
SRF 

AG 

AP3 

I PI 

API 

I AGL15 

orphans 

outgroup 

Figure 26 Neighbor-joining dendrogram of plant MADS-box genes. The analysis was 
conducted on deduced amino acid sequences of the combined MADS and K domains. Thick 
lines on the right delineate major groups. SRF was used as an outgroup. Numbers above 
nodes indicate bootstrap confidence levels; nodes with values less than 75% are collapsed. 
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Figure 27 (following page) Amino acid alignment used in the phylogenetic analysis shown 
in figure 26. a) MADS domain; b) K-domain. Dashes indicate gaps which were introduced 
to maximize the alignment. Dots indicate positions at which a deduced amino acid is 
identical to PTD. The TM6, AGL14, and AGL1 7 cDNAs were truncated at their 5' ends. 
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Fig. 27a) Continued 

PTD MGRGKIEIKKIENPTNRQVTYSKRANGIFKKAQELTVLCDAKVSLIIVSNTNKLNEY
 
DEF .A....Q..R...Q ............. L....H..S ........ I.MI.S.Q..H..
 

AP3 .A....Q..F...Q ............. L....H ........ R..I.MR.SSQN.H..
 

TM6 S RK IS..ML.S.R..H..
 

GPT .A Q R Q N I MI.S.G..H.F
 

TM8 V F LL .Y .SI E.A.FTLLFSPSGKA.
 
AGA S R T FC LL .Y .S . E.A..VF.SRGR.Y..
 

PLE N R I FC LL .Y .S . E.A.VVF.SRGR.Y..
 

ZAG1 R....TEI.R T FC LL .Y .S . E.A..VF.SRGR.Y..
 

GLO R SS M K IS . H..V..FASSG.MH.F
 
PI R ANN.V .FS LV. .K.IT A FTIIFASNGKMI
 

FBPI R SS L KEIS ..... R..V..FASSG.MH..
 

SOUA VQL.R...KI ..... F....G.LL...H..S ..... E.A..VF..KG..F..
 

API VQL.R. .KI .. F. .A.LL .H.IS E ALVVF.HKG..F..
 
CAL ....RV.L.R...KI ..... F....T.LL...Q.IS ..... E....VF.HKG..F..
 

DALI ....RVQLRR. .KI F LL .Y .S . E.A..IF.TRG..Y.F
 
DAL2 R T FC LL .Y .S . E.A..VF.SRGR.Y.F
 
DAL3 .V...TQM.R...D.S....F LL...Y..S ..... E.A..VF.PRG..Y.F
 

AGL12 .A....QL.R....VH....FC...T LL...K..S ..... EIGVV.F.PQG..F.L
 
AGL14 EM.R...A.S....F LL...F..S ..... E.A..IF.PRG..Y.F
 

AGL15 .. ....... R...A.S....F....S LL...R..S ..... E.AV..F.KSG..F..
 

AGL17 .Q..DDS.S....F....K LI...K..AI....E.C...F...D..YDF
 
CSCU/ T R T FC LL .Y .S . E.AL.VF.SRGR.Y..
 
SAAPI ....RVQL.R...KI ..... F....AGLL...H.IS E ALVVF.HKG..F..
 
PR1U ..... V.L.R .KI FA LL .Y .S . E.A..IF..RG..Y.F
 
PRM2 ....RV.L.R .KI F LL .Y .S . E.A...F.SRG..Y.F
 
SRF R..V..KMEF.D.KLR.YT.F...KT..M...Y..ST.TGTQ.L.LVA.E.GHVYTF
 

b) PTD QEHLRKLNDINHK-LRQEIRQRRGEGLNDLSIDHLRGLEQHMTEALNGVRGRKYHVI 

DEF ....K...EV.RN-..R ..... M..S..G.GYEQIVN.IED.DNS.KLI.E...K
 
AP3 ..TK...LET.RN-..TQ.K..L..C.DE.D.QE..R..DE.ENTFKL..E..FKSL
 
TM6 ..N.KR.KE..N.-..R ..... T..DMSG.NLQE.CH.QENI..SVAEI.E
 

GPT ..Q....KEV.RN-..K ..... M..S....NYEQ.EE.MENVDNS.KLI.E...K
 

TM8 WRTKIDDMTRTIHE.EARDKHFCWRRVIKSWYER.KQ..RQLRVGVERI.SK.HKIL
 
AGA ..SA-..RQQIIS-IQNSN..LM..TIGSM.PKE..N..GRLERSITRI.SK.NELL
 

PLE ..AN-..RRQIRE-IQTSN..ML...VSNMALKD.KST.AKVEK.ISRI.SK.NELL
 

ZAGI ..SA-R.RQQIVN-.QNSN.ALI.DSITTM.HKE.KH..TRLDK..GKI.AK.ND.L
 
GLO N.IN-RVKKE.DS-MQI.L.HLK..DITT.NYKE.MV..DALENGTSALKNKQMEFV
 
PI N.ID-RIKKE.DS-.QL.L.HLK..DIQS.NLKN.MAV.HAIEHG.DK..DHQMEIL
 
FBPI N.IN-.VKKD.DN-MQI.L.HLK..DITS.NHRE.MI..DALENG.TSI.NKQNE.L
 
SOUA L.YS-..KARIEL-.QRNH.HYM..D.DSM.LKEIQS...QLDT..KNI.T..NQLL
 
API M.YN-R.KAKIEL-.ERNQ.HYL..D.QAM.PKE.QN...QLDT..KHI.T..NQLM
 
CAL M.YS-R.KAKIEL-.ERNQ.HYL..E.EPM.LKD.QN...QLET..KHI.S..NQLM
 
DALI G.D.GP..-VKEL--Q.LE..LEVALAHLR.RKTQVM.D.IEELRQRERLLHEVNKS
 
DAL2 ..-AG..RQQIEI-.QNAN.HLM.DG.TA.N.KE.KQ..VRLEKGIGR..SK.NEML
 
DAL3 R.IANREE-RIKI-.ESRQ.KMV..E.ASCALSD.NL..SQVERG.RHI.A..TQIL
 
AGL12 ..IE-M.QKGISY-MFGGGDGAMNLEELL.LEK..EYWISQIRS.KMD.MLQEIQSL
 

AGLI4 KDETYG.ARKIED-.EIST.KMM....DAS..EE.QQ..NQLDRS.MKI.AK..QLL
 
AGL15 .LQGKG..PLTF.E.QSLEQ.LYHALITVRERKERLLTN.LEESR.KEQ.AELENET
 

AGL17 .REAET.RQEL.S-.QENY..LT.VE..G..VKE.QNI.SQLEMS.R.I.MKREQIL
 

CSCUI ..SA-..RAQIGN-.QNLN.HLL..SISS..VKD.KS..VKLEKGISRI.S..NELL
 

SAAPI M.YN.-.KAKIEL-.ERNQ.HYL..D.QAM.SKE.QN...QLDT..KHI.S..NQLM
 
PRMI .DY.-E.KARVEV-.QRSQ.NLL..E.GP.NSKE.EQ..HQLENS.KQI.SA.TQFM
 

PRM2 ..VG-..KARVEL-.QRSQ.HLL..D.GP...KE.QQ..RQLEV..TH..S..TQ.M
 

SRF
 

http:VG-..KARVEL-.QRSQ.HLL..D.GP...KE.QQ..RQLEV..TH..S..TQ
http:DY.-E.KARVEV-.QRSQ.NLL..E.GP.NSKE.EQ..HQLENS.KQI.SA
http:KDETYG.ARKIED-.EIST.KMM....DAS..EE.QQ..NQLDRS.MKI.AK
http:AG..RQQIEI-.QNAN.HLM.DG.TA.N.KE.KQ..VRLEKGIGR..SK
http:N.ID-RIKKE.DS-.QL.L.HLK..DIQS.NLKN.MAV.HAIEHG.DK
http:N.IN-RVKKE.DS-MQI.L.HLK..DITT.NYKE.MV
http:SA-R.RQQIVN-.QNSN.ALI.DSITTM.HKE.KH..TRLDK..GKI.AK.ND
http:AN-..RRQIRE-IQTSN..ML...VSNMALKD.KST.AKVEK.ISRI.SK
http:SA-..RQQIIS-IQNSN..LM..TIGSM.PKE..N..GRLERSITRI.SK
http:WRTKIDDMTRTIHE.EARDKHFCWRRVIKSWYER.KQ..RQLRVGVERI.SK
http:Q....KEV.RN
http:K...EV.RN
http:A....QL.R....VH....FC
http:R..V..FASSG.MH
http:H..V..FASSG.MH
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The DEFICIENS Sub-Family 

In sorrel, potato, and broccoli, multiple DEF-like cDNAs have been isolated 

(reviewed above). In potato, one of the cDNA sequences, STDEF is similar to DEF, while 

the other, PD2, is more similar to the tomato gene TM6 (reviewed above). Additional 

phylogenetic analyses were performed to elucidate the position of PTD within the family of 

DEF-like genes. Sixteen genes from twelve species (table 8) described in the literature as 

having homology to DEF /AP3 were analyzed using both neighbor-joining (n j) and 

maximum parsimony (mp) methods. The deduced amino acid sequences of the MADS 

domain, L-region, K domain, and the first 57 residues of the C-terminal region were included 

for the analyses. A similar n-j analysis performed on the deduced amino acid sequence of the 

entire coding region gave nearly identical results (not shown). GLO was chosen as an 

outgroup because it belongs to the DEF sister -Glade (86), thus its sequence was similar 

enough to allow at least minimal alignment in the C-terminal region. Three major clades 

were discerned by both n-j and mp analyses (figures 28, 29). PTD formed a Glade with TM6 

from tomato and PD2 from potato (n-,j 90%; mp, 87%). The genes from cauliflower and 

broccoli formed a second group with AP3 from the closely related Arabidopsis (n-j, 100%; 

mp, 72%). The root nodule gene NMH7 from alfalfa joined the Glade consisting of DEF, 

NTDEF, GPT, and STDEF by the nj method (86% confidence); however, NMH7 was 

orphaned by the mp method. Neighbor-joining analyses performed seperately on each 

domain yielded similar results (figure 30). The amino acid alignments used in the 

phylogenetic analyses of the DEF family are shown in figure 31. 
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Table 8 Genes and species included in phylogenetic analyses of the 
DEF family. References are in parentheses. 

Gene Species Common name 

AP3 (65) Arabidopsis thaliana thale cress 

BOBAP3 (213) Brassica oleracea var. botrytis cauliflower 

BOI2AP3 (213) Brassica oleracea var italica broccoli 

BOIAP3 (213) II II 

DEP' (54) Antirrhinum majus garden snapdragon 

GLO (102) II /I 

GPT (214) Petunia hybrida petunia 

1VM117 (66) Medicago saliva alfalfa 

NTDEF (63) Nicotiana tobaccum tobacco 

PD2 (64) Solarium tuberosum potato 

P11) Populus trichocarpa black cottonwood 

RAD 1 (67) Rumex acetosa sorrel 

RAD2 (67) ,, ,, 

SL11/13 (68) Silene latifolia white campion 

STDEF (64) Solanum tuberosum potato 

TM6(61) Lycopersicon esculatum tomato 
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BOIIAP3 91 

AP3 68 

96 

100 72BOBAP3 

BOI2AP3 85 

95 RAD2 

RADI 
Neighbor-
Joining SLM3 

Maximum 
Parsimony 

NMH7 
86 

DEF 
99 65 

STDEF 

99 100 
GPT 

NTDEF 

PTD 
90 87 

1100 
TM6 100 

PD2 

GLO 

Figure 28 Neighbor-joining (n j) and maximum parsimony (mp) dendrograms of DEF 
homologs. Colors denote major clades: green, AP3; blue, DEF; red, 7M6. The analyses were 
performed on the deduced amino acid sequences of the MADS domain, L region, K domain, 
and the first 57 amino acids of the C-terminal region. GLO was outgroup. One thousand (n
j) or 500 (mp) bootstrap replications were performed. Numbers above nodes are bootstrap 
confidence levels. Nodes with values less than 60% are collapsed. 
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Exon 1 2 3 4 5 6 7 

AP3 MOIR\ 
I
 

I I I 1
 

1111110- SWIM AMMO PTD 
I 1 I 1 1 -- \ --- -,	 -.. 

-. --. -.. 
/ I I 

-.... 

DEF 111.	 11
\ \ \ \	 \ \ 

I I \ \ \	 \ 
1 \ \ \ 

ST-DEF 

0	 0.5 1 1.5 2 2.5 3 

kb 

Figure 29 Maximum parsimony unrooted tree of the DEF /AP3 gene family. The analysis 
was conducted on deduced amino acid sequences of the MADS domain, L region, K domain, 
and the first 57 amino acids of the C-terminal region. Colors correlate with the major clades 
identified in figure 28. 
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C 

BOBAP3 BOBAP3 

66 
BOIIAP3 

81 

76 

91 

B Ol2AP 3 BOIIAP3 
86 

BOI2AP 3 
90 

99 BOIIAP3 BOI2A P3 g g---' 

AP 3 AP 3 

RAD2 RAD2 
8 87 

RADI RADI68 

SLM3 SLM3 

NMH7 NMH7 

DEF DEF 
91 76 

STDEF STDEF 
66 96 

GPT GPT 
BO 

NTDEF NTDEF 

PTD PTD 
60 61 

TM6 7316100 9 9 85 

PD2 PD2 

GLO GLO 

MADS Domain L Region K Domain C-Terminal 

Figure 30 Neighbor-joining dendrograms of isolated domains. Analyses were performed on 
deduced amino acid sequences of either the MADS domain, the L region, the K domain, or 
the first 57 amino acids of the C-terminal region. Colors correlate with the major clades 
discerned in figure 28. One hundred bootstrap replications were performed. Numbers above 
nodes indicate bootstrap confidence levels. Nodes with values less than 60 are collapsed. 
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Figure 31 Amino acid alignment of genes in the DEF Glade. a) MADS domain; b) L-region; 
c) K domain; d) C-terminal region used in the phylogenetic and pairwise analyses; e) C-
terminal region not used in the analyses. Dashes represent gaps introduced to maximize the 
alignment. Dots represent positions at which the corresponding deduced amino acid residue 
is identical to PTD. The NMH7 and TM6 cDNAS were truncated at the 5' end. 
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Fig. 31, cont'd 

a) 

PTD GRGKIEIKKIENPTNRQVTYSKRRNGIFKKAQELTVLCDAKVSLIIVSNTNKLNEYISP 
AP3 A....Q..R...Q ............. L....H ........ R..IIMF.SS...H..... 
DEF A. .Q KR Q L H S I MI.S.Q..H..... 
GPT A....Q..R...Q ............. L....N ........... I.MI.S.G..H.F... 

NMH7 ....Q..R...T ..... I ....... L....N ........... I.MF.S.G..H..... 
NTDEF A....Q..R...Q ............. L....N ........... I.MI.S.G..H.F... 

RAD1 A....Q..R...D ............. L....K...I ....... I.MI ...... H.F... 

RAD2 T..Q.Q RR I L V I MI.SR...H.FTT. 

SLM3 A.R Q L L N T I ML.SNL..H.FL.. 

STDEF A Q Q L N IVMI.S.G..H.F... 

TM6 S RK I ML.S.R.YH..T.. 

PD2 EEV S K I ML.S.R.YH..T.. 

BOBAP3 A....Q..R...Q.TG L H R I MF.SS...H.F... 

B011AP3 A....Q..R...Q ............. L....H ........ R..I.MF.SS...H.F... 

B012AP3 A....Q..R...Q ............. L....H ........ R..I.MF.SS...H.F... 

GLO R SS M K IS .. H .V..FASSG.MH.FC.. 

b) 

PTD S--TSTKKIYDQYQNALGIDLWGTQYEKM 
AP3 N--.T..E.V.L..TISDV.V.A....R. 

DEF T--.A..QLF....K.V.V...SSH.... 
GPT .--IT..QLF.L..KTV.V...NSH.... 

NMH7 .--A...QFF TTV NSH..N. 

NTDEF .--VT..QLF.L..KTV.V NSH.... 

RAD1 N--IT..QV..A..TTFSP TSH.A.. 

RAD2 G--.T..Q...M..QLS.N.V SS..AM. 

SLM3 GSNLT..DV..R..K...V.I V.HEKR. 

STDEF .--IT.NNLF.L..KTI.V.I TSH.... 

TM6 N--.T...MI....S...V.I SIH.... 
PD2 N--.T...MI....S...DVI STH.... 
BOBAP3 N--.T..E.L.L..TVSDV.V NAH..R. 
BOIIAP3 N--.T..E.I.L..TVSDV.V SAH..R. 

B012AP3 N--.T..E.L.L..TVSDV.V SAH..R. 

GLO .--.TLVDML.H.HKLS.KR DPKH.HL 

c) 

PTD QEHLRKLNDINHKLRQEIRQRRGEGLNDLSIDHLRGLEQHMTEALNGVRGRKYHVI 
AP3 ..TK...LET.RN..TQ.K..L..C.DE.D.QE..R..DE.ENTFKL..E..FKSL 

DEF ....K...EV.RN..R ..... M..S....GYEQIVN.IED.DNS.KLI.E...K.. 

GPT ..Q....KEV.RN..K ..... M..S....NYEQ.EE.MENVDNS.KLI.E...K.. 

NMH7 ..N.K..K.V.RN..K....GM..0 ..... MEE..L..DE.DK..KAI.E...K.. 

NTDEF ..Q....K.V.RN..R ..... M..S....NYEQ.EE.NENVDNS.KLI.E...K.. 

RAD1 EQE..N..EV.RQI.K...R.M.CC.E.M.YQE.VF.Q.D.EN.VTNLSE...K.. 

RAD2 L.E...IKEA.GNI.K...R.M.FSME.M.FRE.VI.Q.D.QDSVAKISE...KA. 

SLM3 .DD.Q...EL.R..QTD....M.DC.E...FEE.CR.G.E.Q..VTLI.E...KK. 

STDEF ..Q....K.V.RN..K ..... M..S....NFEQ.EE.MENVDNS.KLI.E...K.. 

TM6 ..N.KR.KE..N...R ..... T..DMSG.NLQE.CH.QENI..SVAEI.E 

PD2 ..N.KR.QE..N...R..T..T..DMSG.NLQE.CH.QENITESVAEI.E 

BOBAP3 ..TK...LET.RN..TQ.K..L..C.DEFD.QE.CS..EE.ENTFKL..E..FKSL 

B011AP3 ..TK...LET.R...TQ.K..L..C.DE.D.QE..S..EE.ENTFKL..E..FKSL 

B012AP3 ..TK...LET.RN..TQ.K..L..C.DEFD.QE.LS..EE.ENTFKL..E..FKSL 

GLO DNEINRVKKE.DSMQI.L.HLK..DITT.NYKE.MV..DALENGTSALKNKQMEFV 
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Fig. 31, cont'd 

d) 

PTD KTQNETYRKKVKNLEERHGNLLME-YEAKLEDRQYGLVDNEA----AVAL--ANGASNL
 
AP3 .PH GGDYDS-.-.GYQIEG.RA
 
DEF SN.ID.SK...R.V..I.R..VL.-FD.RR..PHF GDYNS-.-.GFP..GPRI
 
GPT GN.IE.FK...R.V..I.R..LL.-FD.RQ..P-....EQ GDYNS-.-.GFP..GHRI
 
NMH7 TN.ID.Q...IF.N.REVD.RLLRDLD.RA..PRFEMM..GGEYES-.-IGFSNLGPRM
 
NTDEF GN.ID..K...R.V..I.R..LL.-FD.RQ..P-....EQ.GDYNS-.-.GFP..GPRI
 
RADI SN.I..GK..LR.VQGIRQ..MQA-.D.LR..PHC...Y.GGEYDH-.-MRSHLVGLH

RAD2 AN.I..T...LR.SHGI.RS.VHA-FG.LNLNE-..
 

SLM3 DN.ID.TK...R.GQEV.KG.LQ.-F.IPKDEPP -GDYSN-.-MGY-.D..RV
 
STDEF GN.I ....... R.V..I.R..LL.-FD.RQ..PYG...EQ.GDYNS-.-.GFPT.GHHI
 

TM6
 

PD2 .N.TD.C....R....Q....VLD-L...C..PK..V.E..GHYNS...--FA..VH..
 
BOBAP3 GN.I..TK..TRASKTYKK...H.-L.LRA..PH GGDYDS-.-.GY.D
 
BOHAP3 GN.I..TK..N.SQQDIQK...H.-L.LRA..PH GGDYDS-.-.GYQIEGSRA
 
BOI2AP3 GN.I..T
 

GLO RMMRKHNEMVEEENQSLQFK.RQMHLDPMN-.NVMESQAVYDHHHHQNIADYEAQMP
 

e) 

PTD YAFRLHHGHNHHHHLPN----LHLGDGFGA HELRLP
 
AP3 ..L.F.Q--....YY..HG--..A--PSAS---DIITF. .E
.
 

DEF I.L..--PT...---.T----..S--.G.S---DLTTFA-. .E
 
GPT L.L..-QP-...--Q..HHHH..S--.G.S---DITTFA-. .E
 
NMH7 F.LS.-QPTH -PHN--.GASAASDLTTYP-.-.FSHFSLRIRTTNTTITFQQ
 
NTDEF L.L..-QP-..---Q..HH--..S--.G.S---DITTFA-.A
 
RADI F .REAHIP-S--AG.S- -CLTTYT-Y-.E
 
RAD2 PTA--A .S- YLTTYT-Y-.E
 
SLM3 L.L..-QPC Q.. ..A.A.S.S- CVTT- -YA.L
 
STDEF L.LG.-QPN.N...H ..S- .G.S- -DITTF- -A.G
 
TM6 -QPLH .QNEG...S- RD .R.-S
 

PD2 -QPLH .QNEE...S- RD .R.-S
 

BOBAP3 -QL.F.Q-- ..... Y..HA--..E--ASAS---DIITF. .E
 

BOHAP3 ..L.Y.Q-- ..... Y..HA--..A--PSAS---DIITF. .E
.
 

BOI2AP3 ...Y..HA ..E--ASAS- -DIITF.-I-.E
 
GLO F.F.V-QPM Q.. .QE RF
 

http:N.TD.C....R....Q....VLD-L...C..PK..V.E..GHYNS...--FA..VH
http:SN.ID.SK...R.V..I.R..VL.-FD.RR
http:GGDYDS-.-.GYQIEG.RA
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Pairwise comparison of amino acid sequences from members of the DEF/AP3 gene 

family showed that overall PTD has the most amino acid positions in common with the TM6 

gene from tomato and the PD2 gene from potato (tables 9, 10). PTD has identical amino acid 

residues at 63% of the positions of both TM6 and PD2, and 56% and 50% identity with DEF 

and AP3, respectively. 

The sequences to which PTD is most similar, when conservative changes are 

included, are different from the sequences with which it has the highest identity (table 10, 

figure 32). Overall, PTD is most similar to DEF (84%). In the MADS box region, 92% of 

the residues are conserved; in the L region, 76% are conserved; in the K box, 89% are 

conserved; and in the C-terminal region, 76% are conserved. Overall, PTD is nearly equally 

homologous with PD2, TM6, and NMH7 (78-79%) and least homologous with AP3 (71%). 
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Table 9 Pairwise comparison of deduced amino acid sequences. The MADS domain, L-
region, K domain, and the first 57 amino acids of the C-terminal region were included in the 
analysis. Numbers indicate the percentage of amino acids that differ and are rounded to two 
places. 

PTD AP3 DEF GPT NM7 NTD RD1 RD2 SLM STD TM6 PD2 BB3 BI1 BI2
 
AP3 45
 

DEF 40 38
 

GPT 40 37 15
 

NMH7 44 42 31 30
 

NTDEF 40 38 14 03 29
 

RAD1 50 47 39 39 43 41
 

RAD2 51 49 41 41 47 43 35
 

SLM3 45 41 39 37 45 36 45 44
 

STDEF 42 42 22 08 34 09 41 43 40
 

TM6 37 48 38 37 44 38 51 50 46 41
 

PD2 37 50 39 39 45 39 53 50 46 41 05
 

BOBAP3 47 12 39 36 44 37 45 49 42 40 47 49
 

BOI1AP3 45 05 38 36 43 37 45 49 41 40 46 48 09
 

BOI2AP3 45 09 36 33 39 35 41 44 40 35 45 47 03 04
 

GLO 67 65 67 63 65 66 65 59
 

Table 10 Percent homology of P7D with PD2 (potato), TM6 (tomato), AP3 
(Arabidopsis), DEF (Antirrhinum), and NMH7 (alfalfa). Numbers in bold are the 
percentage of amino acid residues that are similar. Numbers to the right are the 
percentage of amino acids that are identical. Groups of similar amino acids are: P, A, 
G, S, T (neutral or weakly hydrophobic); Q, N, E, D (hydrophilic, acid amine); H, K, 
R (hydrophilic, basic); L, I, V, M (hydrophobic); F, Y, W (hydrophobic, aromatic); 
C (cross-link forming). Gaps were not counted. 

Gene MADS domain Linker region K domain C-terminal Overall 

DEF 92 78 76 69 89 54 76 52 84 60 

NMH7 90 79 72 69 95 59 59 33 79 56 

PD2 85 78 72 63 73 48 79 63 78 63 

TM6 85 81 76 63 75 50 77 59 78 63 

AP3 90 78 66 52 68 45 61 47 71 55 
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Figure 32 Alignment of amino acid sequences of PTD with PD2, TM6, AP3, DEF, and 
NMH7. a) MADS domain; b) Linker region; c) K domain; d) C-terminal region. Dashes 
represent gaps introduced to maximize the alignment. The TM6 and NMH7 cDNAs were 
truncated at the five prime end. Residues which are identical with PTD are shaded black; 
those which are similar are shaded gray. Groups of similar amino acids are: P, A, G, S, T 
(neutral or weakly hydrophobic); Q, N, E, D (hydrophilic, acid amine); H, K, R (hydrophilic, 
basic); L, I, V, M (hydrophobic); F, Y, W (hydrophobic, aromatic); C (cross-link forming). 
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Fig. 32d) cont'd 

PTD AVALANGASNLYAFRLHHGHNHHHHLPN LHLGDGFGA 
PD2 ANGEBNLYAFRL P N EE.GFG'S 
TM6 ANG NLYAFRL P N LANE,GGFGS 
AP3 V GSRAYA RO P N Fi AS 
DEF PNGGPR I A RL G GS 
NMH7 SNING P R M F,A G K s 

PTD 
PD2 
TM6 
AP3 
DEF 
NMH7 HFSLRIRTTNTTITFQQ1 
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GENOMIC DNA GEL-BLOT
 

kb Genomic DNA from three male and three female trees was 

14.0 digested and probed at high stringency with the 3' non-conserved 

region of PTD. One or two major bands were present in lanes digested 

6.5 with EcoRI or with XhoI; when two bands were present they were 

approximately half the intensity of the single band (figure 33). A faint 

3.5 band was also detected. There were no consistent differences between 

the male and female trees. 

Figure 33 DNA 
gel-blot showing 

RNA GEL-BLOTthe two band 
patterns observed. 
Genomic DNA was 

PTD expression in variousdigested with EcoRI 
and probed with tissues was detected by probing an 
PTD. 

RNA gel blot with the PTD cDNA 

(figure 34). P. deltoides 18S rDNA was used as a positive 

control (figure 35). Inflorescences were collected from 

wild P. trichocarpa trees at two different stages of	 Figure 34 RNA gel-blot pro
bed with PTD. Lanes: rt, root;maturity: in late spring when the inflorescences that will 
em, early male; ef, early
 

bear mature flowers the following year are developing, female; lm, late male poly A+;
 
lf, late female poly A+; vb,
and in early spring, when the flowers are nearly mature 
veg. bud poly A. 

just prior to anthesis. Populus inflorescences develop 

acropetally thus the early inflorescences bore flowers in various stages of development: the 

least mature "flowers" were cells of the inflorescence meristem that would develop into 

floral meristems; the most mature flowers had carpel or stamen primordia emerging from the 

floral meristem. 
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The P11) transcript is approximately 1.1 kb in length. 

Quantitation of phosphoimager scans showed that the signal 40 go :0,, 

from early male inflorescences was 4.3 times higher than that 

of early female inflorescences (table 11). PTD mRNA was Figure 35 RNA gel-blot 
also present in more mature inflorescences of both sexes probed with rDNA control. 

Lanes as above.
collected just prior to anthesis. At this later stage, the signal 

from male inflorescences was 2.2 times as high as that from female catkins. No expression 

was evident in roots or vegetative buds. 

early early back- late late veg. back-
Tissue root 

male female ground male female bud ground 

proportion of total 
signal; PTD probe .02 .77 .19 .02 .66 .31 .01 .02 

proportion of total 
signal; rDNA probe '27 .34 .36 .03 .33 .34 .30 .03 

adjusted proportion 
of total signal; PTD 0 .81 .19 - .69 .31 0 
probe 

male/female ratio 4.3 2.2 

Table 11 Relative expression of PTD in various tissues. The left half of the table compares 
values obtained from total RNA; the right half compares values obtained from poly A+ RNA. 
All values are rounded to two decimal places. Values in the first and second rows were 
obtained by quantifying phosphorimager scans of an RNA gel blot probed sequentially with 
PTD and an rDNA control. Squares of identical size were placed at corresponding positions 
surrounding the band in each lane, and signal volume was measured within the squares, 
using Image QuaNT software (Molecular Dynamics). Values are the percentage of total 
signal contributed by each respective area. Background values were obtained by measuring 
the amount of signal contributed by a square in the corresponding part of an empty lane. 
Values in the final row were corrected for background and adjusted on the assumptions that 
rRNA was present at equal amounts in all tissues, and that the oligo dT columns removed 
equal proportions of rRNA from the three poly A+ samples. 
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IN SITU HYBRIDIZATION ANALYSES 

Through in situ hybridization analyses we determined the specific floral tissues in 

which PTD mRNA is expressed. Sections were probed with antisense RNA transcribed from 

a T7 promoter flanking the 3' end of the cDNA. The PTD cDNA template was digested with 

a restriction enzyme within the K box region before antisense transcripts were transcribed 

yielding a probe that lacked the conserved MADS domain. Control sections were probed 

with a sense transcript generated from a T3 promoter flanking the 5' end of the cDNA. This 

template was digested directly at the 3' end of the cDNA, thus the control probe included the 

entire PTD cDNA sequence. 

In developing male inflorescences, PTD expression was strong at its onset, which 

occured as the perianth cup differentiated, but prior to any indications of stamen 

organogenesis (figures 36-40). PTD signal was present across the entire male floral meristem 

excluding the perianth cup. Hybridization signal was also present in developing stamens but 

appeared more diffuse (figure 41). In mature male flowers a strong hybridization signal was 

present in the gametophytic tissues of the stamen, particularly the tapetum and filament 

(figure 42-43). No signal was detected in the perianth cup, pedicel, bracts, or peduncle of 

either gender at any stage of development. 
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Figure 38 Developing male flowers at the distal end of Figure 39 Developing male flower. m, floral meristem; p, 
inflorescence. PTD probe; 100x obj., Is, df. perianth cup primordium; 200x obj., Is, df. 



Figure 40 Developing 
male flowers. m, floral meristem;perianth cup primordium; 

b, developing p,

bract; d, pedicel; k,


developing peduncle. PTD probe. 100x obj., Is, df Figure 41 Male flower with s
probe. 200 x ob tamen primordia,
 
. s. PTDj, Is, df 





Figure 43 Mature anther. Control probe. 200x obj., xs, df. 
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In contrast to male inflorescences, in females a weak hybridization signal was first 

detected in the flanking areas of the inflorescence meristem that develop into floral 

meristems (figures 44-46). A weak signal was present in the earliest floral meristems and 

became stronger as the perianth cup differentiated (figures 47). Just as carpel organogenesis 

began, the signal became excluded from the areas where carpels would develop (figure 48). 

When carpel primordia emerged, PTD hybridization signal was present in the areas of the 

floral meristem between and around the carpel primordia but was excluded from the carpel 

primordia (figure 49). In mature female flowers, hybridization signal was detected in the 

nucellus of the ovules (figures 50-52). A brightfield micrograph of an ovule is shown in 

figure 53 for comparison. Expression was not detected in vegetative buds nor seedlings (not 

shown). 



Figure 44 Developing female inflorescence in late spring. Figure 45 Developing female inflorescence in late spring. 
PTD probe. 40x obj., Is, df. Control probe. 40x obj., Is, df. 
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Figure 48 Developing female flowers in late spring. PTD 
probe. c, carpel primordium; p, perianth cup.100x obj., Is, df. 
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Figure 50 Mature female flower in early spring. PTD probe. o, ovules; w, 
ovary wall; s, stigmatic lobe; p, perianth cup. 40x obj., Is, df. 

Figure 51 Mature female flower in early spring. Control probe. 40x obj., 
Is, df. 



Figure 53 Ovule. o, outer integument; n, nucellus; e, embryo 
Figure 52 Ovule in early spring. PTD probe. 400x, ls, df. sac. 200x obj., Is, brightfield. 
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DISCUSSION
 

POPULUS IS WELL SUITED TO THE STUDY OF SEX-SPECIFIC DEVELOPMENTAL PROGRAMS 

Unisexual flowers present the opportunity for separate analysis of male and female 

programs of floral differentiation (215). Expression of DEF/AP3 homologs has been studied 

in two dioecious species: white campion (68) and sorrel (67). In females of both species, 

stamen development begins and is later aborted, whereas no indication of stamen initiation 

in female flowers was observed in cottonwood. In male flowers of white campion, a 

gynoecium begins to develop in the center of male flowers but never differentiates to form 

carpels; in sorrel, the area that a fourth whorl organ would occupy in hermaphroditic flowers 

remains empty. By contrast, in male cottonwood flowers, the development of stamen 

primordia begins in the center of the floral meristem and proceeds centrifugally. Unlike 

sorrel and white campion, the floral meristems of cottonwood are thus unisexual, allowing 

sex-specific differences in temporal and spatial expression patterns to be discerned in 

inflorescence and early floral meristems. 

THE TEMPORAL ONSET OF PTD EXPRESSION IS SEX-SPECIFIC 

Expression of PTD was first detected in female inflorescences in cells on the flanks 

of the inflorescence meristem (table 12). Expression in male flowers was not detected until 

the floral meristem had developed and the perianth cup was beginning to differentiate. The 

timing of PTD female expression was also earlier than that observed in other species; the 

temporal expression patterns of DEF, AP3 and other homologs described in the literature, 

except SLM3, are similar to that seen in male Populus: expression is not detected until after 

the floral meristem has formed and the initiation of sepal primordia had occurred. In white 
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campion, SLM3 is expressed in male and female floral meristems slightly before they 

separate from the inflorescence meristem. 

The PTD hybridization signal in female floral meristems became stronger as the 

meristems expanded. It initially encompassed the entire floral meristem exclusive of the 

perianth cup but later became excluded from areas where the cells that would form carpel 

primordia were differentiating. When the carpel primordia emerged, PTD signal was 

excluded from them yet was present in the surrounding cells of the meristem. Lack of 

expression in carpel primordia is consistent with the expression pattern predicted for B 

function genes by the ABC model, however expression in the female floral meristem is not 

predicted by the model. 

In the floral meristems of hermaphroditic species, and of dioecious species where 

stamen development in the female flower in initiated then later aborted, expression of DEF 

homologs in the inner whorls of the floral meristem can be attributed to the presence of cells 

which will develop into stamen primordia. However, in P trichocarpa, where the floral 

meristems are truly unisexual, PTD expression in the female floral meristem is not easily 

attributed to the presence of stamen precursor cells. It is tempting to speculate that PTD may 

have a role in cell proliferation in the female floral meristem for several reasons: the early 

onset of PTD expression in the female inflorescence meristem, the high intensity of the PTD 

signal in developing female floral meristems, and the differential timing of the onset of 

expression in male and female inflorescences. In Antirrhinum, the initiation of fourth whorl 

organogenesis in L1 chimeras indicates that DEF activity in epidermal cells alone is 

sufficient to promote cell proliferation in the center of the meristem (71). These studies also 

suggest that a high level of DEF expression in the L 1 cell layer allows the growth and 

expansion of petal lobes by stimulating L1 cell division and/or cell shape and elongation 

(71). Additional evidence of a role for DEF homologs in cell growth and proliferation comes 

from experiments with AP3 in Arabidopsis: ectopic expression of AP3 and PI results in the 

production of extra whorls of stamens, suggesting that AP3 and PI have a role in cellular 
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proliferation in the floral meristem (216). Also, ectopic expression ofAP3IPI rescues missing 

second whorl organs in class A mutants. Furthermore, ectopic expression of the P. hybrida 

homolog GPT causes delayed petal fusion and additional lateral growth of petal tissues, 

suggesting that GPT might be involved in the lateral growth process (217). Alternatively, 

PTD may have no function in the cottonwood female inflorescence; GPT is present in the 

third whorl of Petunia flowers yet plays no discernable role there. 

THE PTD EXPRESSION PATTERN IS SIMILAR TO THAT OF DEF AND AP3 

Like DEF and AP3, PTD was strongly expressed in the portion of the floral meristem 

that gives rise to stamen primordia (table 13). In the hermaphroditic floral meristems of 

Antirrhinum and Arabidopsis this area excludes the central fourth whorl where carpel 

primordia will develop, whereas in male Populus, it encompasses the entire floral meristem 

excluding the perianth cup. In all species in which DEF homologs have been studied, 

expression is strong in stamens (table 13). Expression patterns in mature anthers are identical 

in Antirrhinum and Populus: PTD expression, like DEF, is localized to the gametophytic 

tissues of the anther, particularly the tapetum and filament. 

Like AP3 and RAD1, PTD is not expressed in developing carpels; expression of other 

homologs in carpels ranges from low (DEF, GPT, SLM3) to strong (TM6). Similarly, ovule 

expression is detectable in both Populus and Arabidopsis. However, it occurs in different 

cells layers in the two species: PTD is expressed in the nucellus whereas AP3 is expressed 

in the outer integuments. The ovules of ap3 mutants appear normal (65) thus no role for AP3 

in ovule development is apparent. 

Expression in petals is strong in all species with petals where expression of DEF 

homologs has been analysed. In species with sepals, expression there is low or undetectable. 

In Populus and in sorrel, where the perianth lacks petal-like organs and is composed of sepal
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like organs of unclear derivation, no expression is seen in these organs. If we assume that the 

Populus perianth is derived from fused sepals, the lack of expression there is consistent with 

the expression patterns of B-function genes such as DEF. Alternatively, it is also possible 

that the perianth is derived from fused petals, or from a combination of petals and sepals, and 

that the sepal-like nature of the Populus perianth results, at least in part, from the 

evolutionary loss of PTD expression in that organ. Expression in vegetative tissues was not 

detected in Populus, Arabidopsis, nor Antirrhinum. 

THE PTD PROMOTER CONTAINS REGULATORY PROTEIN BINDING CONSENSUS SITES 

Three sites matching the consensus binding site for the human RSRF/MEF2 MADS-

box sub-family are present in the PTD promote. One site encompasses the TATA-box; the 

other two RSRF sites are approximately one kilobase upstream from the ATG. The 

RSRF/MEF2 binding site is distinct from those recognized by other MADS box proteins. 

While all retain an AT-rich core, CArG-box elements typically contain CC and GG 

dinucleo tides separated by six AT-rich bases, whereas the RSRF/MEF2 consensus site 

contains flanking YTA and RAR trinucleotides with four intervening bases [reviewed in 

(218)]. 

The PTD gene promoter also contains a site that matches the homeodomain protein 

binding consensus site. The homeodomain protein KNOTTED is expressed in the 

inflorescence and floral meristems of maize (219) and the homeodomain protein BELL is 

expressed in Arabidopsis ovules (47) and is involved in regulating expression of the floral 

homeotic MADS-box gene AGAMOUS (220). The interaction of homeodomain and MADS 

domain transcription factors has been reported in animals [reviewed in (221)]. It therefore 

seems possible that a homeodomain protein binds to the consensus site present in the PTD 

promoter and is involved in the regulation of PTD gene expression. Homeodomain protein 
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binding consensus sites were not present in the promoters of DEF, AP3, nor the three ST

DEF promoters. 

PTD IS PHYLOGENETICALLY RELATED TO FLORAL GENES FROM TOMATO AND POTATO. 

Phylogenetically,DEF is most closely related to the tomato gene TM6 and the potato 

gene PD2; the three genes form a well-supported Glade (90% by n-j, 87% by mp) when 

analyzed with all other known DEF-homologous genes. Doyle raised the possibility that 

TM6 may be paralogous to DEF, based on his phylogenetic analysis (86). In Doyle's single 

most-parsimonious tree, DEF, GPT, AP3, and TM6 form a major Glade (100% bootstrap 

replicate value); within the Glade, TM6 is separated from a sub-group containing the other 

three genes with a bootstrap replicate value of 65%. Garcia-Maroto et al (64) also made this 

suggestion based on their isolation of two different DEF-like cDNAs from potato: one 

(STDEF) orthologous to DEF, and the other (PD2) orthologous to TM6. One possibility is 

that two DEF-like genes are present in Populus, as they are in potato, and that PTD is 

orthologous to PD2. The one or two major bands present in our DNA gel-blot correlate with 

the existance of two PTD allelles in the population, however a faint band was also detected 

which could represent an ortholog to ST-DEF. The band was detected even when probed 

with a fragment containing the least conserved region of the cDNA (part of the seventh exon 

and the 3' nontranscribed region) thus it must correspond to a closely related sequence. In 

sorrel, the C-terminal regions of the two DEF homologs RAD1 and RAD2 are highly 

divergent (67). 

No other DEF-homologous gene has yet been isolated from Populus, and whether 

PTD is orthologous or parologous with DEF remains unclear. In either case, it is likely that 

PTD and DEF perform a similar function. When the chemical properties of amino acids are 

taken into consideration, PTD is 84% homologous to DEF, and the expression patterns of 
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PTD and DEF are very similar, as discussed above. Analysis of expression of the potato gene 

PD2 and cell-specific analysis of TM6 expression have not yet been reported. 

Our phylogenetic analysis of the DEF sub-family showed that the alfalfa root-nodule 

gene NMH7 is phylogenetically closer to DEF (69% identity) than is AP3 (62% identity), 

although AP3 was shown experimentally to be the functional equivalent of DEF in 

Arabidopsis (53). Two closely related genes might acquire very different expression patterns 

following a gene duplication and transposition event which results in placement of the two 

similar coding sequences adjacent to different promoters, as seems likely to have occurred 

during the evolutionary history of NMH7. 

THE PTD PROMOTER WILL BE USEFUL FOR ENGINEERING STERILITY 

The most attractive method of engineering reproductive sterility in Populus is to 

specifically ablate reproductive tissues by introducing a chimeric gene in which a 

reproductive-tissue-specific promoter drives the expression of a cytotoxin coding region. 

Because PTD is expressed early in the floral meristems of both male and female trees, it 

should be useful for ablating floral meristems in both genders. This method requires that 

expression be limited specifically to reproductive tissues to avoid deleterious effects on 

vegetative growth, and PTD is not expressed in vegetative buds, seedlings, or roots. Barring 

unforeseen expression in untested tissues of mature trees, such as bark, the PTD promoter 

should be useful for engineering reproductive sterility of Populus through cell-specific 

ablation. 
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Table 12 mRNA expression patterns of PTD and other DEF homologs in inflorescence 
and floral meristems. Characterizations of expression in species other than Populus are 
based on descriptions in the literature. References are in parentheses. N/D, not 
determined. 

Gene Species Inflorescence Nlecistern Floral Meristem 

first detectable shortly after sepal primordia begin to
API (65) A. thaliana no 

form in the precursors of stamen and petal primordia 

first detectable at the beginning of sepal
DEF (54) A. majus no
 

differentiation
 

strong in regions of the floral meristem that give rise
(:PT (60) P. hybrida N/D 

to petals and stamens 

V7DEF(63) N. tabacum N/D initially spread throughout the floral meristem 

PD2(64) S. tuberomm N/D N/D 

first observed when stamen and petal primordia
SIDEF (64) S. tuberosum no
 

begin to differentiate
 

746(61) L esculatum N/D N/D
 

first detected in cells on the
 
P. trichocarpa 

flanks of the inflorescence present across floral meristem at earliest stage
female

Pro meristem 

P. trichocarpa present across floral meristem from when perianth 
no 

male cup began to differentiate. 

It acetosa first detected on the shoulders of the floral 
no 

female primordium. No expression in center. 

RADI (67) first detected when outer perianth segments begin to 
R. acetosa 

no develop; localized to shoulder region of floral
male 

primordium 

expression occurred slightlyS. latifolia
 

female
 before the floral meristem detected in the central dome of the floral meristem 

SUB (68) separated from the in both sexes 

S. tatifolia inflorescence meristem in
 

male
 both sexes 
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Table 13 mRNA expression patterns of PTD and other DEF homologs in floral 
organs.Characterizations of expression levels of species other than Populus is based on 
descriptions in the literature. References are in parentheses. N/D, not determined. 

Gene Species Sepals Petals Stamens Carpels Other 

ovule outer 

AP 3(65) A. thaliana none strong strong none integument, 

siliques 

DEF (54) A. majus low strong strong low 

GPT (60) P. hybrida low strong strong low 

N7DEF (63) N. tabacum low strong strong moderate 

PD2 (64) S. tuberosum N/D N/D N/D N/D 

pedicel
moderate 

S7DEF (64) S. tuberosum none strong strong abscission 
(in ovary wall) 

zone 

7A/I6 (61) L. esculatum none strong strong strong 

P. 
none nucellus 

trichocarpa N/A none 
(in perianth cup) of ovule 

female 
PTD 

P. 
none 

trichocarpa strong N/A 
(in perianth cup)
 

male
 

strong until
R. acetosa	 none (in perianth 

arrest of none 
female segments) 

development 
RADI(67)
 

none (in

R. acetosa	 none (in perianth 

strong central area 
male segments) 

of meristem) 

strong 
S. latifolia 

low strong until low 
female 

SLAB (68) degeneration 

S. latifolia 
low strong strong none 

male 
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CONCLUSIONS 

The main conclusions of this thesis are: 

The unisexual floral meristems of P. trichocarpa render the species well-suited to the 

study of sex-specific developmental programs. 

The Populus trichocarpa gene PTD is homologous to the floral homeotic 

transcription factor DEFICIENS from Antirrhinum majus. 

PTD is phylogenetically related to the tomato gene TM6 and the potato gene PD2. 

Consensus binding sequences for homeodomain and MADS domain regulatory 

proteins are located in the PTD promoter region. 

The temporal onset of PTD expression is sex-specific. 

PTD is expressed in :
 

cells on the flanks of the female inflorescence meristem.
 

both female and male floral meristems.
 

developing stamens.
 

the tapetum and filament of mature stamens.
 

the nucellus of the ovule.
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PTD is not expressed in: 

the perianth cup. 

developing carpels. 

the mature gynoecium. 

vegetative buds, roots, or seedlings. 

The PTD expression pattern is similar to that of DEF and AP3. 

While expression of PTD in male floral meristems and in stamens is consistent with 

the ABC model, expression in the female floral meristems of Populus is not, as 

poplar floral meristems are unisexual and poplar flowers are apetalous. 

PTD female expression may be involved in proliferation of the female floral 

meristem. 

The PTD promoter should be useful for engineering reproductive sterility, through 

cell-specific ablation of male and female floral meristems, when fused with a 

cytotoxin coding region. 
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SUGGESTIONS FOR FURTHER RESEARCH 

ANALYSIS OF FUNCTION 

Given the distinctive floral morphology of Populus it would be interesting to 

determine if PTD performs a function similar to that of DEF and AP3. The function of PTD 

in Populus can be addressed by suppressing PTD expression in both male and female trees 

using antisense or cosuppression technology. The question of functional equivalency, 

however, can be fully resolved only through complementation analyses; technology for the 

transformation and regeneration of Antirrhinum does not yet exist, however the PTD coding 

region could be introduced into an Arabidopsis ap3 mutant, as was the DEF coding region 

(53), to determine if PTD is functionally equivalent to AP3 and DEF. 

ANALYSIS OF THE PTD PROMOTER 

To determine if the putative homeodomain protein binding site is important in 

regulating PTD gene expression, PTD promoters with and without the putative 

homeodomain binding site could be fused with GUS coding regions and introduced into 

Populus using Agrobacterium. The importance of the RSRF consensus sites could be 

ascertained in the same manner. 

IDENTIFICATION AND CHARACTERIZATION OF OTHER PUTATIVE DEFHOMOLOGS 

The genomic sequence represented by the faint band on our DNA gel-blots hybridizes 

to a fragment containing the extreme 3' portion of the cDNA, thus potential cDNA 

corresponding to the faint band might be isolated by using the 3' PTD cDNA fragment to 

probe cDNA libraries. If the sequence represents an expressed gene which exhibits an anther
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expression pattern similar to PTD and all other DEF-homologs, it is likely to be present in 

the late male cDNA library that was constructed during the course of this thesis project. Once 

the putative cDNA is cloned, its expression could be analysed through in situ hybridization 

and the corresponding gene isolated and studied. 

CLONING AND CHARACTERIZATION OF THE POPULUS GLO HOMOLOG 

It would also be interesting to know if an ortholog of GLO exists in Populus, and if 

so, to determine its expression patterns using in situ hybridization, and its ability to form 

heterodimers with PTD using gel-shift assays. The putative GLO ortholog could be identified 

by screening the late male cDNA library with the C-terminal region of the Antirrhinum GLO 

cDNA. It is also possible that PTD interacts with other as yet unknown proteins. Genes 

coding for these putative proteins could be isolated using technology such as the 

Matchmaker ® Two Hybrid System (Clontech) which was used to isolate proteins interacting 

with PLENA (73). 



113 

BIBLIOGRAPHY
 

1. Strauss, S.H., Rottmann, W.H., Brunner, A.M., Sheppard, L.A.. Genetic engineering of 
reproductive sterility in forest trees. Mol. Breeding 1: 5-26. (1995b) 

2. Okada, K., Shimura, Y.. Genetic analyses of signaling in flower development using 
Arabidopsis. Plant Molecular Biology 26: 1357-1377. (1994). 

3. Martinez-Zapater, J.M., Coup land, G., Dean, C., Koornneef, M., The transition to 
flowering in Arabidopsis. in Arabidopsis. Cold Spring Harbor Laboratory Press. pp 403-429. 
(1994). 

4. Weigel, D.W.. The genetics of flower development: from floral induction to ovule 
morphogenesis. Ann. Rev. Gen. 29: 19-39. (1995). 

5. Sung, Z.R., Belachew, A., Shunong, B., Bertrand-Garcia, R.. EMF, an Arabidopsis gene 
required for vegetative shoot development. Science 258: 1645-1650. (1992). 

6. Yang, A.-H., Chen, L.-J., Sung, Z.R.. Genetic regulation of shoot development in 
Arabidopsis: role of the EMF genes. Developmental Biology 169: 421-435. (1995). 

7. Bai, S., Sung, Z.R., The role of EMFI in regulating the vegetative and reproductive 
transition in Arabidopsis thaliana (Brassicaceae). American Journal of Botany 82(9): 1095
1103. (1995). 

8. Weigel, D., Alvarez. J., Smyth, D.R., Yanofsky, M.F., and Meyerwitz, E.M..LEAFY 
controls floral meristem identity in Arabidopsis. Cell 69: 843-859. (1992) 

9. Irish, V.F., Sussex, I.M.. Function of the apetela-1 gene during Arabidopsis floral 
development. Plant Cell 2: 741-753. (1990). 

10. Coen, E.S., Romero, J.M., Doyle, S., Elliot, R., Murphy, G., and Carpenter, R. 
FLORICAULA: a homeotic gene required for floral development in Antirrhinum majus. 
Cell 63: 1311-1322. (1990). 

11. Huijser, P., Klein, J., Lonnig, W.-E., Meijer, H., Saedler, H., Sommer, H.. Bracteomania, 
an inflorescence anomaly, is cause by the loss of function of the MADS-box gene squamosa 
in Antirrhinum majus. EMBO 11(4): 1239-1249. (1992). 

12. Weigel, D., Nilsson, 0.. A developmental switch sufficient for flower initiation in 
diverse plants. Nature 12: 495-500. (1995). 



114 

13. Mandel, M.A., Yanofsky, M.F.. A gene triggering flower formation in Arabidopsis. 
Nature 377: 522-524. (1995). 

14. Huala, E., Sussex, I.M.. LEAFY interacts with floral homeotic genes to regulate 
Arabidopsis floral development. Plant Cell 4: 901-913. (1992). 

15. Weigel, D., Alvarez, D.R., Smyth, D.R., Yanofsky, M.F., Meyerowitz, E.M.. LEAFY 
controls floral meristem identity in Arabidopsis. Cell 69: 843-859. (1992). 

16. Bowman, J.L., Alvarez, J., Weigel, D., Mayer, U., Meyerowitz, E.M.. Control of flower 
development in Arabidopsis thaliana by APETALAJ and interacting genes. Development 
119: 721-743. (1993). 

17. Okamuro, J.K., den Boer, B.G.W., Jofuku, K.D.. Regulation of Arabidopsis flower 
development. Plant Cell 5:1183-1193. 

18. Schultz, E.A., Haughn, G.W.. Genetic analysis of the floral initiation process (FLIP) in 
Arabidopsis. Development 119: 745-765. (1993). 

19. Coen, E.S.. Flower development. Curr. Opin. Cell Biol. 4: 929-933. (1992). 

20. Kempin, S.A., Savidge, B., Yanofsky, M.F.. Molecular basis of the cauliflower 
phenotype in Arabidopsis. science 267: 522-525. (1995). 

21. Kunst, L., Klenz, J.E., Martinez-Zapater, J., Haughn, G.W.. AP2 gene determines the 
identity of perianth organs in flowers of Arabidopsis thaliana. Plant Cell 1: 1131-1135. 
(1989). 

22. Bowman, J.L., Smyth, D.R., Meyerowitz, E.M.. Genetic interactions among floral 
homeotic genes of Arabidopsis. Development 112: 1-20. (1991). 

23. Clark, S.E., Running, M.P., Meyerowitz, E.M.. CLAVATA I, a regulator of meristem and 
floral development in Arabidopsis. Development 119: 397-418. (1993). 

24. Alvarez, J., Guli, C.L., Yu, X.-H., Smyth, D.R.. Terminal flower: A gene affecting 
inflorescence development in Arabidopsis thaliana. Plant J 2: 103-116. (1992). 

25. Shannon, S., Meeks-Wagner, D.R.. A mutation in the Arabidopsis TFL1 gene affects 
inflorescence meristem development. Plant Cell 3: 877-892. (1991). 

26. Shannon, S., Meeks-Wagner, D.R.. Genetic interactions that regulate inflorescence 
development in Arabidopsis. Plant Cell 5: 639-655. (1993). 

27. Bradley, D., Ratcliffe, 0., Vincent, C., Carpenter, R., Coen, E.. Inflorescence 
commitment and architecture in Arabidopsis. Science 275: 80-83. (1997). 



115 

28. Simon, R., Carpenter, R., Doyle, S., Coen, E.. Fimbriata controls flower development by 
mediating between meristem and organ identity genes. Cell 78: 99-107. (1994). 

29. Levin, J.Z., Meyerowitz, E.M.. UFO: an Arabidopsis gene involved in both floral 
meristem and floral organ development. Plant Cell 7: 529-548. (1995). 

30. Bowman, J.L., Smyth, D.R., Meyerowitz, E.M.. Genetic interactions among floral 
homeotic genes in Arabidopsis. Development 112: 1-20. (1991). 

31. Weigel, D., Meyerowitz, E.M.. The ABCs of floral homeotic genes. Cell 78: 203-209. 
(1994) 

32. Drews, G.N., Bowman, J.L., Meyerowitz,E.M.. Negative regulation of the Arabidopsis 
homeotic gene AGAMO US by the APETELA2 product. Cell 65: 991-1002. (1991). 

33. Gustafson-Brown, C., Savidge, B., Yanofsky, M.. Regulation of the Arabidopsis floral 
homeotic gene APETELAI . Cell 76: 131-143, (1994). 

34. Krizek, B.K., Meyerowitz, E.M.. The Arabidopsis homeotic genes APETALA3 and 
PI STILLATA are sufficient to provide the B class organ identity function. Development122: 
11-22. (1996). 

35. Lu, Z.X., Loh, C.S., Yeong, C.Y., Goh, C.J.. Nucleotide sequence of a flower-specific 
cDNA clone from orchid. Plant Mol. Bio. 23(4): 901-904. (1993). 

36. Chung, Y.Y., Kim, S.R., Finkel, D., Yanofsky, M.F., An, G.. Early flowering and 
reduced apical dominance result from ectopic expression of a rice MADS box gene. Plant 
Mol. Bio. 26(2): 657-665. (1994). 

37. Theissen, G., Strater, T., Fischer, A., Saedler, H.. Structural characterization, 
chromosomal localization, and phylogenetic evaluation of two pairs of Agamous-like 
MADS-box genes from maize. Gene 156(2): 155-166. (1995). 

38. Tandre, K., Albert, V.A., Sundas, A., Engstrom, P.. Conifer homologs to genes that 
control floral development in angiosperms. Plant Mol. Bio. 27(1) 69-78. (1995). 

39. Mouradov, A., Glassick, T., Vivan-Smith, A., Teasdale, R.. Isolation of a MADS box 
gene family from Pinus radiata. Plant Physiol. 110: 1047. (1996). 

40. Weigel, D.. The APETELA2 domain is related to a novel type of DNA binding domain. 
Letter to the editor. Nature. 388-389. (1995). 

41. Yanofsky, M.F., Ma, H., Bowman, J.L., Drews, G.N., Feldman, K.A., Meyerowitz, E.M.. 
The protein encoded by the Arabidopsis homeotic gene agamous resembles transcription 
factors. Nature, 346: 35-39. (1990). 



116 

42. Nacken, W.K.F., Huijser, P., Beltran, J.-P., Saedler, H., Sommer, H.. Molecular 
characterization of two stamen-specific genes, tap 1 andfill , that are expressed in the wild 
type, but not in the deficiens mutant of Antirrhinum majus. Mol. Gen. Genet. 229: 129-136. 
(1991). 

43. Steinman, M., Motte, P., Saedler, H., Schwarz-Sommer, Zs.. FIL2, an extracellular 
leucine-rich repeat protein, is specifically expressed in Antirrhinum flowers. Plant J. 5: 459
467. (1994). 

44. Liu, Z., Meyerowitz, E.M.. LEUNIG regulates AGAMOUS expression in Arabidopsis 
flowers. Development 121: 979-991. (1995). 

45. Sakai, H., Medrano, L.J., Meyerowitz, E.M.. Role of SUPERMAN in maintaining 
Arabidopsis floral whorl boundaries. Nature 278: 199-203. (1995). 

46. Ray, A., Robison-Beers, K., Ray, S., Baker, S.C., Lang, J., Preuss, D., Milligan, S.B., 
Gasser, C.S.. Arabidopsis floral homeotic gene BELL (BEL1) controls ovule development 
through negative regulation of AGAMOUS gene (AG). Proc. Natl. Acad. Sci. USA 91: 5761
5765. (1994) 

47. Reiser, L., Modrusan, Z., Margossian, L., Samach, A., Ohad, N., Haudhn, G.W., Fischer, 
R.L.. The BELL 1 gene encodes a homeodomain protein involved in pattern formation in the 
Arabidopsis ovule primordium. Cell 83: 735-742. (1995). 

48. Schwarz-Sommer, Z., Huijser, P., Nacken, W., Saedler, H., Sommer, H.. Genetic 
control of flower development by homeotic genes in Antirrhinum majus. Science 250: 
931-936. (1990). 

49. Pneuli, L., Abu-Abeid, M., Zamir, D., Nacken, W., Schwarz-Sommer, Zs., Lifschitz, E.. 
The MADS box gene family in tomato: temporal expression during floral development, 
conserved secondary structures and homology with homeotic genes from Antirrhinum and 
Arabidopsis. Plant J. 1: 255-266. (1991). 

50. Riechmann, J.L., Wang, M., Meyerowitz, E.M.. DNA-binding properties of Arabidopsis 
MADS domain homeotic proteins APETELA1, APETELA3, PISTILLATA and 
AGAMOUS. Nuc. Acid. Res. 24(16): 3134-3141. (1996). 

51. Drews, G.N., Bowman, J.L., Meyerowitz, E.M. Negative regulation of the 
Arabidopsis homeotic gene AGAMOUS by the APETELA2 product. Cell 65: 991-1002. 
(1991). 

52. Krizek, B.A., Meyerowitz, E.M.. The Arabidopsis homeotic genes APETELA3 and 
PISTILLATA are sufficient to provide the B class organ identity function. Development 122: 
11-22. (1996). 



117 

53. Irish, V.F., Yamamoto, Y.T.. Conservation of floral homeotic gene function between 
Arabidopsis and Antirrhinum. Plant Cell 7: 1635-1644. (1995). 

54. Schwarz-Sommer, Z., Huijser, P., Nacken, W., Saedler, H., Sommer, H.. Genetic 
control of flower development by homeotic genes in Antirrhinum majus. Science 250: 
931-936. (1990). 

55. Schwarz-Sommer, Z., Hue, I., Huijser, P., Flor, P.J., Hansen, R., Tetens, F., Lonnig, 
W-E, Saedler, H., Sommer, H.. Characterization of the Antirrhinum floral homeotic 
MADS-box gene deficiens: evidence for DNA-binding and autoregulation of its persistent 
expression throughout floral development. EMBO.: 11 (1) 251-263. (1992) 

56. van der Krol, A.R., Brunelle, A., Tsuchimoto, S., Chua, N.-H.. Functional analysis of 
petunia floral homeotic MADS box gene pMADS1. Genes & Development 7: 1214-1228. 
(1993). 

57. Angenent, G.C., Busscher, M., Franken, J., Dons, H.J.M., van Tunen, A.J.. Functional 
interaction between the homeotic genes ibp1 and pMADS1 during petunia floral 
organogenesis. Plant Cell 7: 507-516. (1995). 

58. Sommer, Hans; Beltran, Jose-Pio; Huijser, Peter; Pape, Heike; Lonnig, Wolf -
Ekkehard; Saedler, Heinz; Schwarz-Sommer, Zsiusanna. Deficiens, a homeotic gene 
involved in the control of flower morphogenesis in Antirrhinum majus: the protein shows 
homology to transcription factors. EMBO 9 (3): 605-613, 1990 

59. Modrusan, Z., Reiser, L., Feldmann, K.A., Fischer, R.L., Haughn, G.W.. Homeotic 
transformation of ovules into carpel-like structures in Arabidopsis. Plant Cell 6: 333-349. 
(1994). 

60. van der Krol, A.R., Brunelle, A., Tsuchimoto, S., and Chua, N-H.. Functional analysis 
of petunia floral homeotic MADS box gene pMADSI . Genes& Development. 7: 1214
1228. (1993). 

61. Pneuli, L.D., Abu-Abeid, M., Zamir, D., Nacken, W., Schwarz-Sommer, Zs., Lifschitz, 
E. The MADS-box gene family in tomato: temporal expression during floral development, 
conserved secondary structures and homology with homeotic genes from Antirrhinum and 
Arabidopsis. Plant J. 1: 255-266. (1991). 

62. Hareven, D., Gutfinger, T., Pneuli, L., Bauch, L., Cohen, 0., Lifschitz, E.. The floral 
system of tomato. Euphytica 79: 235-243. (1994). 

63. Davies, B., Di Rosa, A., Eneva, T., Saedler, H., Sommer, H.. Alteration of tobacco floral 
organ identity by expression of combinations of Antirrhinum MADS-box genes. Plant J. 
10(4): 663-677. (1996a). 



118 

64. Garcia-Maroto,Fredrico, Salamini, Francesco, Rohde, Wolfgang. Molecular cloning and 
expression patterns of three alleles of the Deficiens-homologous gene St-Deficiens from 
Solanum tuberosum. The Plant Journal 4(5): 771-780. (1993). 

65. Jack, T., Brockman, L.L., Meyerowitz, E.M.. The homeotic gene APETELA3 of 
Arabidopsis thaliana encodes a MADS box and is expressed in petals and stamens. Cell 68: 
683-697. (1992) 

66. Heard, J., Dunn, K.. Symbiotic induction of a MADS-box gene during development of 
alfalfa root nodules. Proc. Natl. Acad. Sci. USA 92: 5273-5277. (1995). 

67. Ainsworth, C., Crossley, S., Buchanan-Wollaston, V., Thangavelu, M., Parker, J.. Male 
and female flowerrs of the dioecious plant sorrel show different patterns of MADS box gene 
expression. Plant Cell 7(10). (1995). 

68. Hardenack, S., Ye, D., Saedler, H., and Grant, S.. Comparison of MADS box gene 
expression in developing male and female flowers of the dioecious plant white campion. The 
Plant Cell. 6: 1775-1787. (1994). 

69. Coen, E.. The role of homeotic genes in flower development and evolution. Ann. Rev. 
Plant Physiol. Plant Mol. Bio. 42: 241-279. (1991) 

70. Zacho, S., de Andrade Silva, E., Motte, P., TrObner, W., Saedler, H., Schwarz-Sommer, 
Z.. Functional analysis of the Antirrhinum floral homeotic DEFICIENS gene in vivo and in 
vitro by using a temperature-sensitive mutant. Development 121: 2861-2875. (1995). 

71. Perbal, M.-C., Haughn, G., Saedler, H., Schwarz-Sommer, Zs. Non-cell-autonomous 
function of the Antirrhinum floral homeotic proteins DEFICIENS and GLOBOSA is exerted 
by their polar cell-to-cell trafficking. Development 122: 3433-3441. (1996). 

72. Trobner, W., Ramirez, L., Motte, P., Hue, I., Huijser, P., Lonnig, W.-E., Saedler, H., 
Sommer, H., Schwarz-Sommer, Zs. GLOBOSA: a homeotic gene which interacts with 
DEFICIENS in the control of Antirrhinum floral organogenesis. EMBO J. 11(13): 4693
4704. (1992). 

73. Davies, B., Egea-Cortines, M., de Andrade Silva, E., Saedler, H., Sommer, H.. Multiple 
interactions amongst floral homeotic MADS box proteins. EMBO J. 15(16): 4330-4343. 
(1996). 

74. Angenent, G.C., Busscher, M., Franken, J., Dons, H.J.M., van Tunen, A.J.. Functional 
interaction between the homeotic genes fbpl and pMADS1 during petunia floral 
organogenesis. Plant Cell 7: 507-516. (1995). 



119 

75. Jack, T., Fox, G.L., Meyerowitz, E.M.. Arabidopsis homeotic gene APETALA3 ectopic 
expression: transcriptional and posttranscriptionalregulation determine floral organ identity. 
Cell 76: 703-716. (1994). 

76. McGonigle, B., Bouhidel, K., Irish, V.E.. Nuclear localization of the Arabidopsis 
APETALA3 and PISTILLATA homeotic gene products depends on their simultaneous 
expression. Genes & Dev. 10: 1812-1821. (1996). 

77. Schultz, E.A., Pickett, F.B., Haughn, G.W.. The FLO10 gene product regulates the 
expression domain of homeotic genes AP3 and PI in Arabidopsis flowers. Plant Cell 3: 
1221-1237. (1991). 

78. Sakai, H., Medrano, L.J., Meyerowitz, E.M.. Role of SUPERMAN in maintaining 
Arabidopsis floral whorl boundaries. Nature 378: 199-203. (1995). 

79. Bowman, J.L., Sakai, H., Jack, T., Weigel, D., Mayer, U., and Meyerowitz, E.M.. 
SUPERMAN, a regulator of floral homeotic genes in Arabidopsis. Development 114: 599
615. (1992). 

80. Gaiser, J.C., Robinson-Beers, K., Gasser, C.S.. The Arabidopsis SUPERMAN gene 
mediates asymmetric growth of the outer integument of ovules. Plant Cell 7: 333-345. 
(1995). 

81. Hantke, S.S., Carpenter, R., Coen, E.S.. Expression of floricaula in single cell layers of 
periclinal chimeras activates downstream homeotic genes in all layers of floral meristems. 
Development 121: 27-35. (1995). 

82. Weigel, D., Meyerowitz, E.M.. Activation of floral homeotic genes in Arabidopsis. 
Science 261: 1723-1726. (1993). 

83. Simon, R., Carpenter, R., Doyle, S., Coen, E.. Fimbriata controls flower development by 
mediating between meristem and organ identity genes. Cell 78: 99-107. (1994). 

84. Levin, J.Z., Meyerowitx, E.M.. UFO: an Arabidopsis gene involved in both floral 
meristem and floral organ development. Plant Cell 7: 529-548. (1995). 

85. Krizek, B.A., Meyerowitz, E.M.. Mapping the protein regions responsible for the 
functional specificities of the Arabidopsis MAD S domain organ-identityproteins. Proc. Natl. 
Acad. Sci. USA 93: 4063-4070. (1996). 

86. Doyle, J.J., Evolution of a plant homeotic multigene family: toward connecting 
molecular systematics and molecular developmental genetics. Syst. Biol. 43(3): 307-328. 
(1994). 



120 

87. Purugganan, M.D., Rounsley, S.D., Schmidt, R.J., Yanofsky, M.F.. Molecular evolution 
of flower development: diversification of the plant MADS-box regulatory gene family. 
Genetics 140(1): 345-356. (1995). 

88. Rounsley, S.D., Ditta, G.S., Yanofsky, M.F.. Diverse roles for MADS box genes in 
Arabisopsis development. The Plant Cell 7: 1259-1269. (1995). 

89. Tandre, K., Albert, V.A., Sundas, A., Engstrom, P.. Conifer homologues to genes that 
control floral development in angiosperms. Plant Molecular Biology 27: 69-78. (1995). 

90. Schreiner, E.J.. Populus L. Poplar. In C.S. Schopmeyer [ed.], USDA Forest Service, 
Seeds of woody plants in the United States, 645-655. USDA Agriculture Handbook 450. 
U.S. Government Printing Office, Washington, D.C. (1974). 

91. Boes, T.K., Strauss, S.H.. Floral phenology and morphology of black cottonwood, 
Populus trichocarpa (Salicaceae). American Journal of Botany 81(5): 562-567. (1994). 

92. Thome, R.F.. An updated phylogenetic classification of the flowering plants. Aliso 13: 
365-389. (1992). 

93. Collinson, M. E.. The early fossil history of Salicaceae: a brief review. Proceedings of 
the Royal Society of Edinburgh. 98B: 155-167. (1992). 

94. Braatne, J.H., Rood, S.B., Heilman, P.E.. Life history, ecology, and conservation of 
riparian cottonwoods in North America. In Biology of Populus and its implications for 
management and conservation. Part I, Chapter 1. Eds. R.F. Stettler, H.D. Bradshaw, Jr., P.E. 
Heilman, and T.M. Hinckley. NRC Research Press, National Research Council of Canada, 
Ottawa, ON, Canada. pp. 7-32. (1996). 

95. Galloway, G., Worrall, J.. Cladoptosis: a reproductive strategy in black cottonwood? 
Can. J. For. Res. 9: 122-125. (1979). 

96. Eckenwalder, J.E.. Systematics and evolution of Populus. In Biology of Populus and its 
implications for management and conservation. Part I, Chapter 1. Eds. R.F. Stettler, H.D. 
Bradshaw, Jr., P.E. Heilman, and T.M. Hinckley. NRC Research Press, National Research 
Council of Canada, Ottawa, ON, Canada. pp. 7-32. (1996). 

97. Larsen, C.M.. Recent advances in poplar breeding. International Review of Forestry 
Research 3: 1-67. (1970). 

98. Arno, S.F., Hammerly, R.P. Northwest Trees. pub. The Mountaineers, Seattle, WA. pp. 
146-150. (1977) 

99. Western Hardwood Association, Portland, OR. Discover Western Hardwood: Oregon's 
New Growth Opportunity. 



121 

100. Wright, L.L.. Production technology status of woody and herbaceous crops. Biomass 
& Bioenergy 6: 191-209. (1994). 

101. Schnoor, IL., Licht, L.A.. Proc. Conf. Hazardous Waste Research, Kansas State 
University, Manhatten, KS. (1991). 

102. Cole, D.W., Henry, C., Nutter, W. [eds.] The Forest Alternative for Treatment and 
Utilization of Municipal and Industrial Wastes. Univ. of WA Press, Seattle, WA. (1986). 

103. Stomp, A.-M., Han, K.-H., Wilbert, S., Gordon, M.P., Cunningham, S.D.. Genetic 
strategies for enhancing phytoremediation. In Recombinant DNA Technology II.Vol. 721 
of the Annals of the New York Academy of Sciences. (1994). 

104. Moffat, A.S.. Plant providing their worth in toxic metal cleanup. Science 269: 302-303. 
(1995). 

105. Stomp, A.-M., Han, K.-H., Wilbert, S., Gordon, M.P.. Genetic improvement of tree 
species for remediation of hazardous waste. In vitro Cell. Dev. Biol. 29: 227-232. (1993). 

106. Stettler, R.. Poplar Molecular Network Newletter, College of Forest Resources AR-10, 
University of WA, Seattle, WA. 1(1). (1993) 

107. Riemenschneider,D., Haissig, B.E., Sellmer, J., Filled, J.. Expression of an herbicide 
tolerance gene in young plants of a transgenic hybrid poplar clone. In Somatic Cell Genetics 
of Woody Plants. M.R. Ahuja [ed.] Kluwer Academic Publishers, Boston, MA pp 73-80. 
(1988). 

108. De Block, M., Factors influencing the tissue culture and the Agrobacterium-mediated 
transformation of hybrid aspen and poplar clones. Plant Phys. 93: 1110-1116. (1990). 

109. Strauss, S.H., Han, K.-H., Meilan, R., James, R. TGERC Annual Report: 1994-1995. 
Forest Research Lab., Oregon State Univ. (1995a). 

110. Han, K.-H., Gordon, M.P., Strauss, S.H.. Cellular and molecular biology of 
Agrobacterium-mediated transformation of plants and its application to genetic 
transformationof Populus. In Biology of Populus and its implications for management and 
conservation. Part I, Chapter 9. Ed. R.F. Stettler, H.D. Bradshaw, Jr., P.E. Heilman, T.M. 
Hinckley. NRC Research Press, Nat. Res. Coun. of Canada, Ottawa, ON. pp. 201-222. 
(1996). 

111. McCown, B.H., McCabe, D.E., Russell, D.R., Robison, D.J., Barton, K.A., Raffa, K.F.. 
Stable transformation of Populus and incorporation of pest resistance by electric discharge 
particle acceleration. Plant Cell Rep. 9: 590-594. (1991). 



122 

112. Bradshaw, H.D.Jr., Stettler, R.F.. Molecular genetics of growth and development in 
Populus. I. Triploidy in hybrid poplars. Theor. Appl. Genet. 86: 301-307. (1993) 

113. Arumuganathan,K., Earle, E.D.. Nuclear content of some important plant species. Plant 
Mol. Bio. Rep. 9: 208-218. (1991). 

114. Bradshaw, H.D.Jr., Villar, M., Watson, B.D., Otto, K.G., Stewart, S., Stettler, R.F.. 
Molecular genetics of growth and development in Populus. III. A genetic linkage map of a 
hybrid poplar composed of RFLP, STS, and RAPD markers. Theor. AppL Genet. 89(2-3): 
167-178. (1994). 

115. Weigel, D., Nilsson, 0.. A developmental switch sufficient for flower initiation in 
diverse plants. Nature 377: 495-500. (1995). 

116. Coup land, G.. LEAFY blooms in aspen. Nature 377: 482-483. (1995). 

117. Strauss, S.H., Han, K.-H., Meilan, R., James, R.. TGERC Annual Report: 1995-1996. 
Forest Research Laboratory, Oregon State Univ. (1996). 

118. Weberling, F. Morphology of flowers and inflorescences. pub.Cambridge University 
Press, N.Y., NY. p 93. (1989) 

119. Fisher, M.J.. The morphology and anatomy of the flowers of the Salicaceae II. Journal 
of Botany. 15: 372-394. (1928). 

120. Kaul, R.B.. Reproductive structure and organogenesis in a cottonwood, Popuus 
deltoides (Salicaceae). Int. J Plant Sci. 156(2):172-180. (1995). 

121. Stoehr, M.U., Zsuffa, L., Eckenwalder, J.E.. Anomalous solitary flowers on anther-
derived plants of Populus maximowiczii. Amer. J. Bot. 745(4): 594-597. (1988). 

122. Hejnowicz, A.. Anatomy, embryology, and karyology of poplars. In S. Bialobok [ed.], 
The poplars Populus L., pp. 117-147. Published for the USDA Publications Department 
and the USF, Washington, DC, by the Foreign Scientific Publications Department of the 
National Center for Scientific, Technical, and Economic Information, Warsaw, Poland, 1976. 

123. Russell, S.D., Rougier, M., Dumas, C.. Organization of the early post-fertilization 
megagametophyteof Populus deltoides: ultrastructure and implications for male cytoplasmic 
transmission. Protoplasma 155: 153-165. (1990). 

124. Yampolsky, E., Yampolski, H., Distribution of sex forms in the phanerogamic flora. 
Bibl. Genet. 3: 1-62. (1922). 

125. Bawa, K.S.. Evolution of dioecy in flowering plants. Ann. Rev. Ecol. Syst. 11: 15-39. 
(1980) 



123 

126. Dellaporta, S.L., Calderon-Urrea, A.. Sex determination in flowering plants. Plant Cell 
5: 1241-1251. (1993). 

127. Kaul, R.B., Dpt. of Biological Sciences, University of Nebraska, Lincoln, NE., Personal 
communication 

128. Ronse Decraene, L.-P., Smets, E.F.. The distribution and the systematic relevance of 
the androecial charactery polumery. Bot J Linn Soc 113: 285-350. (1993) 

129. Houtzagers, G. and Pourtet, J.. Classification, identification et repartition des types. Les 
peupliers dans la production du bois et l'utilisation des terres 12: 11-82. FAO, Coll., Rome. 
(1956). 

130. Larsen, C.M.. Recent advances in poplar breeding. International Review of Forestry 
Research 3: 1-67. (1970). 

131. Stettler, R.F.. Variation in sex expression in black cottonwood and related hybrids. 
Silvae Genetica 20: 42-46. (1971). 

132. Santamour, F.S.. Hermaphroditismin Populus. Proc. 3rd Northeast Tree Improvement 
Conf., Cornell University, Ithaca, N.Y. August 30-31. p.28-30. (1955). 

133. Heslop-Harrison, J.W.. Sex in the Salicaceae and its modification by eriophyid mites 
and other influences. The British Journal of Experimental Biology 1(4): 445-472. (1924). 

134. Braatne, J.H., Rood, S.B., Heilman, P.E.. Life history, ecology, and conservation of 
riparian cottonwoods in North America. In Biology of Populus and its implications for 
management and conservation. Part I, Chapter 1. Eds. R.F. Stettler, H.D. Bradshaw, Jr., P.E. 
Heilman, and T.M. Hinckley. NRC Research Press, National Research Council of Canada, 
Ottawa, ON, Canada. pp. 7-32. (1996). 

135. Mitton, J.B., Grant, M.C.. Observations on the ecology and evolution of quaking aspen, 
Populus tremuloides, in the colorado front range. Amer. J. Bot. 67: 202-209. (1980). 

136. McCletchie,D.M., Tuskan, G.A.. Gender determination in Populus. Norwegian Journal 
of Agricultural sciences. Supplement No. 18: 57-66. (1994). 

137. Alstrom-Rapaport, C., Lascoux, M., Wang, T.C., Roberts, G., Tuskan, G.A.. 
Identification of a RAPD marker linked to sex determination in the basket willow, Salix 
viminalis L.. J. of Heredity. Submitted. (1997). 

138. Riazuddin, S., Plant genetic engineering and future agriculture in Genetic Engineering: 
Principles and Methods, Volume 16, ed. Jane Setlow, Plenum Press, New York, 1994 



124 

139. Ostrey, M.E., Wilson, L.F., McNabb, H.S.Jr., Moore, L.M.. A Guide to Insect, Disease, 
and Animal Pests of Poplars. USDA For, Ser. Agric. Handbook 677, Wash. D.C. (1989). 

140. Dickmann, D.I., Stuart, K.W.. The Culture of Poplars in Eastern North America. 
University Publications, Michigan State University, East Lansing. (1983). 

141. Strauss, S.H., Howe, G.T., Goldfarb, B.. Prospects for genetic engineering of insect 
resistance in forest trees. For. Eco. Manage. 43: 181-209. (1991). 

142. Duke, S.O., Christy, A.L., Hess, F.D., Holt, J.S.. Herbicide - resistant crops. Council for 
Agricultural Science and Technology: Ames, Iowa. (1991). 

143. Riazuddin, S., Plant genetic engineering and future agriculture in Genetic Engineering: 
Principles and Methods, Volume 16, ed. Jane Set low, Plenum Press, New York, 1994 

144. McCown, R.H., McCabe, D.E., Russell, D.R., Robinson, D.J., Barton, K.A., Raffa, 
K.F., Stable transformation of Populus and incorporation of pest resistance by electric 
discharge particle acceleration., Plant Cell Reports, 9: 590-594. (1991) 

145. Balestra7zi, A., Confalonier, M., Allegro, G., Fogher, C., Albertini, A., Galizzi, A., 
Cella, R. Regeneration of Populus nigra transgenic plants containing genes for insect pest 
resistance. Abstract S7-112, 8th International Congress of Plant Tissue and Cell Culture, 
Firenze. (1994) 

146. Robison, D.R., McCown, B.H., Raffa, K.F.. Responses of gypsy moth (Leoideptera: 
Lymantriidae) and forest tent caterpillar (Lepidoptera: Lasiocampidae) to trangenic poplar, 
Populus spp., Containing a Bacillus thurengiensis d-endotoxin gene. Environ. Entomol. 
23(4): 1030-1041. (1994). 

147. Fillatti, J.J., Sellmer, J., McCown, B., Haissig, B., Comai, L.. Agrobacterium 
mediated transformation and regeneration of Populus., Mol.. Gen.. Genet, 206: 192-199 
(1987). 

148. De Block, M., 1990. Factors influencing the tissue culture and the Agrobacterium 
tumefaciens-mediated transformation of hybrid Aspen and Poplar clones. Plant Physiol., 
93: 1110-1116. (1990) 

149. Brasileiro, A.C.M., Tourneur, C., Leple J-C., Combes, V.Jouanin, L.. Expression of 
the mutant Arabidopsis thaliana acetolactate synthase gene confers chlorosulfuron 
resistance to transgenic poplar plants, Transgenic Research, 1: 133-141. (1992) 

150. Raffa, K.F. Genetic engineering of trees to enhance resistance to insects. BioScience 39: 
524-534. (1989). 



125 

151. Goldburg, R., Rissler, J., Shand, H., Hassebrook, C.. Biotechnology's bitter harvest: 
herbicide-tolerant crops and the threat to sustainable agriculture. A Report of the 
Biotechnology Working Group, Environmental Defense Fund, N.Y. (1990). 

152. Duke, S.O., Christy, A.L., Hess, F.D., Holt, J.S.. Herbicide resistant crops. Council for 
Agricultural Science and Technology: Ames, Iowa. (1991) 

153. Bessey, C.E.. The number and weight of cottonwood seeds. Science 20: 118-119. 
(1904). 

154. Mandel, M.A., Bowman, J.L., Kempin, S.A., Ma, H., Meyerowitz, E.M., Yanofsky, 
M.F.. Manipulation of flower structure in transgenic tobacco. Cell 71: 133-143. (1992). 

155. Mizukami, Y.,Ma, H.. Ectopic expression of the floral homeotic gene Agamous in 
transgenic Arabidopsis plants alters floral organ identity. Cell 71: 119-131. (1992). 

156. Tsuchimoto, S., van der Krol, A.R., Chua, N.. Ectopic expression of pMADS3 in 
transgenic petunia phenocopies the petunia blind mutant. Plant Cell 5: 843-853. (1993). 

157. Pnueli, L., Hareven, D., Broday, L., Hurwitz, C., Lifschitz, E. 1. The TM5 MADS box 
gene mediates organ differentiation in the three inner whorls of tomato flowers. Plant Cell 
6: 175-186. (1994). 

158. Hanson, M.R... Plant mitochondrial mutations and male sterility. Ann. Rev. Genet. 25: 
461-486. (1991). 

159. Boutry, M., Nagy, F., Poulsen, C., Aoyagi, K., Chua, N.-H.. Targeting of bacterial 
chloramphenicol acetyltransferase to mitochondria in transgenic plants. Nature 328: 340
342. (1987). 

160. Levings, C.S. III.. Thoughts on cytoplasmic male sterility in cms-T maize. Plant Cell 
5: 1285-1290. (1993). 

161. von Allmen, J.-M., Rottmann, W.H., Gengenbach, B.G., Harvey, A.J., and Lonsdale, 
D.M.. Transfer of methomyl and HmT-toxin sensitivity from T-cytoplasm maize to tobacco. 
Mol Gen. Genet. 229: 405-412. (1991) 

162. Angenent, G.C., Franken, J., Busscher, M., Colombo, L., van Tunene, A.J.. Petal and 
stamen formation in petunia is regulated by the homeotic gene fbpl. Plant J. 4: 101-112, 
(1993). 

163. Mizukami, Y., Huang, H., Tudor, M., Hu, Y., Ma, H.. Functional domains of the floral 
regulator AGAMOUS: characterization of the DNA binding domain and analysis of 
dominant negative mutations. Plant Cell 8: 831-845. (1996). 



126 

164. van der Meer, I.M., Stam, M.E., van Tunen, A.J., Mol, J.N.M., Stuitje, A.R. . Antisense 
inhibition of flavanoid biosynthesis in petunia anthers results in male sterility. Plant Cell 4: 
253-262. (1992). 

165. Pnueli, L., Hareven, D., Rounsley, A.D., Yanofsky, M.F.. Isolation of the tomato 
agamous gene TAGI and analysis of its homeotic role in transgenic plants. Plant Cell 6: 163
173. (1994). 

166. Pnueli, L., Hareven, D., Broday, L., Hurwitz, C., Lifschitz, E. The TM5 MADS box 
gene mediates organ differentiation in the three inner whorls of tomato flowers. Plant Cell 
6: 175-186. (1994). 

167. Mariani, C., De Beuckeleer, M., Truettner, J., Leemans, J., Goldberg, R.B. . Induction 
of male sterility in plants by a chimaeric ribonuclease gene. Nature 347: 737-741. (1990). 

168. Mariani, C., Gossele, V., De Beuckeleer, M., De block, M., Goldberg, R.B., De Greef, 
W.,Leemans, J.. A chimaeric ribonuclease-inhibitor gene restores fertility to male-sterile 
plants. Nature 357: 384-387. (1992). 

169. Denis, M.R., Delourme, R., Gourret, J.-P., Mariani, C., Renard, M.. Expression of 
engineered nuclear male sterility in Brassica napus. Plant Physiol. 101: 1295-1304. (1993). 

170. Reynaerts, A., Van de Wiele, H., De Sutter, G., Janssens, J.. Engineered genes for 
fertility control and their application in hybrid seed production. Scientia Horticulturae 55: 
125-139. (1993). 

171. Goldman, M.H.S., Goldberg, R.B., Mariani, C.. Female sterile tobacco plants are 
produced by stigma-specific cell ablation. EMBO J. 13(13): 2976-2984. (1994). 

172. Worrall, D., Hird, D.L., Hodge, R., Paul, W., Draper, J., Scott, R.. Premature 
dissolution of the microsporocyte callose wall causes male sterility in transgenic tobacco. 
Plant Cell 4: 759-771. (1992) 

173. Mariani, C., Gossele, V., De Beuckeleer, M., De block, M., Goldberg, R.B., De Greef, 
W., Leemans, J.. A chimaeric ribonuclease-inhibitor gene restores fertility to male-sterile 
plants. Nature 357: 384-387. (1992). 

174. De Block, M., Debrouwer, D.. Engineered fertility control in transgenic Brassica napus 
L.: histochemical analysis of anther development. Planta 189: 218-225. (1993). 

175. Schmtilling, T., Rohrig, H., H., Pilz, S., Walden, R., Schell, J.. Restoration of fertility 
by antisense RNA in genetically engineered male sterile tobacco plants. Mol. Gen. Genet. 
237: 385-394. (1993). 

176. Pappenheimer, A.M., Jr.. Diphtheria toxin. Annu. Rev. Biochem. 46: 69-94. (1977) 



127 

177. Day, C.D., Calgoci, B.F.C., Irish, V.F.. Genetic ablation of petal and stamen primordia 
to elucidate cell interactions during floral development. Development 121: 2887-2895. 
(1995). 

178. Wagner D.B., Furrier G.R., Saghai-MaroofM.A., Williams S.M., Dancik B.P., Allard 
R.W.. Chloroplast DNA polymorphisms in lodgepole pines and their hybrids. Proc Nall 
Acad Sci USA. 84: 2097- 2100. (1987). 

179. Hughes DW, Galau G. Preparation of RNA from cotton leaves and pollen. Plant Mol 
Biol Rep. 6(4): 253-257. (1988). 

180. Ma, H., Yanofski, M.F., Meyerowitz, E.M.. AGL 1-AGL6 an Arab idopsis gene family 
with similarity to floral homeotic and transcription factor genes. Genes & Dev. 5: 484-495. 
(1991). 

181. Sambrook, J., Fritsch, E.F., Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd 
ed., Cold Spring Harbor Laboratory Press, N.Y.. (1989). 

182. Saitou, N. and Nei, M., The neighbor-joiningmethod: A new method for reconstructing 
phylogenetic trees. Mot Biol. Evol. 4: 406-425. (1987). 

183. Kumar, S., K. Tamura and M. Nei. MEGA: Molecular Evolutionary Genetic Analysis, 
version 1.0. The Pennsylvania State University, University Park, PA. (1993). 

184. Felsenstein, J. PHYLIP Phylogeny Inference Package (Version 3.2). Cladistics 5: 
164-166. (1989). 

185. Nyers, L.A., Doerksen, A.H., Krupkin, A.B., Strauss, S. H.. Floral MADS-box genes 
in poplar, pine, and Douglas-fir. Keystone Symposia on Molecular and Cellular Biology: 
Evolution and Plant Development, Taos, New Mexico, Jan. 26 Feb. 10, 1993. The Journal 
of Cellular Biochemistry. Supplement 17B. 

186. D'Ovidio, R., Mugnozza, G.S., Tanzarella, 0.A.. rDNA cloning and rapid hybrid 
identification in the Populus spp. (Salicaceae) Plant Syst. & Eva . 177: 165-174. (1991). 

187. Kelly, A.J., Bonnlander, M.B., Meeks-Wagner, D.R.: NFL, the tobacco homolog of 
FLORICAULA and LEAFY, is transcriptionally expressed in both vegetative and floral 
meristems, Plant Cell 7:225-234. (1995). 

188. Lewin, B.L. Genes V, Oxford University Press, New York, N.Y. (1994). 

189. Zhu, Q., Dabi, T., Lamb, C.. TATA box and initiator functions in the accurate 
transcription of a plant minimal promoter in vitro. Plant Cell 7: 1681-1689. (1995). 



128 

190. Huang, H., Mizukami, Y., Hu, Y., Ma, H.. Isolation and characterization of the binding 
sequences for the product of the Arabidopsis floral homeotic gene AGAMOUS. Nuc. Ac. 
Rec.. 21(20): 4769-4776. (1993). 

191. Huang, H., Tudor, M., Su, T., Zhang, Y., Hu, Y., Ma, H.. DNA binding properties of 
two ArabidopsisMADS domain proteins: binding consensus and dimer formation. Plant Cell 
8: 81-94. (1996). 

192. Shiraishi, H., Okada, K., Shimura, Y.. Nucleotide sequences recognized by the 
AGAMOUS MADS domain of Arabidopsis thaliana in vitro. Plant J.. 4(2): 385-398. 
(1993). 

193. Pollack, R., Treisman, R.. A sensitive method for the determination of protein-DNA 
binding specificities. Nuc. Acid Res. 18: 6197-6204. (1990). 

194. Pollack, R., Treisman, R.. Human SRF-related proteins: DNA-binding properties and 
potential regulatory targets. Genes & Dev. 5: 2327-2341. (1991). 

195. Wynne, J., Treisman, R.. SRF and MCM1 have related but distinct DNA binding 
specificities. Nuc. Acid. Res. 20: 3297-3303. (1992). 

196. Nakayama, N., Miyajima, A., Arai, K.. Nucleotide sequences of STE2 and STE3, cell 
type-specific sterile genes from Sacchromyces cerevisiae. EMBO J. 4: 2643-2648. (1985). 

197. Johnson, A.D., Herskowitz, I.. A repressor (MATa2 product) and its operator control 
expression of a set of cell type specific genes in yeast. Cell 42: 237-247. (1985). 

198. Kronstad, J.W., Holly, J.A., MacKay, V.L.. A yeast operator overlaps an upstream 
activation site. Cell 50: 369-377. (1987). 

199. Brake, A.J., Grenner, C., Najarian, R., Laybourn, P., Merryweather, J.. Structure of 
genes encoding precursors of the yeast peptide mating pheromone a-factor. In Transport and 
Secretion of Proteins, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., pp. 
103-108. (1985). 

200. Treisman, R.. Identification of a protein-binding site that mediates transcriptional 
response of the c-fos gene to serum factors. Cell 46: 567-574. (1986). 

201. Mohun, T., Garrett, T., Treisman, R.. Xenopus cytoskeletal actin and c-fos gene 
promoters share a conserved protein-binding site. EMBO J. 6: 667-673. (1987). 

202.Yanofski, M.F., Ma, H., Bowman, J.L., Drews, G.N., Feldmann, K.A., Meyerowitz, 
E.M.. The protein encoded by th Arabidopsis homeotic gene agamous resembles 
transcription factors. Nature 346: 35-39. (1990). 



129 

203. Rounsley, S.D., Ditta, G.S., Yanofski, M.F., Diverse roles for MADS box genes in 
Arabisopsis development. Plant Cell 7: 1259-1269. (1995). 

204. Kush, A., Brunelle, A., Sevell, D., Chua, N.-H.. The cDNA sequence of two MADS box 
proteins in Petunia. Plant Physiol. 102: 1051-1052. (1993). 

205. Goto, K., Meyerowitz,E.M.. Function and regulation of the Arabidopsis floral homeotic 
gene Pistillata. Genes & Dev. 8(13): 1548-1560. (1994). 

206. Bradley, D., Carpenter, R., Sommer, H.,Harley, N., Coen, E.. Complementary floral 
homeotic phenotypes result from opposite orientations of a transposon at the plena locus of 
Antirrhinum. Cell 72: 85-95. (1993). 

207. Mandel, M.A., Gustafson-Brown, C., Savidge, B., Yanofski, M.F.. Molecular 
characterization of the Arabidopsis floral homeotic gene AP ETELA 1 . Nature 360: 273-277. 
(1992). 

208. Kempin, S.A., Savidge, B.,Yanofski, M.F.. Molecular basis od the cauliflower 
phenotype in Arabidopsis. Science 267 (5197): 522-525. (1995). 

209. Menzel, G., Apel, K., Melzer, S.. Isolation and analysis of SaMADS C, the APETELA 
1 cDNA homolog from mustard. Plant Physiol. 108(2): 853-854. (1995). 

210. Filipecki, M.K.. Warsaw Agricultural University, Dpt. of Plant Genetics and 
Biotechnology, ul. Nowoursynowska 166, 02-787 Warsaw, Poland. Database accession # 
X97801. 

211. Norman, C., Runswick, M., Pollack, R., Treisman, R.. Isolation and properties of cDNA 
clones encoding SRF, a transcription factor that binds to the c-fos serum response element. 
Cell 55: 989-1003. (1988). 

212. Schmidt, R.J., Veit, B., Mandel, M.A., Mena, M., Hake, S., Yanofsky, M.F.. 
Identification and molecular characterization of ZAGI, the maize homolog of the 
Arabidopsis floral homeotic gene AGAMOUS. Plant Cell 5: 729-737. (1993). 

213. Carr, S.M., Irish, V.F.. Floral homeotic gene expression defines developmental arrest 
stages in Brassica oleraceae L. vars. botrytis and italica. Planta (1996). 

214. Kush, A., Brunelle, A., Sevell, D., Chua, N.-H.. The cDNA sequence of two MADS box 
proteins in Petunia. Plant Physiol. 102: 1051-1052. (1993). 

215. Irish, E. E., Nelson, T.. Sex determination in monoecious and dioecious plants. Plant 
Cell 1: 737-744. (1989). 



130 

216. Krizek, B.A., Meyerowitz, E.M.. The Arabidopsis homeotic genes APETELA3 and 
PISTILLATA are sufficient to provide the B class organ identity function. Development 122: 
11-22. (1996). 

217. Halfter, U., Ali, N., Stockhaus, J., Ren, L., Chua, N.-H.. Ectopic expression of a single 
homeotic gene, the Petunia gene green petal, is sufficient to convert sepals to petaloid 
organs. EMBO J. 13(6): 1443-1449. (1994). 

218. Shore, P., Sharrocks, A.D.. The MADS-box family of transcription factors. Eur. J. 
Biochem. 229: 1-13. (1995). 

219. Jackson, D., Veit, B., Hake, S.. Expression of maize KNOTTED] related homeobox 
genes in the shoot apical meristem predicts patterns of morphogenesis in the vegetative 
shoot. Development 120: 405-413. (1994). 

220. Ray, A., Robinson-Beers, K., Ray, S., Baker, S.C., Lang, J.D., Preuss, D., Milligan, 
S.B., Gasser, C.. Arabidopsis floral homeotic gene BELL (BEL1) controls ovule 
development through negative regulation of AGAMOUS gene (AG). Proc. Nat. Acad. Sci. 
USA 91: 5761-5765. (1994). 

221. Duprey, P., Lesens, C.. Control of skeletal muscle-specific transcription: involvement 
of paired homeodomain and MADS domain transcription factors. Int. J. Dev. Biol. 38: 591
604. (1994). 

222. Esau, K. The Anatomy of Seed Plants. John Wiley & sons, New York, NY. (1977). 
[Reference for Glossary] 

223. Lawrence, E. [ed.]. Henderson's Dictionary of Biological Terms. 11th edition. John 
Wiley & Sons, Inc., New York, NY. (1995).[Reference for Glossary] 

224. Weberling, F. Morphology of Flowers and Inflorescences. Cambridge University Press, 
New York, NY. (1989).[Reference for Glossary] 

225. Woolf, H.B. [ed. in chief]. Webster's New Collegiate Dictionary. G&C Merriam Co, 
Springfield, Mass. (1979). [Reference for Glossary] 

226. Arber, A. Studies in floral morphology, II: on some normal and abnormal crucifers: 
with a discussion of teratology and atavism. New Phytol. 30: 172-203. (1931). [Reference 
for Glossary]. 



131 

APPENDICES
 



132 

APPENDIX A: MAPS OF PTD CLONES
 

cDNA CLONES 

2A10 (PTD cDNA) 

BamHI 
EcoR1 

2A10 Sub 7 

EcoRI 

284 bp 

EcoRV 

284 

coRV 

EcoRV 

HincII XhoI 

695 '917 

2A10 Sub2 

NhoI 

633 by 

2A10 Sub3 

HincII XhoI 

-4( 222 by 
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GENOMIC CLONES 

gPTD 9.5-6 

Eco RV 
Eco RI Barn HI Eco RV Eco RV 

Barn HI 
Eco RI 

1.7 kb 2kb 3.5 kb 1.8 kb 

gPTD V 3.5B 

Eco RV Eco RV,: 

3.5 kb 

gPTD VR 1.8 

Eco RV Eco RI Bam HI Eco RV 
Barn HI 

Eco RI 

1 I 

1.7 kb 2kb 1.8 kb 

gPTD B1.7 

Eco RV Eco RI Bam HI 

1.7 kb 

vector gPTD insert PTD coding sequence 
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APPENDIX B: PTD SEQUENCING PRIMERS 

SEQUENCES OF FORWARD PRIMERS 

gPTD fl: gat tgt gat ttg agc aag gaa tgt c 
gPTD f2: ctt cca acc tct atg cat tcc 

gPTD v35 Ll: taa ccc gtc aaa ccc gag atc c 
gPTD v35 L2: cga gat ccg tgt cat gaa agt c 
gPTD v35 L3: tca aac cca aca aat atg gac c 
gPTD v35 L4: aaa cct tgg att cgt gtt g 

gPTD v35 fl: att tag atc ctg ttt att ttt acg 
gPTD v35 f2: caa ttc tca gaa gcc aca gac 
gPTD v35 f3: ata tgg gtc gtg gaa aga ttg 
gPTD v35 f4: ttc tcg tct ttc ttt ctt ttc ttg 
gPTD v35 f5: aag act att ctg gct tcc tct tac 
gPTD v35 f6: gtc aaa ccc gag atc cgt gtc 
gPTD v35 f7: agg tat gtc ggt aat ggt atc ac 
gPTD v35 f8: ccg aga tcc gtg tca tga aag 
gPTD v35 f9: cta atc atc ctt tta cta ttt acc 

SEQUENCES OF REVERSE PRIMERS 

gPTD rl: tca taa aac tgc aac ata aaa gac 
gPTD r2: aca tac ata cat atg acg gtt gat 
gPTD r3: ggt cga cct caa gca cca ctc aag 
gPTD r4: att ctt aca tat tcc atc aag agg 
pPTD r5: caa gtt caa ggg tgt gta ttt tct 
gPTD r6: cta gat taa cct gct tga tac acc 
gPTD r7: ttg aag gga aag aga aga tga tga 

gPTD v35 r2: ttt taa aac gta aaa ata aac agg 
gPTD v35 r3: gac acg gat ctc ggg ttt gac 
gPTD v35 r4: tta gat agc gtc cat tgt aag agg 
gPTD v35 r5: aga ctt tca tga cac cga tct c 



1:35 

MAP OF PTD SEQUENCING PRIMERS
 

The thin line represents the PTD genomic sequence and encompasses six kb, from 

three kb upstream of the translational start site to three kb downstream of the site. Thick 

lines represent exons. Arrows indicate the approximate positions of sequencing primers. 

)1
L2--)

L1 
)1.- ).---)N. )10.--)---)0.--)P

35f7 35f9 L3 L4 35f6 35f8 35f5 35f135f235f5 
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35f3 35f4 f2 f4 fl 
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ATG 1 2 3 kb 

35r1 r6 r5 r4 r3 r2 f6 

.II( < < < < < -4( 



136 

APPENDIX C: MADS-BOX SEQUENCES IN THE P. TRICHOCARPA GENOME. 

Genomic MADS-box sequences were amplified by touchdown PCR [Don, RH. et al. 

Nuc. Acid Res. 1991; 19: 4008] using degenerate primers that corresponded to conserved 

regions of the MADS-box consensus sequence and included Barn HI and Eco RI recognition 

sequences. The PCR products were separated using agarose gel electrophoresis and gel-

purified products of the appropriate MW were ligated into pBS(KS)(-). Recombinant clones 

were selected and plasmid DNA prepared using standard procedures. T-track analysis of 

inserts was performed on 182 clones. Fifty-eight different T-tracks were discerned, indicating 

that at least 58 different MADS-box sequences are present in the P. trichocarpa genome. Full 

DNA sequencing was performed on clones representing the most divergent groups. 

DEGENERATE MADS-BOX PRIMERS 

BatHI 

MADS 1: 5' CGG GAT CCI ACT/c TCI GCA/G TCA/G CM AA/GI AC 3' 

EcoRI 

MADS 43: 5' CGG AAT TCA TGG GNA/c GNG GNA AA/GA/G T 3' 

MADS1 MADS43
 

129 by
 

MADS domain 
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NUCLEOTIDE SEQUENCES OF P. TRICHOCARPA GENOMIC CLONES AMPLIFIED BY THE PCR 

USING DEGENERATE PRIMERS WITHIN THE MAD S-BOX REGION
 

Ag GAA ATC AAA CGG ATC GAG AAC ACA ACG AAT CGT CAA GTC ACT TTT TGC 
AAA CGT AGA AAT GGT TTG CTC AAG AAA GCT TAC GAG CTC TCT 

PtM 1 GAG ATA AGA AGG ATT GAT AAT TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG GGT GGG TTG TTG AAG NAA GCC AAG GAG CTG TCG 

PtM 2 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG AAT GGA TTG TTG AAG NAA GCG NNA GAA CTG GCG 

PtM12 GTG ATA CGC AGG ATC GAC AAT TCG ACA AGT AGG CAA GTT ACT TTC TCC 
AAA AGA AGA AGT GGG CTG CTT AAG AAG GCT AAG GAG CTA GCA 

PtM15 GAG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG AAT GGA TTG TTG AAG NAA GCA NNA GAA CTG GCG 

PtM20 GAG ATC AAG CGG ATC GAG AAC ACC ACC AAT CGC CAA GTC ACT TTC TGC 
AAA AGG CGC AGT GGT TTG CTC AAG NAA GCC TAC GAA TTA TCC 

PtM21 GTG ATA CGC AGG ATC GAC AAT TCG ACA AGT AGG CAA GTT ACT TTC TCC 
AAA AGA AGA AGT GAG CTG CTT AAG AAG GCT AAG GAG CTA GCA 

PtM26 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AAG CAA GTG ACC TTC TCA 
AAG AGG AGG AAT GGA TTG TTG AAG AAG CGN NNA GAA CTG G 

PtM41 GAG ATC AAG AGG ATC GAG AAC ACT ACG AAT CGT CAG GTT ACT TTC TGC 
AAG AGG AGA AAT GGG CTG TTG AAG NAA GCC TAT GAA TTA TCT 

PtM46 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG AGG AAT GGA TTG TTG AAG AAG CGN NAG ACT 

PtM50 GAG ATC AAG AGG ATC GAG AAC ACT ACG AAT CGT CAG GTT ACT TTC TGS 
AAG AGA AGA AAT GGG CTG TTG AAG AAA GCC TAT GAA TT 

PtM51 GAG ATA AGA AGA ATT GAT AAT TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG AAT GGA TTG TTG AAG AAG CNN AGA C 

PtM52 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG AAT GGA TTG TTG AAG AAG CGN NRG ACT 

PtM53 GAG ATA AGA AGA ATT GAT ATT TCG ANN AGC AGG CAA GTG ACC TTC 
TCA AAG AGG AGG GAT GGA TTG TTG AAG AAG CGN NAG ACT 

PtM55 AGG ATC GAC AAT TCG ACA AGN AGG CAA GTT ACT TTC TCC AAA AGA AGA 
AGT GGG CTG CTT AAG AAG GCT AAG GAG CT 

PtM56 GAG ATA AGA AGA ATT GAT AAT TCG ACT AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG GGT GGT TTG TTG AAG AAG GCC AAG GAG CT 

PtM59 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG AAT GGA TTG TTG AAG AAG CGN NAG ACT 
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PtM64 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG GGT GGG TTG TTG AAG AAG GCC AAG GAG CTG GCG 

PtM67 GAG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG GGT GGG TTG TTG AAG AAA ACC AAG GAG CTG GCG 

PtM85 GAG ATA AGA AGG ATT GAT AAT TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG GGT GGG TTG TTG AAG AAG GCC AAG GAA CTG GCG 

PtM90 GAG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA 
AAG AGG AGG AAT GAT TTG TTG AAG AAG CGN AAG 

PtM105 GAG ATA AGA AGG ATT GAT AAT TCG ACA AGC AGG CAA GTA ACC TTC TCA
 
AAG AGG AGG GGT GGT TTG TTG AAG AAG GCC AAG GAG CTG GCG
 

PtM113 GAG ATA AGA AGG ATT GAT AAT TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG AGT GGG TTG TTG AAG AAG GCC AAG GAG CTG GCG
 

PtM119 GAG ATA AGA AGG ATT GAT AAT TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
ATG AGG AGG GGT GGG TTG TTG AAG AAG GCC AAG GAG CTG GCG
 

PtM124 GTG ATA AGA AGG ATT GAT AAT TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG GGT GGG TTG TTG AAG AAG GCC AAG GAG CTG GCG
 

PtM143 GTG ATA AGA AGG ATT GAT AAC TCTGACTAAGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG AAT GGA TTG TTG AAG TAA GCC NWG WAC TGG YKG
 

PtM148 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG AAT GAT TGT TGA AGA AGC NNA GAC TGG CGG TCC
 

PtM150 GTG ATA AGA AGA ATT GAT AAT TCG ACA AGC CGG CAA GTG ACC TTC TCA
 
AAG AGG AGG GGT GGG TTG TTG AAG AAA GCN NNN GAA CTG GCG
 

PtM158 GTG ATA AGA AGG ATT GCT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG GGT GGG TTG TTG AAG AAG CCN DGG C
 

PtM167 GAG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG CGA GGT GGA TTG TTG AAG AAG CCA AAG GAA GCT
 

PtM172 GAG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG AAT GGA TTG TTG AAG AAG AGH NAG AAA T
 

PtM176 GTG ABA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG AAT GGA TCG TTG AAG AAG CGN NGA GAC
 

PtM179 GTG ATA AGA AGG ATT GAT AAC TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG AAT GGA TTG TTG AAG AAA GCG
 

PtM182 GAG ATA AGA AGG ATT GAT AAT TCG ACA AGC AGG CAA GTG ACC TTC TCA
 
AAG AGG AGG GGT GGG TTG TTG AAG AAA GCC AAG GAG CT
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APPENDIX D: GLOSSARY OF TERMS 

abapical: pertaining to or situated at the lower pole; away from the apex 

abaxial: that surface which is furthest from or turned away from the axis; a position on the 
median plane of a flower or floral bud between the transversal plane and the subtending bract; 
a structure is said to be abaxial when its median plane coincides with the median plane of the 
flower under the above conditions 

abscission: the shedding of leaves, flowers, fruits, or other plant parts, usually after formation 
of an abscission layer 

abscission layer: layer of cells the disjunction or breakdown of which causes the shedding 
of a plant part 

accessory bud: a bud located above or on either side of the main axillary bud 

achlamydeous: lacking both calyx and corolla 

adaxial: the surface nearest to the axis; a position on the median plane of a flower or floral 
bud between the transversal plane and the inflorescence axis. A structure is said to be adaxial 
when its median plane coincides with the median plane of a flower under the above conditions 

acropetally: ascending; leaves, flowers, or roots developing successively along an axis so that 
the youngest are at the apex 

actinomorphic: radially symmetric 

adnation: grown to an unlike part, especially along a margin; coalescence of organs of a 
different class; union of members of different whorls in a flower 

adventitious: describes structures arising not at their usual sites 

ament: catkin; a slender, often pendent, usually scaly spike bearing unisexual, apetalous 
flowers and finally deciduous as a whole. (i.e., Salix, Populus, Betula). 

amorphous: of indeterminate or irregular form 

amphipathic: possessing both a hydrophobic and a hydrophilic portion in the same molecule 

amphisporangiate: having sporophylls bearing both megasporangia and microsporangia 
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anatomy: the study of structure 

anatropous: having the ovule inverted so that the micropyle is bent down to the funiculus to 
which the body of the ovule is united 

androecium: stamen 

andromonoecious: hermaphrodite and staminate flowers on the same plant 

androdioecious: hermaphroditic and staminate flowers born on different plants in the 
population 

anemophily: wind-pollination 

anthesis: stage or period at which flower buds open; flowering 

antipodals: three or more cells located at the chalazal end of the mature embryo sac in 
angiosperms 

apical meristem: a group of meristematic cells at the apex of a root or shoot that by cell 
division produce the precursors of the primary tissues of root or shoot; may be vegetative or 
reproductive 

archesporium: cell or mass of cells dividing to form spore mother cells, in anthers generating 
the pollen mother cells 

axillary bud: bud in the axil of a leaf 

bract: a reduced leaf, commonly a subtending leaf in inflorescences 

cadastral: showing or recording boundaries, subdivision lines, and related details 

callose: amorphous polysaccharide of glucose; 13-1,3 glucan 

calyx: the sepals, collectively 

carpel: female reproductive structure in angiosperm flowers; consists of the stigma, style, 
ovary, and ovule; the carpels together make up the pistil 

carpellate: describes a flower containing carpels but not stamens; having carpels 

catkin: inflorescence consisting of a hanging spike of small unisexual flowers interspersed 
with bracts, as in willows, poplars, and hazel 
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centrifugally: turning or turned away from the center or axis 

chalaza: region in the ovule opposite the micropyle where the integuments and the nucellus 
merge with the Emiculus 

cladoptosis: a form of asexual reproduction which involves the shedding of branchlets via 
formation of an abscission layer; common to Populus species of section Tacamahaca. 

corolla: the petals, collectively 

cortex: the primary ground tissue region between the vascular system and the epidermis in 
stem and root 

crassinucellar: having a thick nucellus 

cuticle: a layer of fatty material, cutin, which is rather impervious to water, located on the 
outer walls of epidermal cells 

decussate: arranged in pairs, each pair at a right angle to the previous one 

dehiscence: the spontaneous opening of an organ or structure along certain lines or in a 
definite direction 

dictyosome: a membrane system composed of stacked cisternae each producing vesicles at 
the periphery; when highly active in this process a cisterna may appear netted. Also called 
golgi body or golgi apparatus. 

ectopic: not in the normal location 

endothecium: the inner lining of a mature anther 

endothelium: the innermost layer of the integument lining the embryo sac in some taxa; also 
called the integumentary tapetum. 

entomophily: pollination by insects 

epidermis: the outer layer of cells in the plant body primary in origin 

epiphyllous: having adventitious shoots on the leaves 

eriophyid: any of a large family (Eriophyidae) of minute plant-eating mites that have two 
pairs of legs at front and no respiratory system. 
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exine: the outer wall of a spore or pollen grain 

filiform apparatus: a complex of cell wall invaginations in a synergid cell similar to those in 
transfer cells 

flavonoid: any of various compounds containing a C6-C3-C6 skeleton, the C6 parts being 
benzene rings and the C3 part varying in different compunds; includes many water-soluble 
plant pigments 

floral apex: that portion of a floral bud inside the innermost primordium or primordia. It is 
usually impossible to delimit the floral apex sharply from the surrounding primordia or 
primordium 

funiculus: the stalk of a plant ovule 

gametophyte: the haploid gamete-forming phase in the alternation of generations in plants 

girdling primordium: A primordium that encircles completely the floral apex or any other 
portion of the developing flower. Its outline may be circular or elliptical or with corners. 

ground tissue: tissues other than the vascular tissues, the epidermis, and the periderm 

gynoecium: the aggregate of carpels in a flower; pistil; excludes the placentae and ovules 

hermaphrodite: flowers contain both androecium and gynoecium 

heterochronic: mutations that affect the timing of a developmental process 

heterosporous: producing two kinds of spores by meiosis, megaspores and microspores, i.e. 
all seed plants, some ferns, and club mosses 

homologous: resembling in structure and origin; genes having the same phylogenetic origin 
but not necessarily the same final structure or function; DNAs of identical or very similar base 
sequence 

inflorescence: any aggregation of flowers; may also include the flowering shoots and 
associated bracts and fronds 

integument: covering, investing or coating structure or layer; coat of ovule 

integumentary tapetum: ovule endothelium; a layer of deeply staining cells with an 
abundance of endoplasmic reticulum. 
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homeotic gene: genes whose products are required for specifying the identity of a part e.g. 
a leg, antennae, flower, leaf, stamen, petal, etc.. Homeotic genes are identified by observing 
the phenotypes of individuals with mutant genes, as mutation of a homeotic gene results in 
the transformation of a part into an inappropriate part. For example, a mutation in a floral 
homeotic gene may result in the appearance of an inflorescence where a flower would 
normally develop, as seen in the Arabidopsis mutant leafy, or a sepal where a petal should be, 
as in the Arabidopsis mutant apetela 3. 

MCM1: yeast regulatory protein involved in cell type determination 

medial: towards the middle 

megagametophyte: in heterosporous plants, the female gametophyte, which develops from 
a megaspore 

megaspore: in heterosporous plants, the spore that gives rise to the female gametophyte, and 
which is formed in a megasporangium; in any organism that produces two types of spore, the 
larger spore 

microgametophyte: in heterosporous plants, the male gametophyte, which develops from 
a microspore 

microspore: in heterosporous plants, the spore that gives rise to the male gametophyte, and 
which is formed in a microsporangium, in any organism that produces two types of spore, the 
smaller spore 

monoclinous: having both stamens and pistils in the same flower 

monosporangiate: having sporophylls bearing either megasporangia or microsporangia but 
not both; describes a unisexual flower 

morphology: the study of form and its development 

nucellus: the central and chief part of a plant ovule that contains the embryo sac 

orthologous: genes in different species that are homologous because they are derived from 
a common ancestral gene. 

ovule: a structure in seed plants enclosing the female gametophyte and composed of the 
nucellus, one or two integuments, and funiculus; differentiates into the seed. 

paralogous two genes in a genome that are similar because they derive from a gene 
duplication 
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parenchyma: a nonspecialized cell 

parietal: next to, or forming part of the wall of a structure; placentation of a plant ovary 
where the ovules are borne in rows on the carpel wall or extensions to it 

pedicle: the stalk of a single flower in an inflorescence of several flowers 

peduncle: a stalk bearing a flower or flower cluster or a fructification; the stem of an 
inflorescence 

pedunculate: having, growing on, or being attached by a peduncle 

pelorism: unexpected actinomorphic flowers on an inflorescence that normally carries 
zygomorphic flowers 

pentalocular: 5 chambered 

periderm: secondary protective tissue that replaces the epidermis in stems and roots. Consists 
of phellum (cork), phellogen (cork cambium), and phelloderm. 

perugynous: borne on a ring or cup of the receptacle surrounding a pistil 

phragmoplast: consists of two sets of microtubules, both oriented at right angles to the 
division plane of a cell undergoing mitosis. It constructs the cell wall that will partition the 
cytoplasm and separate the two daughter nuclei of the dividing cell. 

photoperiod: duration of daily exposure to light 

phyllody: transformation of floral organs to leaf-like structures 

phyllotaxy: the arrangement of leaves on a stem and their relationship to one another 

pistil: the carpels collectively when fused into a single structure; each carpel with its stigma 
and style in flowers with carpels separate 

pollen grain: the haploid microspore of a seed plant, enclosing the partly developed 
microgametophyte from which the male gamete develops 

polyandry: having twenty of more stamens 

primordium: a developing structure at the stage at which it starts to assume a form; group 
of immature cells that will form a particular structure. 
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receptacle: the axis of a flower which cannot be sharply delimited from the floral appendages 

septa: walls or membranes 

shelterbelt: a barrier of trees and shrubs that protects (as crops) from wind and storm and 
lessens erosion 

silique: a narrow elongated two-valved usually many-seeded capsule that is characteristic of 
the mustard family, opens by sutures at either margin, and has two parietal placentas 

sporophyll: a leaf, or structure derived from a leaf, that bears a sporangium, and which may 
be modified, as the stamens and carpels of a flower 

squamule: a small scale; small filamentous structure found at the base of pedicels in 
Nasturtium and interpreted to be stipules for a nonexistent bract 

SRF: serum response factor; human transcription factor which regulates the c-fos proto
oncogene in response to serum factors 

SRF':a CArG binding protein regulating somite- specific expression of the cardiac alpha-actin 
gene in early Xenopus embryos 

stamen: male reproductive organ (microsporophyll) of a flower, consisting of stalk or 
filament bearing an anther in which pollen is produced 

staminate: describes a flower containing stamens but not carpels 

stigma: the upper portion of the carpel which receives the pollen and which is connected to 
the ovary by an elongated structure, the style 

stipule: leaf-like or bract-like outgrowths at the base of a leaf stalk, sometimes modified as 
spines or tendrils 

stomium: a fissure or pore in the anther lobe through which the pollen is released. Its 
formation is a type of dehiscence. 

style: portion of carpel connecting stigma and ovary, often slender and elongated 

synapomorphy: in cladistic phylogenetics denotes a homologous character common to two 
or more taxa and thought to have originated in their most recent common ancestor 

syncarpous: having the carpels of the gynoecium united in a compound ovary 
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synergids: two cells in the micropylar end of the embryo sac associated with the egg in the 
egg apparatus of angiosperms. Play a vital role in fertilization. 

tapetum: in the anther, a layer of cells lining the locule and absorbed as the pollen grain 
matures. In ovules, the integumentary epidermis next to the embryo sac; also called the 
endothelium 

trichome: any of various outgrowths of the epidermis in plants, including branched and 
unbranched hairs, vesicles, hooks, spines, and stinging hairs 

tunica: outer covering; outer wall of an organ 

unitegmic: having a single integument 

vernalization: the exposure of certain plants or their seeds to a period of cold which is 
necessary either to cause them to flower at all or to make them flower earlier than usual 

virescence: becoming green 

viviparous: germinating while still attached to the parent plant 

zygomorphic: not radially symmetric; bilaterally symmetrical and capable of division into 
essentially symmetrical halves by only one longitudinal plane passing through the axis 
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APPENDIX E: DETAILED METHODS 

RNA EXTRACTION (from Hughes & Galau, 1988) 

1) Grind 0.8g tissue in 10 mis. homogenization buffer. Pour into 15m1 Falcon tube and 
freeze @ -80 C. 

Homogenization buffer (50 mis.) 
10 mis 1 M tris (pH 8.5) 
1.5 mis 10 M LiC1 
1 ml 0.5 M Na3EDTA 
2 mis 25 % NP-40 
5 mis 15 % Li Dodecyl Sulfate 
5 mis 10 % Na Deoxycholate

1 M DTT0.5 mis 
0.02 g thiourea 
0.02 g aurintricarboxylic acid dissolved in ethanol 

-Bring to 50 mis in 50 ml Falcon tube with water. Chill on ice. Use immediately. 

2) Thaw homogenates in 37 C W/B. Immediately transfer to ice. 

Add: 
4 mis 5 M K acetate (pH 6.5) 

Mix by inversion.
 
Spin 20 min. at 4 C in SA600 rotor at 5880 rpm.
 
Strain through sterile miracloth into Falcon tube.
 
Extract with an equal volume of phenol/chloroform/IAA until no white interphase is
 

present. 

Add: 
1 ml 3.3 M Na Acetate (pH 6.1) 
5 ml isopropanol 

Ppt. 1 hour at -20 C.
 
Spin 30 min. at 5880 rpm at 4C.
 
Discard S/N.
 
Resuspend pellet in 800 ul TE.
 
Transfer to 1.5 ml microfuge tube.
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Add: 
200 ul 10 M LiC1 

Ppt. on ice in 4C fridge 0/N. 

3) Spin 30 min. at 4C in Eppendorf microfuge. 
Discard S/N. 
Resuspend pellet in 200 ul 10:1 TE. 

Add:
 
300 ul 5 M K Acetate (pH 8.1)
 

Ppt. 5 hours or 0/N on ice in fridge.
 

4) Spin 30 min. at 4 C in microfuge. 
Discard S/N. 
Resuspend in 100 ul TE. 
Incubate 1 hour or longer on ice, with occasional vortexing 
and pipetting up and down, to resuspend pellet. 
Remove and save upper aqueous phase. 

Add:
 
11 ul 3.3 M Na Ac (pH6.1)
 

200 ul etoh
 

ppt. 1 hour at -20 C.
 
Spin 30 min. in microfuge at 4 C.
 
Wash pellet with 70 %, then 100 % etoh.
 
Dry. Resuspend in 100 ul TE or water.
 
Store at -80 C.
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PREPARATION OF POPULUS GENOMIC DNA (Alex Krupkin) 

1. Grind 40 g fresh leaves in liquid nitrogen in a Waring blender. 
2. Pour powdered sample into a one liter beaker. Add 170 ml extraction buffer. Grind with 
polytron on setting 5 until all clumps are gone. 

extraction buffer 
0.1 % BSA 
0.35 M sorbitol 
50 mM tris.HC1 (pH 8.0) 
5 mM EDTA 
10% PEG 4000 
0.5% 3- mercaptoethanol 
0.1% spermine tetrachloride 
0.1% spermidine trihydrochloride 

3. Strain homogenate through 4 layers of cheesecloth into 250 ml centrifuge tube placed in 
ice. Rinse beaker with 30 ml of extraction buffer and add to centrifuge tube. 
4. Centrifuge 10 minutes in GSA rotor at 9000 rpm at 4°C. 
5. Pour off supernatant and resuspend pellets in 10 ml ice cold wash buffer using rapid 
brushing. 

wash buffer 
0.35 M sorbitol 
50 M tris-110 (pH 8.0) 
25 mM EDTA 
0.1% P-mercaptoethanol 

6. Transfer suspension to 50 ml centrifuge tubes and add 1/10 volume 10% sarkosyl 
7. Warm tubes 15 minutes in room temperature water. 
8. Add 1/7 volume (1.5 ml) 5 M NaCl. Shake vigorously. 
9. Add 1/10 volume (1.2 ml) 8.6% CTAB; 0.7 M NaCl. Shake vigorously. 
10. Incubate 10 minutes at 60°C. 
11. Cool to room temperature. Add 20 gl 10 mg/ml RNase. Incubate 10 minutes at 37°C. 
12. Add 20 ml chloroform:octanol (24:1). Shake vigorously. 
13. Centrifuge 10 minutes in tabletop centrifuge. 
14. Transfer upper aqueous phase to a new tube. 
15. Add 2/3 volume isopropanol. Mix by inversion. 
16. Hook out clot of precipitate with hooked pasteur pipet. 
17. Transfer the precipitate to a 50 ml centrifuge tube containing 20 ml 76% ethanol; 10 
mM ammonium acetate. Incubate 20 minutes to overnight. 
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18. Drain liquid from pellet then invert in microcentrifuge tube rack. Dry in laminar flow 
hood for 30 minutes or in vacuum chamber. 
19. Transfer to 1.5 ml tube containing 200-1000 gl TE (10:1). Remove DNA from pipet 
after 10 minutes by gently lifting and twisting pipet in tube. Store at 4°C for 1-2 days to 
resuspend. 



151 

CHECKLIST FOR TISSUE FIXATION, DEHYDRATION, AND PARAPLAST® INFILTRATION 

Vac Time Out 

FAA 10 min.@1,2,3h 3 h 
50% etoh light 30 min. 
50% etoh light 30 min. 
60% etoh light 30 min. 
70% etoh light 30 min. 
80% etoh light 30 min. 
95% etoh light 30 min. 
100% etoh 30 min. 
100% etoh 0/N 
100% etoh 1 h 
100% etoh 1 h 
25% xylene; 75%etoh 30 min. 
50/50 xylene/etoh 30 min. 
75% xylene; 25 %etoh 30 min. 
xylene 1 h 
xylene 1 h 
xylene 1 h 
15 chips Paraplast Plus 0/N 
5 chips Paraplast Plus 3 h 42 C 
5 chips Paraplast Plus 3 h 42 C 
Paraplast 8 h 60 C 
Paraplast 8 h 60 C 
Paraplast 8 h 60 C 
Paraplast 8 h 60 C 
Paraplast 8 h 60 C 
Paraplast 8 h 60 C 
Paraplast 8 h 60 C 
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IN SITU HYBRIDIZATION (Alan Kelly) 

I. Preparation of Tissue sections 
A. Fixation 

1. Place freshly dissected bud in 10 mis of fresh FAA 
FAA 

50 mls 100 % etoh 
5 mls glacial acetic acid 
10.3 mis 36 % formaldehyde 

2. Fix for 3 hours with occasional swirling. Slowly degas in a 
desiccator for 10 min. at 0, 1 hour, and 2 hours. 

B. Dehydration and Infiltration with Paraplast® 
1. Discard fixative in waste bottle 
2. 30 min. in 10 ml 50 etoh under light vacuum 
3. 30 min. in 10 ml 60 % etoh under light vacuum 
4. 30 min. in 10 ml 70 % etoh under light vacuum 
5. 30 min. in 10 ml 80 % etoh under light vacuum 
6. 30 min. in 10 ml 95 % etoh under light vacuum 
7. 30 min. in 10 ml 100 % etoh under light vacuum 
8. o/n in 10 ml 100 % etoh (no vacuum) 
9. 1 hour in 10 ml 100 % etoh 
10. 1 hour in 10 ml 100 % etoh 
11. 30 min. in 25% xylene; 75% etoh 
12. 30 min. in 50% xylene; 50 % etoh 
13. 30 min. in 75 % xylene; 25 etoh 
14. 1 hour in 100 % xylene 
15. 1 hour in 100 % xylene 
16. 1 hour in 100 % xylene 
17. add 15 chips Paraplast Plus (Fisher). leave o/n 
18. Add 5 chips Paraplast Plus. 3 hours @ 42 C 
19. Add 5 chips Paraplast Plus. 3 hours @ 42 C 
20. Pour off paraplast/xylene solution into xylene waste 
21. Add 10 ml melted paraplast (60 C) 
22. 8 hours @ 42 C 
23. Add 10 ml melted Paraplast Plus (60 C) 8 hours @ 60 C 
24. Add 10 ml melted Paraplast Plus (60 C) 8 hours @ 60 C 
25. Add 10 ml melted Paraplast Plus (60 C) 8 hours @ 60 C 
26. Add 10 ml melted Paraplast Plus (60 C) 8 hours @ 60 C 
27. Add 10 ml melted Paraplast Plus (60 C) 8 hours @ 60 C 
28. Add 10 ml melted Paraplast Plus (60 C) 8 hours @ 60 C 
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C. Embedding 
1. Prewarm Peel-A-Way molds, dissecting needles, and 

tweezers to 60 C 
2. Pour Paraplast Plus with tissue into mold and arrange the tissue 

in the bottom of the mold 
3. Let Paraplast Plus block harden o/n at RT 
4. Store in cool dry box (can be stored at least 1 year) 

D. Pretreatment of slides 
1. Rinse slides 15 min. in acetone 
2. Add one bottle (7 mls) Vectabond® Reagent (Vector Labs) to 

350 mis acetone 
3. Soak slides 15 min. in Vectabond solution 
4. Dip slides in nanopure water 
5. Air dry in flow-hood 
6. Store in dust-free slide box (at least one year) 

E. Sectioning 
1. Remove Peel-A-Way molds and trim Paraplast blocks with 

razor to trapezoidal shape 
2. Attach block to wood chuck with melted wax 
3. Mount wood chuck in microtome so that longest side of 

trapezoid is on the bottom 
4. Cut 10 gm sections in ribbons 
5. Trim ribbons into slide-lengths using dissecting needle and forceps 
6. Float a short ribbon on 45 C distilled water for a few 

minutes until it has decompressed 
7. Align slide under ribbon and raise slide 
8. Incubate o/n @ 42 C on slide-warmer 
9. Store in dust-free slide box @ RT 

II. Synthesis of single-stranded RNA probes 
A. Preparation of DNA template 

1. Linearize the template with the appropriate restriction 
enzymes (avoid enzymes which produce a 3' overhang): 

10 gg plasmid template 
20 gl 10 x restriction enzyme buffer 
10 gl restriction enzyme 
water to 200 gl 

Incubate o/n @ 37 C 
2. Add 1 gl 10 mg/ml proteinase K. 30 ' @ 37 C. 
3. Extract with 200 gl phenol/chloroform/IAA (Sigma) 
4. Ppt. with 1/10 V (20 gl) 3 M Na Ac, 2.5 V (250 p.1) etoh (5 

min. on dry ice, 15 min. @ -70, or 30 min. @ -20) 
5. Wash with 70% etoh, dry in speedvac 
6. Resuspend in TE or water at 1 gg/gl. 
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B. Transcription reaction 
1. Materials 

a. screw-top tubes 
b. 5 X transcription buffer (Promega) 
c. 100 mM DTT (Promega) 
d. RNasin (Promega, 40 U/ml) 
e. 2.5 mM each rATP, rGTP, rUTP 

(1) 25 ul 10 mM rATP (Stratagene) 
(2) 25 ul 10 mM rGTP (Stratagene) 
(3) 25 ul 10 mM rUTP (Stratagene) 
(4) 25 ul DEPC-treated water (Stratagene) 

f DNA template 
g. 35S-rCTP (Amersham SJ.40382) or (NEN NEG-064C) 
h. water 
i. T3 or T7 polymerase (20 U/ul) (Promega) 
j. DE 81 filters 
k. 0.5 M Na Phosphate pH 6.5 
1. 70 % etoh 
m. RQ1 DNase (1 U/ul) (Promega) 
n. TE 
o. DTT (100 mM) (Promega) 
p. yeast tRNA (10 mg/ml) (BRL) 
q. phenol/chloroform/IAA (Sigma ) 
r. 3 M Na acetate (pH 5.2) 
s. 95 % etoh 
t. 37 C water bath 

2.Preparation 
a. Defrost 35S 
b. Defrost components on ice. 

3. In screw-top tube, at room temperature, assemble the following: 
4 p.15 x transcription buffer 
2 111 100 mM DTT 
0.5 111 RNasin or RNase block II 
4 1112.5 mM each ATP, GTP, UTP 
1 111(1 ug) linearized DNA template 
6 IA 35S-CTP 
1.5 p.1 water 
1 p.1 T3 or T7 polymerase 

4. Incubate 1 hour @ 37-40 C. 
5. Add 30 ul water. 
6. Spot 1µl of a 1:100 dilution on each of 2 DE81 circles. Dry. Wash one 

filter 4 X for 5 minutes each in 0.5M Na Phosphate (pH 6.5). 
Wash this filter in 70% ethanol for 2 minutes. Rinse with 95% 
ethanol. Dry. Put in vials with scintillation fluid and count. Use for 
calculation of specific activity in step 12. 



155 

7.Add 1 Ill RQ1 DNase. Incubate 15 min. @ 37 C. 
8. Add:
 

135 µ1TE
 
15 1.11100 mM DTT 
2 IA 10 ug/ul tRNA 

9. Add 200 IA phenol/chloroform. Extract. 
10. Add 200 µl chloroform. Extract. 
11. Ppt. with: 

25 1113 M Na Acetate 
650 Ill 95% etoh. 

12. Resuspend in 50 .il water. 
13. Determine amount of probe synthesized: 

a. µg RNA probe = (washed/unwashed)(moles /ul CTP)(20 µl Rx 
volume)(340 daltons/base)(4 bases) = (washed/unwashed)(1.5 
x 10-5)(20)(340)(4). Expect approximately 75% incorporation, 

b. the maximum theoretical yield is (1)(1.5 x 10-5M) (20 gl) 
(340)(4) = 0.41 µg RNA. Use 0.01 to 0.3 [ig probe/ml. 
Expect approximately 0.31 lig of RNA to be 
synthesized. 

III. Hybridization of tissue sections 
A. Prehybridization of sections 

1. Materials 
a. 2 staining dishes with xylene 
b. 2 staining dishes with 100% etoh 
c. 1 staining dish each filled with: 

(1) 95 % etoh 
(2) 85 % etoh 
(3) 70 % etoh 
(4) 50 etoh 
(5) 30 % etoh 
(6) 15 % etoh 

d. 4 staining dishes filled with water 
e. 1 warmed (37 C) staining dish with proteinase K 

buffer (100 mM tris pH 7.5, 50 mM EDTA) 
f. fresh 5 mg/ml proteinase K 
g. 100 mM triethanolamine pH 8 (15 g trieth + 1 liter 

water; adjust pH with HC1) 
h. acetic anhydride 
i. staining dish for acetic anhydride 
j. staining dish for trieth/acetic anhydride solution. 
k. 2 staining dishes with 2 x SSC 
1. vacuum desiccator 

2. Preparation 
a. Fill staining dishes for ethanol series 
b. Prepare 600 mis 2 x SSC and fill dishes 
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c. Prepare proteinase K buffer (100 mM Tris pH 7.5; 50 
mM EDTA) and warm to 37 C 

d. Prepare 5 mg/ml proteinase K solution 
e. Prepare 1 liter triethanolamine and fill 2 dishes 
f Have acetic anhydride ready to add at last minute 
g. Select slides 

3. 10 min. in xylene with occasional dipping up and down. 
4. 10 min. in xylene with occasional dipping up and down. 
5. 10 dips each in: 

a. 100 % etoh 
b. 100 % etoh 
c. 95 etoh 
d. 85 % etoh 
e. 70 % etoh
 
f 50 % etoh
 
g. 30 % etoh 
h. 15 % etoh 
i. water 
j. water 

The 15-85% ethanols may be saved for later steps. 95 % 
and 100% ethanols and water should be replaced after each use. 

6. 30 mM. in proteinase K solution @ 37 C 

proteinase K solution 
25 mis 1 M tris-Cl (pH 7.5) 
25 mis 0.5 M EDTA 

Bring to 250 mis with water. 

Before use, add:
 
25 IA 10 mg/ml proteinase K
 

7. rinse the slides in a staining dish filled with water. Repeat with fresh 
water. 

8. five mM. in 100 mM triethanolamine-Cl (pH 8.0) (15 g triethanolamine 
+ 1 liter water) 

9. ten mM. in acetic anhydride solution 

acetic anhydride solution 
a. put 625 gl acetic anhydride in bottom of staining dish 
b. add 250 ml 100 mM triethanolamine 
c. add slides immediately and dip up and down twice to mix. 
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8. rinse five min. in fresh 2 x SSC 

20 x SSC
 
3 M NaCl
 
0.3 M Na Citrate (pH 7.0) 

9. rinse five min. in fresh 2 x SSC 
10. ten dips each in: 

a. 15 % etoh 
b. 30 % etoh 
c. 50 % etoh 
d. 70 % etoh 
e. 85 % etoh
 
f 95 % etoh
 
g. 100 % etoh 

11. dry in desiccator under light vacuum for 1 hour 
B. Hybridization 

1. Preparation 
a. Prepare hybridization solution and warm to 42 C. (One ml will 

be enough for ten 25 x 40 coverslips) 

1 ml hybridization solution (1.15x) 
500 µl deionized formamide (Sigma) 
60 05 M NaCl(RNAse-free from Sigma) 
10 gl 1 M tris (pH 7.5) 
2 ill 0.5 M EDTA (RNAse-free from Sigma) 

70 gl 1 M DTT 
10 pl 100 x Denhardt's (RNAse-free available from 

51-43' or prepare as below) 
200 gl 50% dextran sulfate (RNAse-free from 5'--÷3') 

100 x Denhardt's solution 
10 g ficoll 
10 g polyvinylpyrrolidone 
10 g BSA (fraction V) 
water to 500 mls 
Filter through Whatman paper and store at -20°C. 

b. Set heat block to 80°C 
c. Set incubator to 42°C 
d. Prepare humidity chamber with Whatman paper, 

pipettes, and slide tray 
e. Prepare 50% formamide/2x SSC solution for chamber 

(1) 500 mls formamide 
(2) 100 mis 20 x SSC 
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(3) 400 mis water 
2. Prepare probe solution: 

(1) mix : 
15 gl 10 mg/ml yeast tRNA (BRL) 
50 gl 10 mg/ml poly A (Sigma) 
50 gl probe 

(2) denature 3 min. @ 80°C 
(3) quick-cool in ice 

3. Determine amount of probe solution to add to hybridization solution for 
desired concentration. It is preferable to test a variety of 
concentrations between 10 and 300 ng/gl. Mix the desired amount 
of probe solution with water to yield a ration of 30 gl of probe 
solution per ml of hybridization solution. 

4. hold tube with probe at 42°C while applying to slides 
5. place slides in metal slide tray 
6. apply 95 gl final hyb solution to each slide 
7. cover each slide with a coverslip 
8. place tray with slides into humidity chamber and seal 

a. place chamber in 42° C air incubator o/n 
C. Washes 

1. Materials (in hot room) (14 slide dishes) 
a. 1-liter beaker reserved for 35S (for soaking off cover-

slips) 
b. three liters of 4 x SSPE warmed to 37 C + 5 mM DTT 
c. staining dish with prewarmed RNase buffer (10 mM 

tris pH 7.5, 1 mM EDTA, 500 mM NaC1) reserved 
for RNase use only 

d. RNase A 
e. three staining dishes for 4 x SSPE, 5 mM DTT 

prewarmed to 37°C 
f. four liters of 2 x SSPE, 2 mM DTT 
g. three liters of 0.2 x SSPE, 1 mM DTT warmed to 57 C (for high 

stringency wash) 
h. three staining dishes for 2 x SSPE/2 mM DTT 
i. 4-liter beaker 
j. shaker or stir-plate for large beaker 
k. hanging slide rack 
1. staining dishes reserved for RNase use only with: 

(1) 30 % etoh 
(2) 50 % 
(3) 70 % 
(4) 85 % 
(5) 95 % 
(6) 100 % 
(7) 100 % 
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m. vacuum desiccator 
2. Preparation 

a. Prepare three liters of 4 x SSPE solution for
 
washes. Prewarm to 37°C the night before.
 

b. Prepare four liters of 2 x SSPE; 2 mM DTT 
c. Prepare three liters of0.2 x SSPE; 1 mM DTT and prewarm 

to 57°C for high stringency wash. 
d. Prepare and prewarm RNase buffer to 37°C : 

(1) 2.5 ml 1 M tris.Cl (pH 7.5) 
(2) 500 ul 0.5 M EDTA 
(3) 25 ml 5 M NaC1 
(4) to 250 ml with water 

e. Prepare ethanol dehydration series in staining dishes 
f Add DTT to 4 x SSPE ( 0.77 g/liter) 
g. Add DTT to 2 x SSPE (0.308 g/liter) 
h. Add DTT to 0.2 x SSPE (0.154 g/liter) 
i. Fill a one liter beaker with 4 x SSPE/5 mM DTT 
j. Fill 3 staining dishes with 4 x SSPE/5 mM DTT
 

prewarmed to 37° C
 
k. Fill 3 staining dishes with 2 x SSPE/2 mM DTT 
1. Fill a large beaker with 3 liters 2 x SSPE/ 2 mM DTT 
m. Soak slides in 1 liter of prewarmed (37° C) 4 x SSPE; 5 mM 

DTT until coverslips fall off 
3. 15 min. in 4 x SSPE;5 mM DTT @ 37° C in stainingdish 
4. 15 mM. in 4 x SSPE;5 mM DTT @ 37° C in stainingdish 
5. 15 mM. in 4 x SSPE;5 mM DTT @ 37° C in stainingdish 
6. 30 mM. in RNase solution in staining dish @ 37° C: 

RNase solution
 
250 mis RNase buffer
 

6.3 mg RNase A 

RNase buffer 
2.5 ml 1M tris (pH 7.5)
 

500 IA 0.5 M EDTA
 
25 ml 5 M NaC1
 

Bring to 250 mis with water.
 

7. rinse in 2 x SSPE; 2 mM DTT in staining dish 
8. rinse in 2 x SSPE; 2 mM DTT in staining dish 
9. rinse in 2 x SSPE; 2 mM DTT in staining dish 
10. put slides in green slide rack suspended in a	 4 liter beaker 

containing two liters of 2 x SSPE; 2 mM DTT. Place beaker on 
stir plate and stir gently for 30 min. 



160 

11. for a high stringency wash, wash in three liters of 0.2 x S SPE; 
1mM DTT @58°C with gentle stirring for one hour. 

12. 10 dips each in: 
a. 30 % etoh 
b. 50 etoh 
c. 70 % etoh 
d. 85 % etoh 
e. 95 etoh
 
f 100 % etoh
 
g. 100 % etoh 

13. dry in desiccator under light vacuum 1 hour 
IV. Autoradiography 

A. Preliminary film 
a. tape slides to cardboard from film box 
b. cover with saran wrap 
c. expose to autoradiography film o/n @ RT° 

B. Liquid emulsion 
1. Preparation 

a. under safelight, dilute warmed Kodak NTB-2 emulsion 
1:1 with distilled water 

b. pour into disposable slide mailers 
c. wrap with foil. Stand upright in box. 
d. wrap box with foil. Store @ 4-10° C 

2. Procedure 
a. under safelight: 

(1) warm 1 slide mailer with emulsion at 42° C for 
30-40 min. 

(2) dip each slide as smoothly as possible into emulsion 
(say "one thousand"). Dip only once. 

(3) place slides on raised tabs on metal slide tray 
(4) place tray with slides into 30° C incubator 
(5) seal incubator thoroughly with cardboard and 

tape 
b. allow slides to dry for at least 3 hours 
c. under safelight, remove the slides from the incubator 
d. place slides in black plastic slide box 
e. add a small packet of desiccant (silica gel) 
f seal box with electrician's tape 
g. wrap box with foil 
h. expose slides at 4-10° C (vegetable crisper of refridgerator) for 

C. Development of slides 
1. Preparation 

a. Prepare developer solution: 
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developer solution (can be stored for 6 months) (Kodak) 
(1) warm 3.8 liters water to 52° C. 
(2) with stirring, slowly add 1 package (595 g) of Kodak 

developer D-19 (cat. 146 4593) 
(3) stir until chemicals are dissolved 

b. Prepare fixer solution: 

fixer solution (can be stored for 2 months) (Kodak) 
(1) start with 2.84 liters of water at less than 26.5° C 
(2) with rapid and continuous stirring, slowly add 1 
package (680 g) of Kodak fixer (cat. 197 1746) 
(3) when powder is dissolved, add water to a final volume 

of 3.8 liters 

c. Cool all solutions to 17° C 
2. Procedure 

a. under safelight: 
(1) remove slides from black case and place in 

glass rack 
(2) 2 min. in Kodak D-19 developer at 17° C. Gently 

agitate slides once or twice. 
(3) 15 seconds in 17° C water 
(4) 6 min. in 17° C Kodak Fix (not Rapid Fix) 
(5) 20 min. in water with 10 changes (use 2 

dishes) 
(6) scrape emulsion off the backs of the slides with 

a razor blade 
(7) stain slides: 

(a) two dips in methylene blue/azure A 

methylene blue/azure A 
0.13 g methylene blue 
0.02 g azure A 

10 ml glycerol 
10 ml methanol 
30 ml 0.15 M NaPhosphate pH 6.9 
Add water to 100 mls.
 
Filter through Whatman #1 paper
 

(b) dip in 60 % etoh 
(c) dip in 95 % etoh 
(d) 2 min. in 100% etoh 
(e) 2 min. in 100% etoh 
(f) 2 min. in xylene 



162 

(g) 2 min. in xylene 
(8) coverslip with Permount (Fisher) 
(9) place slides on tabs of metal slide tray 
(10) let dry o/n 
(11) clean off excess Permount with xylene 
(12) examine using darkfield microscopy 
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(7) stain slides: 
(a) two dips in methylene blue/azure A 

methylene blue/azure A 
0.13 g methylene blue 
0.02 g azure A 

10 ml glycerol 
10 ml methanol 
30 ml 0.15 M NaPhosphate pH 6.9 
Add water to 100 mls.
 
Filter through Whatman #1 paper
 

(b) dip in 60 % etoh 
(c) dip in 95 etoh 
(d) 2 min. in 100% etoh 
(e) 2 min. in 100% etoh 
(f) 2 min. in xylene 
(g) 2 min. in xylene 

(8) coverslip with Permount (Fisher) 
(9) place slides on tabs of metal slide tray 
(10) let dry o/n 
(11) clean off excess Permount with xylene 
(12) examine using darkfield microscopy 
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APPENDIX F: DEPOSITION OF MATERIALS
 

-80 GLYCEROL STOCKS 

Inventory BoxGlycerol Stock Description 
Box position 

Pot 63,64 P. trichocarpa MADS PCR (App. C) O 80-81 
Pot 67 through 243 It P 1-81 
PdL 1 through 12 P. trichocarpa LFY PCR (Doerksen) O 19-30 
PdM 1 through 24 P. deltoides MADS PCR (Doerksen) O 31-54 
pLAT 52 tomato pollen gene O 55-57 
pLAT 52-7 O 58-60 
pLAT 56 O 61-63 
pLAT 59 O 64-67 
gPTD 1.7 gPTD subclone (see Appendix A) O 79 
cDNA subclone 2 PTD cDNA subclone (see Appendix A) O 69,70 
cDNA subclone 3 O 71,72 
cDNA subclone 7 O 76 
Pop 1 through 60 P. trichocarpa MADS PCR (Doerksen) Q 1-60 
pBCP1 Knox, pollen gene Q 61-65 
cBP 1907 Brassica pollen gene Q 66 
cBP 401 Q 67 
TM 4 tomato MADS-box gene Q 68 
TM 6 Q 69 
pGMR1 soybean actin Q 70 
XL1 Blue host strain (Stratagene) R 1-7 
VCS 257 R 8,9 
Al P. trichocarpa floral cDNA R 10-13 
A8 R 14-17 
2A10 PTD cDNA R 18-21 
2B3 P. trichocarpa floral cDNA R 22-25 
2B7 R 26-29 
F4 R 30-33 
pBS KS(-) vector plasmid (Stratagene) OSZ 3,4 

Descriptions of the >300 different glycerol stocks, relevant paperwork, and copies of 
relevant journal articles are deposited in the laboratory inventory notebooks. 
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DNA AND RNA STOCKS 

All items stored at -20 are on the second shelf of the freezer in FSL 077. PTD 
genomic clones and subclones, and cDNA subclones are in boxes labelled accordingly. 
Two microfuge tubes of the PTD cDNA as well as plasmid preps of many of the clones 
listed under Glycerol Stocks above are in the box marked "plasmids" and bearing my 
initials. Plasmid preps of many of the P. trichocarpa PCR clones described in Appendix 
C are in a box labelled "PEG preps." 

Primers synthesized for use in sequencing the genomic clones are in a box marked 
"gPTD primers." Diluted stocks of other primers eg. MADS 1, MADS 43, M13 forward 
and reverse, etc. are in a box marked "PCR" and bearing my initials. Undiluted stocks of 
these primers are in a box marked "undiluted primers." 

Preparations of P. trichocarpa genomic DNA are in a box marked accordingly 
and stored in the large glass-front refridgerator in FSL 075. 

RNA extracted from various poplar tissues and from douglas-fir cones is stored in 
the -80 freezer in FSL 075 in white cardboard freezer boxes labeled "RNA" and "poly A+ 
RNA." All items stored at -80, except for glycerol stocks, are in a blue Rubbermaid® box 
on the third shelf. 

CDNA LIBRARIES 

The vegetative bud cDNA library, prepared on 5/29/92, is a primary unamplified 
library cloned into A ZAP®. It is stored in 50 ml Corning tubes in the large glass-front 
refrigerator in FSL 075. The tubes are marked "veg. bud." The titer of the library is 2.5 x 
10'3 pfu/ml. The average insert size is 0.85 kb. Most inserts are between 0.6 and 1.2 kb. 

The late male cDNA library, prepared on 3/19/92, is a primary unamplified library 
cloned into A ZAP®. It is also stored in 50 ml Corning tubes in the refrigerator in FSL 
075. The tubes are marked "Late e." The titer of the library is 2.14 x 1011pfu/ml. The 
average insert size is one kb. Most inserts are between 0.8 and 1.4 kb. 
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MISCELLANEOUS 

Dissected floral inflorescences are stored in the -80 freezer in FSL 075. 

RNAse-free reagents are stored on a shelf marked "RNAse-free" in the sterile 
cabinet in FSL 075. In situ hybridization reagents and equipment are stored in the fume 
hood in FSL 157, the fume hood in FSL 077, and in FSL 69. 

DNA and deduced protein sequences are located on the hard drive of the computer 
in FSL 133 in the directory c:\generunner\work\mads\ptd and subdirectories located 
therein. 

An electronic copy of this thesis is placed on the hard drive of the computer in 
FSL 133 in the file c:\sheppard\thesis.wpw. The thesis was prepared using the Corel 
WordPerfect® Suite for Windows 3.x. 




