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Abstract

Shoot morphogenesis in Eucalyptus occidentalis and Metrosideros excelsa was

analysed at the morphological, physiological and molecular levels to understand the
regulation of phase change and the floral transition. Study of the regulation of these
developmental plant processes is limited in woody species due to their long juvenile

phase.

Six ecotypes of E. occidentalis were grown to two predetermined architectures (free
branching or single stem). Free branching plants of ecotype 13648 displayed adult
shoot phenology (lanceolate leaves) earlier than single stem counterparts. In addition,
changes in leaf morphology in free branching plants were accompanied with changes in
leaf anatomy and gas exchange signifying that in E. occidentalis complexity of shoot
architecture had a significant effect on rate of phase change. Flowering was observed in
all but one ecotype irrespective of architecture demonstrating that vegetative phase

change and floral transition are temporally uncoupled in this species.

To understand the floral transition at the molecular level in E. occidentalis, partial
homologues of the inflorescence meristem identity gene TERMINAL FLOWER] and
floral meristem identity genes LEAFY and APETALAI were isolated. The expression
patterns of these meristem identity genes during development of free branching and
single stem plants were analysed by quantitative real-time PCR. Increased levels of
expression of EOLFY and EOAPI (relative to cc-TUBULIN) were displayed at more
proximal nodes in free branching plants than in single stem plants. Elevated floral

meristem identity gene expression levels correlated with flower initiation.

Further, effects of architecture and environment on gene expression were monitored in
E. occidentalis. The overriding effect of shoot architecture on the floral transition was
observed under warm long day and ambient environments. Elevated levels of EOLFY
and EOAPI were correlated with floral bud score and EOAPI was found to be a reliable
marker of floral transition in E. occidentalis. Low levels of EOTFLI expression were
detected in buds irrespective of their position on the plant leading to the suggestion that

this might have contributed to the precocious flowering observed in this species.
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In contrast to E. occidentalis, M. excelsa attained adult shoot phenology (pubescent
leaves) faster when grown as single stem plants than as free branching plants. It appears
that growth as height is required for vegetative phase change in this species. However,
floral transition occurred only once single stem plants were allowed to branch.
Vegetative phase change and the transition to flowering seem to be coordinated in this

species with the former being a pre-requisite for the latter.
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Chapter 1

Introduction

1.1 Overview

Production of ornamental plants is of importance worldwide. According to IBISWorld
research reports, nursery and floriculture production industry revenue in the United
States alone was US $229.5 billion in 2005 and the domestic demand worth US $323
billion. In New Zealand, the export value for flowers, foliage and plants was NZ $81
million in 2002 (Anon., 2003). These figures suggest a significant potential for future
growth. The Public Good Science Fund (PGSF) supported an ongoing study through a
Crop and Food Research subcontract of the various morphological, physiological and
molecular attributes contributing to phase change and flowering under the Native
Ornamental Plants Programme aimed at the development of new ornamental crops.
Under this programme Metrosideros excelsa (pohutukawa), a member of the Myrtaceae,
was identified as having potential as an ornamental flowering crop either as a cut flower
or as a flowering container plant. Until now, Metrosideros has attracted attention only
as a foliage plant (Vitousek, 1998). Metrosideros excelsa is a large, mass-flowering
tree endemic to northern New Zealand. Prior to the present study, M. excelsa had been
studied at the morphological, physiological (Henriod, 2001; Sismilich, 2001) and
molecular levels (Sreekantan, 2002). To gain a deeper understanding of the
mechanisms underlying phase change and the transition to flowering in woody species,
this project formed the basis of a comparative study combining the previous information
obtained for M. excelsa with new research using Eucalyptus occidentalis, a non-native

perennial, but also a member of the Myrtaceae, as the model species.

In angiosperms, three post-embryonic developmental phases have been recognised:
juvenile, adult vegetative and adult reproductive (Poethig, 1990). Metrosideros excelsa
1s a homoblastic species, which exhibits a gradual transition between juvenile and adult
vegetative characteristics during phase change (Dawson, 1968) and it generally takes

several years for seedlings and over three years for rejuvenated plants from micro



propagation to flower (Clemens et al., 1999). Eucalyptus occidentalis (flat-topped yate)
1s a native to the southwest of Western Australia. It exhibits neoteny, which is the
retention of juvenile characteristics into the adult reproductive plant (Wiltshire et al.,
1998). Further, precocious flowering after only 12 weeks from sowing was observed in
container-grown plants of E. occidentalis (Bolotin, 1975). This is of interest
commercially because the development of woody plants from seed may include a
juvenile phase, lasting up to 15 to 20 years in certain commercially important forest

trees (Hackett, 1985).

There has been significant interest in accelerating phase change in woody plants and a
variety of methods have been tested including physical methods such as shoot and root
restriction in M. excelsa (Clemens et al., 1999), application of the plant hormone
gibberellic acid to Eucalyptus species (Scurfield and Moore, 1958), shoot restriction
(single stem growth) coupled with the application of paclobutrazol in Citrus species
(Snowball et al., 1994), fertiliser treatment in Eucalyptus nitens (Williams et al., 2004)
and long day treatment in E. occidentalis (Bolotin, 1975). In several studies, limiting
growth to a single stem by removal of axillary buds before bud break or elongation has
been shown to reduce the time to flower (Davis, 1991). Clemens et al. (1999)
demonstrated that architecturally modified (single stem) M. excelsa plants became
progressively mature with increasing node position, and developed downy tomentum on
the abaxial surface, characteristic of mature leaves. However, it has been proposed that
the attainment of reproductive competence in M. excelsa is a consequence of the tree
reaching a certain degree of branching complexity (Clemens et al., 2002; Sismilich et

al., 2003).

Unlike herbaceous plants such as Arabidopsis and Zea mays there is paucity of
information and understanding with regard to the molecular basis of phase change and
floral transition in woody perennials. In spite of significant differences in growth habit
between herbaceous and woody plants, it would not be unreasonable to expect that the
mechanisms underlying flowering control would be similar (Battey and Tooke, 2002).
Previous work has demonstrated the presence of the floral meristem identity genes
LEAFY (LFY), APETALAI (API) and the inflorescence meristem identity gene
TERMINAL FLOWERI (TFLI) in woody plants such as M. excelsa (Sreekantan et al.,
2004), E. globulus (Kyozuka et al., 1997; Southerton et al., 1998; Dornelas and



Rodriguez, 2005), Cedrela fissilis (Dornelas and Rodriguez, 2006), and Citrus sinensis
(Pena et al., 2001; Pillitteri et al., 2004).

Combining the previous lines of evidence in woody plants, in this study an attempt has
been made to understand the shoot restriction methods versus crown complexity and
environmental cues in relation to phase change and first flowering in E. occidentalis.
Further the molecular basis of the floral transition was investigated after isolating the
LFY, API and TFLI homologues of E. occidentalis and employing quantitative real-
time PCR (qQRT-PCR) to monitor gene expression. The ultimate objective is to use the
knowledge generated to accelerate both phase change and flowering in ornamental

woody species such as M. excelsa.

The following review covers the available literature including models of phase change,
phase change in herbaceous and perennial species, floral transition in herbaceous and
perennial species, meristem identity genes, and definition of terms adopted in this

thesis.

1.2 Models of phase change

Classical models described by Lawson and Poethig (1995) depend on hypotheses based
on size of the plant, distance between root and shoot, number of leaves, and time. If the
root system were to produce a factor that promoted the juvenile phase or inhibited adult
development, shoot maturation might occur when this factor fell below a certain level
because of the absolute distance. If the change of phase was regulated by plant size,
then mutations that affect the size of the shoot or root system would affect the identity
of leaves at particular positions on the shoot. If phase change were time-dependent,
then mutations in this mechanism would cause leaves to assume early or late vegetative

fates depending on when they appeared in the real time (Lawson and Poethig, 1995).

The relationship between age or size and reproductive maturity has been investigated in
woody species by growing plants under conditions that retard or accelerate growth
(Lawson and Poethig, 1995). Large, rapidly growing plants flower earlier than smaller,

more slowly growing ones, suggesting that reproductive maturation is a size-dependent



not an age-dependent process (Longman and Wareing, 1959). One of the explanations
for this type of effect is that by increasing the rate of shoot growth , the measurement of
developmental time has also been accelerated, leading to an earlier phase transition both
in terms of plant size (physiological age) and plant age (developmental time) (Lawson

and Poethig, 1995).

Various models have been proposed based on the developmental changes during phase
change. Kester (1976) proposed a model based on woody species and explained the
coexistence of juvenile and adult characteristics during plant ontogeny along the main
shoot axis and the lateral branches by noting that these are expressed at different
locations on the plant. The juvenile characteristics usually occupy the lower part of the
stem; after some time the plant produces intermediate characteristics and then the adult

traits, which take up the upper portions and the periphery of the plant body.

In the combinatorial model, Poethig (1990) proposed a model similar to Kester’s
(1976). This model implies that the development of the shoot is specified by a series of
independently regulated, but overlapping programmes that modify the expression of a
common set of processes that are required for shoot growth, rather than by a series of
mutually exclusive developmental programmes coming from many different sources
(Poethig, 1990). For example, in Zea mays during the phase transition from juvenile to
adult growth, the leaves have a combination of juvenile and adult cell types and also a
variety of other traits that are expressed in a quantitatively intermediate fashion
(Poethig, 1990; Lawson and Poethig, 1995). Similarly, in woody plants, such as
Eucalyptus species, the transition from a juvenile to an adult phase of development is
accompanied by the production of intermediate patterns of shoot development that

combine cellular and morphological traits from each phase (Hackett, 1976).

Hackett and Murray (1997) proposed a set of alternative models for phase change. The
important aspects of these models are that phase change is not controlled by a single
step process but by a composite of processes or programmes. The models emphasise
the importance of studying the regulation of individual phase-specific characteristics to
understand the whole picture of phase change (Zhang, 1998). These models can be used
to explain the results obtained from mutants in genetic analysis of phase change where

there is either a prolonged expression of the juvenile phase (Poethig, 1988a, 1988b;



Bassiri et al., 1992) or the accelerated appearance of the mature programme (Sung et al.,
1992; Haughn et al., 1995; Amasino, 1996). Such genetic analyses indicate that the
pathways involved in phase change are likely to be complex with frequent branch points
and many interacting pathways as proposed by Lawson and Poethig (1995).
Physiological studies also show that the changes of individual phase-specific traits may
not be closely linked temporally or mechanically (Greenwood, 1992; Hackett et al.,
1992) but display differential time courses (Steele et al., 1989; Greenwood et al., 1989;
Browne, 1995). The differential sensitivity of various morphological and physiological
traits to rejuvenation (phase reversal) by gibberellic acid (GA3) in Hedera helix (1vy) is

an example of such complexity (Rogler and Hackett, 1975).

Greenwood (1995) suggested that, while applying the models to study the
developmental phases in woody species one must consider related mechanisms and
account for the phenomena demonstrated experimentally in mutant plants, which

include:

1. The onset of the mature state is usually gradual, but can be abrupt. For example, in
several conifers abrupt maturation has been observed immediately following tissue
culture propagation from adventitious buds induced on the cotyledons of mature
embryos (Greenwood, 1995).

2. Phase change affects a wide variety of morphological, physiological and
biochemical traits, but these traits appear to vary independently of one another.

3. Maturational traits are often persistent, and their maintenance is not always a
function of tree size or proximity to roots.

4. There is evidence that the cells of the apical meristem itself become determined in
some woody plants. Grafted apices from mature plants of Citrus or Sequoiadendron
consisting of only the apical and one to two leaf primordia grow out into plants that
have mature characteristics (Navarro et al., 1975; Monteuuis, 1991).

5. Rejuvenation methods bring about reversion to the juvenile condition.

According to these principles, Greenwood (1995) contends that the switch (of phase
change) could reside within individual cells in the apical meristem and, once activated,
would make that cell mature, so that the apex would progressively become a mosaic

with an ever increasing percentage of mature cells. Expression of mature characteristics



would, therefore, be a function of the ratio of juvenile to mature cells in the apex at a
given time. This hypothesis may explain why fully expanded leaves at intermediate
stage of phase change possess phenotypic characters (or cell types) typical of both

juvenile and adult phases as exhibited in many woody species (James and Bell, 2001).

The recent molecular model proposed by Battey and Tooke (2002) explains that in the
vegetative state, the shoot meristem has vegetative identity and hence gives rise to a leaf
plus its associated axillary meristem. Vegetative identity alters with a switch from the
juvenile to adult condition. Signals generated within the plant as a function of
developmental age, or following exposure to an appropriate environment, then cause the
meristem to take a new identity - that of the inflorescence meristem - which gives rise to
bracts and associated flowers. Finally, an inflorescence meristem may undergo
transition to a floral meristem. In recent usage, switching between these different

identities has equated with phase change (Battey and Tooke, 2002).

From the above suggested phase change models in herbaceous and perennial plants it
would be appropriate to summarise that phase change could be under the control of
complex networks of endogenous and environmental factors. Further, phase change is
the critical aspect of shoot development in understanding the attainment of reproductive
competency and the mechanisms underlying the life history evolution of a given

species.

1.3 Phase change in herbaceous species

Vegetative phase change has been investigated more intensively in woody plants until
recently. This was mainly due to the fact that the prolonged juvenile phase and the
morphological differences between the phases are often more obvious in woody species
(Lawson and Poethig, 1995). Generally, herbaceous plants do not have extreme
morphological variation during phase change. However, it has been shown that Zea
mays and Arabidopsis thaliana plants undergo discrete changes from the juvenile to the
adult stage during the course of vegetative development (Poethig, 1988a; Moose and
Sisco, 1994; Clark et al., 1997; Evans and Barton, 1997; Telfer et al., 1997; Tsukaya et
al., 2000; Vega et al., 2002; Bollman et al., 2003).



In Arabidopsis, the appearance of abaxial trichomes on the third and later leaves,
followed by the disappearance of adaxial trichomes later in development, is reported to
be a phase specific marker (Lawson and Poethig, 1995). It has been postulated that
there is a global inductive signal (possibly GA) for trichome production, the key level of
which increases during the development of the rosette, and that the adaxial epidermis is

less sensitive to this signal than the abaxial epidermis (Telfer et al., 1997).

In Z. mays, juvenile and adult vegetative plants have distinct features for a wide range

of traits (Table 1.1) as described by Poethig (1990).

Table 1.1 Traits showing changes during phase change in Z. mays (Table adapted
from Poethig, 1990).

Traits Juvenile Adult

Cuticle thickness | pm 3 pum
Epidermal cell shape Circular Rectangular
Epicuticular wax Present Absent
Aerial roots Present Absent
Epidermal hairs Absent Present
Bulliform cells Absent Present
Lateral buds Tiller-like Ears or absent
Anthracnose resistance Poor Good

Further, Orkwiszewski and Poethig (2000) reported that leaf identity can be regulated
independently of the identity of the shoot apical meristem, and they explained that
vegetative phase change was not initiated by a change in the identity of the shoot apical

meristem.

Sylvester et al. (2001) conducted a comparative study of leaf shape and anatomy in
maize, Oryza sativa (rice), and blue grass and reported that, in maize, juvenile leaves

were coated with epicuticular wax, lacked specialised cells such as trichomes and



bulliform cells and had epidermal cell walls that stained a uniform purple colour. Adult
maize leaves were pubescent, lacked epicuticular waxes and had crenulated epidermal
cell walls that stained purple and blue. In contrast, all bluegrass and rice blades were
pubescent and coated with epicuticular waxes, and showed purple and blue wall
staining. In all three grasses, blade width steadily increased at each node until a
threshold size was attained several nodes before reproductive competence was achieved.
Blade to sheath length showed a similar trend of continuous change followed by
discontinuous change prior to reproduction. Leaf development analysis demonstrated
that maize primordia initiated more rapidly relative to blade and sheath growth
compared with either blue grass or rice. This study concluded that leaf shape, as defined
by blade width and blade to sheath ratio, was a reliable indicator of phase, whereas
anatomy was not a universal indicator of phase change in the grasses (Sylvester et al.,

2001).

Several genes involved in shoot maturation have been i1dentified in maize and Pisum. In
maize, such genes were defined by the dominant, gain-of-function mutations, Teopod 1,
2 and 3 (Tpl, Tp2 and Tp3) and Corngrass (Cg) which prolong the expression of
juvenile traits (Poethig, 1988b). These mutations all prolong the expression of early
vegetative traits, such as epicuticular wax, but only delay slightly the onset of late
vegetative traits, such as macrohair production (Evans et al., 1994). Even though the
Teopod mutations cause a reduction in the size of reproductive structures (tassel and
ear) it was shown that this was not due to the mutation, but to the increased number of
leaves produced by the main shoot. These findings indicate that the Teopod mutations
prolong the juvenile developmental program while leaving the late vegetative and
reproductive development relatively unaffected (Lawson and Poethig, 1995). Further
mutation studies identified glossy 15 (g/15) which, in contrast to the Teopod mutations
caused the precocious expression of adult traits, and affected only the leaf epidermis.
Subsequently, it was suggested that G//5 encodes an epidermal factor that initiates or
maintains the expression of adult traits, and that it acts downstream of the Teopod genes
(Lawson and Poethig, 1995). In maize the epc (early phase change) gene mutation and
gibberellic acid specifically affected vegetative phase change: in certain genetic
backgrounds epc mutations reduced the duration of the juvenile vegetative phase and
caused early flowering but they had little or no effect on the number of adult leaves

(Vega et al., 2002).



Telfer and Poethig (1998) analysed shoot maturation in 4. thaliana by screening the
mutations that affected the timing of abaxial trichome production, a trait that
distinguishes juvenile and adult leaves and showed that HASTY (HST) may be a part of
a developmental clock that regulates the timing of shoot maturation. It was also
suggested that HST promoted a juvenile pattern of vegetative development and inhibited
flowering by reducing the competence of the shoot to respond to LF'Y and API. The
fact that Ast affected both vegetative phase change and flowering time, raised the long -
standing question about the relationship between these two aspects of shoot

development (Telfer and Poethig, 1998).

Kazumi et al. (2002) have identified five recessive allelic mutations in rice, moril-1 to
moril-5, which drastically modified the shoot architecture of the plant. The most
outstanding feature of moril plants is a rapid production of small leaves and short
branches. This mutation is a heterochronic mutation that suppresses the induction of the
adult phase and the termination of the juvenile phase. They reported that MORII plays

an important role in the juvenile to adult phase change.

Recently, Poethig (2007) reported that, vegetative phase change in maize and
Arabidopsis was regulated by several endogenous small (21 nt) RNAs. These were the
trans-acting siRNA, tasi-ARF, and two miRNAs, miR156 and miR172. tasi-ARF
represses the expression of the auxin-related transcription factors ETTIN/ARF3 and
ARF4. miR156 and miR172 have complementary temporal expression patterns and

target different families of transcription factors (Poethig, 2007).

As observed above, the recent studies in model organisms Arabidopsis, maize and rice
have suggested that the phenomenon of vegetative phase change is not confined to
woody species alone. Gene mutation studies have enabled some progress in
understanding of phase change at the physiological and genetic levels due to the short

life cycles of the model species.

1.4 Phase change in perennial species



The juvenile phase of woody plants has usually been considered a stage which may last
up to 30 to 40 years in certain forest trees, during which flowering does not occur and
cannot be induced under normal conditions (Hackett, 1985). The long juvenile phase is
a serious constraint for traditional and transgenic breeding practices (Pillitteri et al.,
2004). Therefore, studies on phase change in woody species are of practical and
theoretical importance. Characterisation of phase change has been analysed in different

species as given below by studying distinct markers during phase change.

1.4.1 Morphological and anatomical markers

Changes in leaf morphology (structure) among other changes in the plant often
accompany phase change. Phase change in ivy is one of the best characterised among
the woody species. A variety of features distinguish juvenile and adult parts of the
plant. Obvious morphological transitions include a change from lobed to entire leaves,
from alternate to spiral patterns of leaf production (phyllotaxis), from the presence to

the absence of adventitious roots and from a trailing or climbing vine to a semi-erect

shrub (Brink, 1962; Stein and Fosket, 1969).

New Zealand has a large number of strongly heteroblastic plants using the term as
defined by Goebel (1900), the species that show pronounced vegetative morphological
differences between juvenile and adult shoots. Cockayne (1912) estimated that 200
native species in 37 families have distinct juvenile and adult stages of vegetative
development. For example, juvenile leaves of the Pseudopanax crassifolius
(lancewood) as described by Gould (1993) are long, linear, deflexed, coriaceous and
sharply toothed. They have a high specific weight, a thick, ornamented cuticle, a
multiseriate hypodermis composed of collenchyma, a well developed palisade layer and
many spongy mesophyll layers. Juvenile leaves were strong relative to adult leaves and
to the leaves of other species; adult leaves were shorter, broader and less massive than
juvenile leaves and the orientation was horizontal. The transitional leaves were
morphologically intermediate between juvenile and adult leaves. However, the anatomy

of juvenile, transitional and adult leaves was found to be similar (Gould, 1993).

Metrosideros excelsa exhibits both juvenile and adult vegetative phases, but in contrast

to heteroblastic species, leaf morphology in M. excelsa progresses gradually from
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glabrous, small and lanceolate leaves in the juvenile phase to those that are relatively
hirsute, large and rounded in the adult vegetative phase (Clemens et al., 2002). Adult
leaves of M. excelsa have deeper palisade and spongy mesophyll layers than juvenile or

transitional foliage and as such resemble sun leaves (Kubien et al., 2007).

In Eucalyptus globulus ssp. globulus (Tasmanian blue-gum) there are dramatic
differences in the leaf anatomy and morphology of the adult compared with the seedling
(James et al., 1999); this vegetative phase change generally begins at one to three years
of age. Juvenile leaves are typically blue-grey in colour, dorsiventral in structure,
hypostomatous, and approximately horizontal in orientation (Johnson, 1926; Jacobs,
1955). In contrast, adult leaves are dark green in colour, isobilateral (adaxial and
abaxial palisade), amphistomatous and nearly vertical in orientation (James et al., 1999).
The transitional leaves are largely isobilateral in structure (James and Bell, 2001).
However, E. risdonii and E. occidentalis retains juvenile foliage to floral transition

without the requirement of vegetative phase change (Wiltshire et al., 1998).

Morphological and anatomical differences were recorded between old-growth trees and
saplings of Pseudotsuga menziesii (Douglas-fir) (Apple et al., 2002). They reported
that, compared with needles of old-growth trees, needles of saplings were longer and
had proportionately smaller vascular cylinders, larger resin canals and few hypodermal

cells.

Poethig (1990) suggested that the transition from juvenile to an adult phase of
vegetative growth usually occurs gradually and may involve subtle changes in shoot
morphology and physiology. However, as described above, the morphological changes
appear to be more pronounced in woody species compared to herbaceous plants.
Further, in woody species these changes may be gradual (homoblastic) as in
Metrosideros with gradual changes in leaf morphology from juvenile to adult
morphology (Clemens et al., 1999) or abrupt heteroblastic as in Eucalyptus which
produces distinctly juvenile foliage for some time but, after a brief transition, produce

significantly different new foliage (James and Bell, 2001).

1.4.2 Physiological markers
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Physiological traits such as net photosynthetic rate have been shown to be influenced by
phase change. The net photosynthetic capability of the mature foliage of Larix /aricina
(larch) was significantly greater than that of juvenile foliage and photosynthesis was
positively correlated with the chlorophyll content of the foliage (Greenwood et al.,
1989; Hutchison et al., 1990). In ivy, light saturated net CO, assimilation (4) and
stomatal conductance (G;) were about 50% higher in adult leaves than in juvenile
foliage on the same individual and photosynthesis was higher in adult than juvenile
leaves (Bauer and Bauer, 1980). In contrast, in other studies, with increasing
ontogenetic development a concomitant decrease in net photosynthetic rate was reported
in Picea abies (Kull and Koppel, 1987), Sequoiadendron giganteum (Grulke and Miller,
1994) and Pinus ponderosa (Kolb and Stone, 2000).

Day et al. (2001) studied the age related trends in needle morphology and gas exchange
in a population of Picea rubens (red spruce). The differences were measured across a 2
to 120 year age range. Field study revealed significant age related trends in morphology
including decreasing specific leaf area, increase in needle width, projected area and
width/length ratio. Further, age-related declines in photosynthetic rates were observed
which were due to non stomatal limitations. In a study with Quercus spp. (oak)
seedlings and mature trees, the latter exhibited larger leaf mass per unit area (LMA),
higher leaf N content and lower maximum stomatal conductance than seedlings. The
extent of the difference between growth stages varied among the three species studied
(Q. ilex, Q. pyrenaica and Q. fraginea) (Mediavilla and Escudero, 2003). Kruger and
Volin (2006) reported that photosynthetic rates were well correlated with plant growth
rates. Leaf anatomy was closely related with photosynthetic rate via its effect on light

and CO;acquisition in Cs plants (Evans, 1999; Pyankov et al., 1999).

Huang et al. (2003) studied the photosynthetic potential of in vitro grown juvenile,
adult, and rejuvenated Sequoia sempervirens shoots. They found that juvenile and
rejuvenated shoots showed higher rates of photosynthesis and respiration, evidenced by
faster Oy evolution and consumption. The photosynthetic rates were associated with
more chlorophyll, especially chlorophyll a, in the juvenile and the rejuvenated shoots.
Nevertheless, the authors suggested that the identical quantum efficiencies of
photosystem II indicated that the same photosystems were operating and with equal

effectiveness in juvenile, adult, and rejuvenated tissues.
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Anatomical variation in juvenile Eucalyptus leaves accounts for differences in specific
leaf area and CO; assimilation rates (Sefton et al., 2002). These authors showed that E.
occidentalis has two well-defined closely packed, adaxial layers and sometimes a third
adaxial layer. In addition a short, loosely packed abaxial palisade layer was usually
distinguishable and had a higher assimilation rate in this species as compared to E.
grandis and E. camaldulensis in a comparative study of juvenile leaves of different

species (Sefton et al., 2002).

In Metrosideros, Sismilich et al. (2003) reported carbon isotope composition (5'°C) and
leaf morphology were associated with vegetative phase change. Vegetative phase
change occurred in juvenile and rejuvenated plants grown at 24/16 °C, and there was a
corresponding increase in leaf '°C (from ca. —27% to —23%) in these two groups of
plants. The authors suggested that increasing 8"°C in plants undergoing phase change is
a result of reduced sink strength in single stem plants, and to a lesser extent within each
branch of branched plants, causing reduced stomatal conductance and photosynthesis
(Sismilich et al., 2003). In M. excelsa, adult foliage displayed lower Rubisco capacity
(Vemax) and a reduced rate of maximum electron transport (Jmax) as compared to juvenile

foliage (Kubien et al., 2007).

In woody species, there appears to be an age or ontogeny related influence on the gas
exchange parameters. Comparative studies of different growth stages may provide
essential information for understanding the strategies adopted by the species at different
stages of their life cycle, as well as the selective pressures that operate in each stage

(Mediavilla and Escudero, 2003).

1.4.3 Genetic markers

The studies on genes and genetic pathways regulating phase change in perennial species
have been very limited due to long lifecycles. A downstream gene involved in the
expression of a phase-specific trait has been defined by studying the genes required for
anthocyanin production in ivy. Juvenile phase ivy produces anthocyanin under
appropriate environmental conditions, whereas adult phase ivy does not. The inability

of adult tissue to synthesise anthocyanin results, at least in part, from a lack of
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transcription of the gene encoding the enzyme dihydroflavonol reductase (DFR)

(Murray et al., 1994).

Carlsbecker et al. (2004) presented a detailed analysis of the activities of three
regulatory genes with potential roles in phase transition (from juvenile and non-
reproductive to adult reproductive) in Norway spruce: DALI, a MADS-box gene related
to the AGL6 group of genes from angiosperms (deficiens-agamous-like (DAL) genes),
and the two LFY-related genes PaLFY and PaNLY. DALI activity was initiated in the
shoots of juvenile trees at three to five years of age, and then increased with age,
whereas both LFY genes were active throughout the juvenile phase. Constitutive
expression of DAL in transgenic Arabidopsis plants caused a dramatic attenuation of
both juvenile and adult growth phases with flowers forming immediately after the
embryonic phase of development in severely affected plants. These findings implicate a

significant role of DAL! in phase change.

Even when phase change was characterised at morphological, anatomical, physiological
and genetic levels in woody species, the vegetative phases of development were usually
defined in terms of reproductive competence of the shoot (Poethig, 1990). Zimmerman
et al. (1985) suggested that certain woody plants can be induced to flower in the
juvenile phase. This was inconsistent with the idea that vegetative phase change is a
prerequisite for floral transition and raised the possibility that these two phenomena,
vegetative phase change and flowering time, were actually independent processes
whose expression was coordinated by common regulatory factors (Telfer and Poethig,
1998). In a study of leaf heteroblasty and the timing of reproduction in Eucalyptus,
Wiltshire et al. (1998) demonstrated a separate genetic control of the timing of the
transition from juvenile to adult foliage and of the onset of reproduction in the
Eucalyptus risdonii — E. tenuiramis complex. Eucalyptus risdonii reaches reproductive
maturity earlier than its progenitor E. tenuiramis and begins to flower while still
producing juvenile foliage (Wiltshire et al., 1998). Therefore, the control of phase

change could involve species-specific plant processes.

1.4.4 Phase change and shoot architecture

Shoot architecture has been used to characterise and distinguish plants of different
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ontogenetic states. Wareing and Frydman (1976) reported that the shoot system of trees
undergoes several other types of morphological change such as seasonal change in
vegetative metamers, as well as those associated with phase change, as the tree grows in
size and the branch system increases in complexity. In ivy the attainment of a certain
size was a requirement for the attainment of the adult condition and Wareing and
Frydman (1976) suggested that the juvenile condition was promoted by and dependent
on gibberellins produced in the roots. They again suggested by different experimental
results that low gibberellin levels were a necessary but not a sufficient condition for the
juvenile to adult transition. However, these classical interpretations assumed that the
mechanism that regulates phase change is independent of the environmental conditions

that retard or promote shoot growth (Lawson and Poethig, 1995).

More recently, Sismilich et al. (2003) studied the shoot architecture of M. excelsa in
relation to phase change and described a mathematical model for topological mapping
of trifurcating botanical trees. A number of attempts have been made to quantify such
differences (Borchert and Tomlinson, 1984; Thornley and Johnson, 1990). Various
methods have been used to quantify the architecture of trees exhibiting divaricating
branching, in some of which the transition between the juvenile and adult ontogenetic
states was marked by an abrupt change in branching pattern (Atkinson, 1992; Kelly,
1994; Day et al., 1997). In M. excelsa there were marked architectural differences
observed between the juvenile and adult vegetative ontogenetic states of the plant
(Clemens et al., 1999; Sreekantan et al., 2001). Sismilich et al. (2003) suggested that
the Metrosideros model was capable of describing the dynamics of plant growth as
expressed by changes in topological parameters over time and contributed the ability to
separate the difference of growth in complexity from that of growth in size. Thus,
Metrosideros shoot architecture studies have revealed the importance of size-

complexity during phase change.

As observed above, plant growth and architecture result from the reiteration of modules
and can be described as a consequence of the fate of the individual buds (Lovett-Doust,
1989). Individual plant architecture is partly based on genotype but it also has a strong
ontogenetic component which reflects the developmental history of each plant

(Tomlinson, 1983) and influences several plant functions such as reproduction by
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constraining the number of meristems available for flowering (Preston, 1999).

1.4.5 Acceleration of phase change

One of the major obstacles to the breeding of woody plants is the long juvenile phase.
The most successful method of shortening the juvenile period in a range of woody
species has been to grow seedlings under conditions that encourage rapid growth to
achieve the minimum size responsive to flower inductive conditions in the shortest
possible time (Wareing and Robinson, 1963; Visser, 1964; Aldwinkle, 1975). In fruit
breeding, various practical techniques have been attempted to accelerate the flowering

and fruiting of seedlings (e.g. Snowball et al., 1994).

Williams et al. (2004) found that phosphorus fertiliser could induce earlier vegetative
phase change in Eucalyptus nitens. Of all the treatments used to induce flowering in
woody angiosperms, paclobutrazol (PP333, Bonzi®; Uniroyal, Middlebury, C.T.,
U.S.A)), a triazole, is used most commonly (Meilan, 1997). In a study with PP333,
when applied as a collar drench, foliar spray, or trunk injection, PP333 could induce
flower bud initiation in E. globulus and E. nitens trees ranging between 19 months and

17 years of age (Griffin et al., 1993; Hasan and Reid, 1995).

Circumferential girdles (removal of a ring of the bark, down to the phloem, around the
entire stem) have been effective in a number of tree species. Wesoly (1985)
demonstrated that complete stem girdles induced flowering in Pinus silvestris (Scots
pine). Wire girdling is another method which involves encircling selected branches or
the main stem with steel wire, which is twisted “tightly”. The wire is adjusted as the
plant grows to avoid killing parts distal to the wire (Meilan, 1997). This technique, also
known as cincturing, has been shown to stimulate flowering in conifers (Greenwood
and Schmidtling, 1981). Another method of initiating earlier flowering is training
shoots to grow horizontally. Longman et al. (1965) demonstrated that it was possible to

stimulate flowering by growing apple trees horizontally.
Seedling-grown plants of M. excelsa reached an adult reproductive phase within five to

ten years, whereas cuttings from adult foliage were capable of flowering within one year

and the preferred method of propagation for this species has been through the use of
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micro-propagation (Oliphant, 1990). However, because micro-propagation caused a
rejuvenation of parent material, an effective method was investigated to accelerate
phase change. Clemens et al. (1999) applied shoot and root restriction treatments to
accelerate phase change in M. excelsa. Shoot restriction was imposed by removing all
lateral shoots to give single stem plants. Leaves of single stem plants became
progressively mature with increasing node position and developed the downy tomentum
on the abaxial surface characteristic of mature leaves, suggesting that accelerating the
growth of the main stem during the rapid growth phase shortened the juvenile phase in

M. excelsa (Clemens et al. 1999).

1.5 Floral transition in herbaceous species

Floral transition is the developmental turning point from the vegetative to the
reproductive phase. For plants, the induction of flowering is critical, being the most
important part of the life cycle from the standpoint of reproductive strategy and
allocation of limited resources (Komeda, 2004). Environmental conditions and
developmental regulations control flowering (Mouradov et al., 2002). The control of
flowering has been reviewed frequently over the last few years (Levy and Dean, 1998;
Simpson et al., 1999; Araki, 2001; Mouradov et al., 2002; Komeda, 2004; Putterill et
al., 2004; Blazquez et al., 2006; Corbesier and Coupland, 2006).

1.5.1 Floral transition models

Physiological studies have led to three models for the control of flowering time
(reviewed in Bernier, 1988; Thomas and Vince-Prue, 1997). The florigen concept
(reviewed in Lang, 1952; Evans, 1971) was based on the transmissibility of substances
or signals across grafts between reproductive donor shoots and vegetative recipients. In
the second model, the nutrient diversion hypothesis which proposed that inductive
treatments resulted in an increase in the amount of assimilates moving to the apical
meristem, which in turn induced flowering (Sachs and Hackett, 1983; Bernier, 1988).
The third model, the multi-factorial control model, proposed that a number of promoters
and inhibitors, including plant hormones and assimilates were involved in controlling

the developmental transition (Bernier, 1988).
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Genetic analysis of flowering time in pea, cereals and Arabidopsis supports the
hypothesis of the multi-factorial control model (Koornneef et al., 1998b). Recently in
Arabidopsis many genes that control flowering time have been discovered. These genes
function in ‘cascades’ within four promotive pathways, the ‘photoperiodic’,
‘autonomous’, ‘vernalization’, and ‘gibberellin’ pathways, which all converge on the
‘integrator’ genes SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOCI)
and FLOWERING LOCUS T (FT), which act upstream of the genes involved in floral
morphogenesis such as 4P/ and LFY (Moon et al., 2003; Takada and Goto, 2003).
Arabidopsis thaliana has become a key model plant for studies on the regulation of the

floral transition by using molecular genetic approaches.

1.5.2 Flower development pathways in Arabidopsis

Genetic and physiological analysis of flowering time in Arabidopsis has led to the
identification of a large number (>80) of flowering-time genes that regulate flowering
time in response to environmental and endogenous cues (Simpson et al., 1999).
Regulation occurs through a complex network of genetic pathways, with the two main
pathways mediating environmental responses: the long day pathway and the
vernalization pathway. Two additional pathways function independently of
environmental cues: the autonomous pathway, which promotes flowering under all
conditions and the gibberellin (GA) pathway, which is needed for flowering under non-
inductive short day conditions. These pathways (Figures 1.1 and 1.2) converge in the
induction of floral meristem identity genes and the floral transition (Welch et al., 2004;

Corbesier and Coupland, 2006).
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Figure 1.1 Simple model of the four pathways controlling flowering time
in Arabidopsis thaliana (from Corbesier and Coupland, 2006).
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1.5.2.1 Photoperiod response pathway

In temperate regions one of the most important factors affecting flowering is the
duration of the daily light period or photoperiod. Arabidopsis is a facultative long day
plant and flowers earlier in long days (Kyozuka, 2002; Mouradov et al., 2002).
Photoperiod is perceived by the plant and transduced to a downstream signalling system
by the interaction of photoperception mechanisms with the endogenous diurnal clock
(Hayama and Coupland, 2003). The products of the five phytochrome genes
PHYTOCHROME A (PHYA) through PHYTOCHROME E (PHYFE) and the two
cryptochrome genes CRYPTOCROME 1 (CRY1) and CRY2 have critical roles in sensing
light, and entraining the circadian clock (Putterill et al., 2004; Welch et al., 2004).

There 1s a negative feedback loop in which 7IMING OF CAB I (TOC 1) stimulates
expression of LATE ELONGATED HYPOCOTYL (LHY) and CIRCADIAN CLOCK
ASSOCIATED 1 (CCAI), which then feed back and repress TOC/ expression (Alabadi
et al., 2001). The details of the Arabidopsis circadian clock are reviewed elsewhere
(Samach and Coupland, 2000; Devlin, 2002; Eriksson and Millar, 2003). The light and
clock regulated expression of the flowering time gene CONSTANS (CO) is critical to the
timing of flowering (Welch et al., 2004). CO appears to promote flowering by directly
up-regulating the expression of the F7 and SOC! genes (Hayama and Coupland, 2003).

FT and SOCI transcript levels are up-regulated in long day, compared to short day
conditions, resulting in rapid flowering in long days and delayed flowering in short days
(Putterill et al., 2004). CO regulates the synthesis or transport of a systemic flowering
signal, thereby positioning the signal within the established hierarchy of regulatory
proteins that control flowering (An et al., 2004). CO is expressed mainly in the leaf,
where the CO protein is responsible for sensing the daylength signal (Takada and Goto,
2003; Yanovsky and Kay, 2003), FT is then induced in the leaf phloem by CO (An et
al, 2004).

Recently, Lin et al. (2007) provided some of the strongest evidence to date that FT
protein functions as a long-distance florigenic signal, from work performed in cucurbits
(squash). The authors used a Cucurbita moschata accession responsive to inductive
short day photoperiods, along with a potyvirus vector, Zucchini yellow mosaic virus, to

drive F'T expression under different daylength growing conditions. They also
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performed grafting experiments between un-induced C. moschata and flowering C.
maxima, a day-neutral species. Analysis of vascular tissue and phloem sap from
photoperiodically induced and un-induced plants by real-time RT-PCR and mass
spectrometry showed that the presence in the phloem of FT-like (FTL) proteins, but not
FTL mRNA, was highly correlated with the onset of flowering. However, Eckardt
(2007) mentioned that Lin et al. (2007) studies do not absolutely rule out a role for FT
mRNA as part of the long-distance signal within the phloem and suggested that there
are three aspects of long-distance transport that could require different signaling
components:(1) phloem loading in source tissue, (2) long-distance transport through the

phloem, and (3) unloading of the signal from the phloem to sink tissue (or SAM).

King et al. (2006) reported that transmitted signals in the grass Lolium temulentum may
include gibberellins (GAs) and FT gene. Within 2 h of starting a florally inductive long
day (LD), expression of GA 20-oxidase increases in the leaf; its product, GAy, then
increases 5.7-fold, its substrate GA 9 decreases equivalently and a bioactive product
GAjs increases 4-fold. The early LD increase in leaf GAsbiosynthesis coupled with a
doubling of the GAs content at the shoot apex, King et al. (2006) suggested a substantial
evidence for GAs as a LD florigen. LD signaling may also involve transport of FT
mRNA or protein because expression of LtF'Tand LtCO increased rapidly, substantially
(80-fold for FT), and independently of GA. However, because a LD from fluorescent
lamps induced LtFT expression but not flowering, the nature of the light response of FT
requires clarification. Thus a link between flowering, LD, and GAs, has been

demonstrated (King et al., 2006).

1.5.2.2 The vernalization response pathway

Exposure to low temperature for several weeks will often accelerate flowering.
Susceptibility to this treatment can differ markedly between ecotypes of a species
(Mouradov et al.,, 2002). For example, many naturally occurring Arabidopsis ecotypes
will flower very late if they are not exposed to a vernalization treatment but flower early
if exposed to low temperatures for four to eight weeks (Michaels and Amasino, 2000).
The genetic control of vernalization was addressed by crossing winter annual varieties
that require vernalization with summer annual varieties that do not. These varieties
differed at two loci, FLOWERING LOCUS C (FLC) and FRIGIDA (FRI), and dominant

alleles at these loci in the winter annual are required to confer a vernalization treatment
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(Clarke and Dean, 1994). FLC encodes a repressor of flowering and high level
expression of FLC correlates with the vernalization requirement of winter annual
varieties (Sheldon et al., 1999; 2000). The product of the FR/ gene somehow increases
FLC mRNA abundance. The fact that FLC expression is required for FR/ to delay
flowering is supported by the observation that loss-of-function f/c mutations suppress

the effect of FRI on flowering time (Mouradov et al., 2002).

Genetic approaches were undertaken to identify genes in the vernalization pathway by
screening mutants that remain late flowering after a long cold treatment.
VERNALIZATIONI (VRNI) and VERNALIZATION?2 (VRN2) were identified in
Arabidopsis. The study of virnl and vrn2 mutants has revealed that FLC is repressed
during vernalization in the same way in these mutants and in wild type (Gendall et al.,
2001; Levy et al., 2002). However, the repressed state of FLC is not stably maintained
in vrnl and vrn2 mutants upon return to warm conditions. Thus VRNI and VRN2 are
responsible for the stable maintenance of the vernalized state but not for its initial
establishment. Lesions in VRN2 also affect the chromatin structure of FLC (Gendall et
al., 2001). The recent identification of VERNALIZATION INSENSITIVE3 (VIN3; Sung
and Amasino, 2004) gene provides an answer to the question of how VRN and VRN2,
rather ubiquitously and constitutively expressed genes, repressed FLC only after a
VERNALIZATION cold treatment. In vin3 mutants, the repression of FLC under
extended cold conditions never occurs indicating that V/N3 is responsible for the initial
repression of FLC during cold exposure. The extent, if any, to which vernalization
mechanisms are conserved among plant species, remains to be determined. Recent
work in vernalization-requiring cultivars of wheat indicated that the genetically
identified targets of the vernalization pathway in wheat are not related to FLC (Yan et
al., 2003), but the basic mechanisms that sense the prolonged cold could be conserved

(Sung and Amasino, 2004).

1.5.2.3 The autonomous pathway

The autonomous pathway was identified via a group of mutants thatare late flowering
under all photoperiods and are highly responsive to vernalization. These mutants
include fca, fy, fpa, luminidependens (/d) and fve (Koomneef et al., 1991) and appear to
delay flowering by causing increased expression of FLC. Although all of the

autonomous pathway mutations act by increasing FLC expression, genetic evidence
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suggested that they may not all act in a simple linear pathway.

FCA encodes a protein with two RNA recognition motifs (RRM domains) (Burd and
Dreyfuss, 1994), a WW protein interaction domain (Macknight et al., 1997) and a
domain interacting with AtSW13B (Samowski et al., 2002). FYis a conserved mRNA
3" end processing factor that functions with FCA (Simpson et al., 2003). FPA also
encodes an RNA-binding protein (Schomburg et al., 2001) and LD encodes a
homeodomain protein (Lee et al., 1994b). FVE encodes a WD-40 repeat protein similar
to human RbAp48, AtMS14, possibly involved in chromatin regulation (Morel et al.,
2002). FCA and FVE function are especially responsive to temperature which may
contribute to differential temperature dependent growth rates and flowering time (Welch

et al., 2004).

1.5.2.4 The gibberellin (GA) pathway

The growth regulator, GAs, promotes flowering of Arabidopsis under short days when
the long day pathway is inactive (Simpson et al., 1999). The impact of GA on
flowering and GA signalling is thoroughly reviewed by Olszewski et al. (2002). Under
short day conditions, GA activates downstream molecular targets such as the floral
meristem identity gene LFY through a signalling pathway that is independent of the long
day pathway (Blazquez and Weigel, 2000). The LFY promoter is induced by long days
in gal mutants (Blazquez et al., 1998), but the magnitude of induction is reduced. These
observations point to both GA-dependent and -independent effects in the photoperiodic
control of Arabidopsis flowering. It has been shown previously that the concentration
of active GAs increases in plants that are transferred from short to long days, coinciding
with bolting (Xu et al., 1997). Further, Blazquez et al. (2002) showed that the GA
contribution was not quantitatively important in the determination of flowering time by
the photoperiod pathway. Therefore, the increase in GA concentration induced by long
days might be relevant for cell expansion required during stem elongation, rather than

determination of flowering time in Arabidopsis.

1.5.2.5 Integration pathway
The different floral pathways as described above converge into a limited number of
downstream regulatory genes (Komeda, 2004). The photoperiod pathway promotes

flowering specifically under long days. The transcription of the G/ and CO genes is
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regulated by the circadian clock, whereas light quality regulates CO protein abundance.
The autonomous pathway negatively regulates the abundance of mRNA of the floral
repressor FLC. FLC mRNA abundance is also repressed by vernalization
independently of the autonomous pathway. Finally, gibberellin promotes flowering of
Arabidopsis, particularly under short days. All four pathways appear to converge on the
transcriptional regulation of the floral integrator genes F7T and SOC/ which promote
expression of AP/ and LFY, genes required to confer floral identity on developing floral
primordia (Figure 1.1; Corbesier and Coupland, 2006). LFY regulates the transcription
of AP, AP3, and AG and gives floral identity to the shoot apical meristem (SAM).
Thus, LFY is the switch of the floral development (Bernier, 1988). On the other hand,
FTis considered to be the key to floral evocation (Kardailsky et al., 1999).

FT has high homology to TFLI (Bradley et al., 1997). Mutations in TFL/ are semi-
dominant and cause early flowering with a determinate inflorescence (Alvarez et al.,
1992). Thus, TFL] codes for a repressor of flowering. The #1/ is an interesting
mutation because it has mutations in two aspects for flowering: temporal (early
flowering), and spatial (terminal-determinate flowering). The TFL2 gene was initially
identified as an enhancer mutation of the #/// mutant (Larsson et al., 1998; Kotake et al.,
2003). TFL2 functions as a negative repressor of F'T expression. TFL] transcription is
inhibited by the FMI genes (Komeda, 2004).

The CO gene interacts directly with the FT gene (Samach et al., 2000), which is in turn
regulated by FLC, akey of the autonomous and vernalization pathway. Another
important gene in the integration pathway is SOC/ or AGL20 (Hepworth et al., 2002).
LFY functions in part downstream of SOC/ (Lee et al., 2000). The expression of FT
and SOC] 1s regulated positively by the photoperiod pathway as well as the autonomous
pathway acting through FLC repression. Also, the vernalization signal increases SOC/
expression by down-regulation of FLC levels (Lee et al., 2000). Further, the gibberellin
pathway up-regulates SOC/ expression (Borner et al., 2000). Thus, SOC/ and FT act as
the converging point for all four pathways (Hepworth et al., 2002). A bZIP
transcription factor, FD, preferentially expressed in the shoot apex is required for F7 to
promote flowering (Abe et al., 2005). FD and FT are interdependent partners through
protein-protein interaction and act at the shoot apex to promote floral transition and to

initiate floral development through transcriptional activation of a floral meristem
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identity gene, AP/. If FT protein represents a long-distance signal, then it will get
transported from leaves to interact with FD protein at the shoot apex as observed in

Cucurbits (Lin et al., 2007).

1.5.3 Meristem identity genes

Meristem identity genes are the final players in the pathway to flowering. The outcome
of the decision to flower is governed by the interplay of genes that promote vegetative
shoot identity, such as TFL/ and TFL2 and those that promote floral identity such as
LFY and API in Arabidopsis (Blazquez et al., 2001). The main evidence for the
involvement of these proteins in the determination of floral identity is based on loss-and
gain-of -function studies with corresponding function genes as shown by Blazquez et al.
(2006) and similarities between loss-of-function mutants in orthologous genes from
different species supports the idea that there is a common mechanism for the

establishment of floral meristem identity.

1.5.3.1 LEAFY

LFY is a key floral meristem gene and its regulation is critical to the control of flower
development. LFY is the earliest of the known floral identity genes to be expressed, and
directly activates at least one of the later genes, AP/ (Wagner et al., 1999). In
Arabidopsis, LFY is a homeotic gene, the mutation of which causes inflorescence
meristems to arise in the position normally occupied by floral meristems (Weigel et al.,
1992). LFY promotes the transition from inflorescence to floral meristem largely by
activating AP/ (Mandel and Yanofsky, 1995; Wagner et al., 1999), but subsequently
has a central and AP/-independent role in controlling floral development (Sablowski,
2007). In one study, Blazquez et al. (2002) used plants carrying fusions of the LFY
promoter to the GUS marker gene and showed that the LF'Y promoter responded to both
the long day and to GA. Further, they demonstrated that a deletion in a putative myb
transcription factor binding site within the LFY promoter prevented activation by GA
but not by the long day pathway. Analysis of double mutants and the effects of
constitutive LFY expression in fca mutant background supports the idea of a positive
regulation of LFY by the autonomous pathway (Page et al., 1999). Therefore, LFY is an
ultimate target of the four flowering pathways. LFY has been shown to bind specific

sequences present in the regulatory regions of the homeotic genes AP/ (Parcy et al.,
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1998), APETALA3 (AP3) (Lamb et al., 2002) and 4GA MOUS (AG) (Busch et al., 1999).

LFY homologues have been isolated and studied from several herbaceous plant species.
The first LFY orthologue isolated was FLORICAULA (FLO) from Antirrhinum. FLO
transcripts were abundant in bracts and in the early floral meristem (Coen et al., 1990).
In Arabidopsis, the highest expression of LFY was found in regions of the inflorescence
meristem that formed floral meristems and in newly formed floral meristems. However,
LFY was also expressed at low levels during vegetative development (Weigel et al.,
1992). In Impatiens balsamina, a LFY homologue (/bLFY) was identified. It was
highly conserved at the sequence level and when expressed ectopically in Arabidopsis
showed homologous function (Ordidge et al., 2005). RNA in situ hybridisation
revealed that /bLF'Y was expressed in all meristem states, even in proliferating

meristems (Chiurugwi et al., 2007).

In pea, the LFY orthologue, UNIFOLIATA (UNI) was visible at high levels during very
early stages of leaf development, which suggests a role for LFY/FLO genes in leaf
development, at least in legumes (Hofer et al., 1997). In tomato also, a change in leaf
phenotype was observed when FALSIFLORA (FALS) was mutated (Molinero-Rosales et
al.,, 1999). The FLO/LFY homologue of rice, RFL was expressed in vegetative tissue in
the epidermal cells of very young leaves. Kyozuka et al. (1998) considered that RFL
was required for maintenance of the proliferating branching pattern of the inflorescence.
In maize the FLO/LFY homologue, ZFL, was expressed in vegetative apices but was

strongly up-regulated during reproductive development (Bomblies et al., 2003).

Hence, among the meristem identity genes LF'Y gene stands out, because its expression
precedes that of other meristem identity genes with flower specific expression. The
gradual change in LFY expression during the vegetative phase in Arabidopsis suggested
that the level of LFY expression might be an important determinant in flower initiation
(Blazquez et al., 1997). The authors also suggested thatthe LF'Y gene is an important
element of the transition from the vegetative to the reproductive phase, as LFY is both
necessary and sufficient for the initiation of individual flowers. Thus, LFY combines
properties of flowering time and floral meristem identity genes, indicating that LFY is a

direct link between the global process of floral induction and the regional events
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associated with the initiation of individual flowers and helps to determine the floral

character of apices (Blazquez et al,, 1997).

1.5.3.2 APETALAI

The AP gene in Arabidopsis is a MADS-box gene and is important for promoting
floral meristem identity. AP/ is expressed throughout young floral meristems, shortly
after the onset of LFY expression. However, the expression of AP/ becomes restricted
to the first and second whorls of the flower and to floral pedicels (Blazquez et al.,
2006). The loss-of- function mutants of AP/ produce shoots in place of early arising
flowers and exhibit defects in floral meristems of late arising flowers indicating that the
transition from inflorescence to floral meristem is not normal (Bowman et al., 1993). In
Antirrhinum, the transition from inflorescence to flower development involves the
action of the AP/ homologue SQUAMOSA (SQUA) gene. Flowers in squa mutants are

replaced by shoots that bear occasional flowers (Huijser et al., 1992).

Carr and Irish (1997) cloned homologues of AP/ and characterised the expression
pattern in Brassica oleraceae var italica (broccoli) and var botrytis (cauliflower). They
reported that the 4P/ homologue was expressed in some of the meristems of arrest-
stage cauliflower, providing evidence that this tissue is florally determined. In broccoli,
both the 4P/ and AP3 homologues were expressed. However, the spatial pattern of
expression of the broccoli AP/ homologue differed from that of Arabidopsis.
Interestingly, Murai et al. (2003) suggested that in wheat, the AP/ homolog (WAPI)

plays a central role in the phase transition from vegetative to reproductive growth.

Ciannamea et al. (2006) analysed three AP1-like MADS- box proteins (LpMADS1-3)
as wellas a SHORT VEGETATIVE PHASE (SVP)-like MADS- box protein
(LpMADSI10) from the monocot perennial grass species Lolium perenne. Based on the
expression pattern for Lp)MADS|1 and the protein properties the authors suggested that
the functional equivalent of LpMADS! is the SOC! and not the Arabidopsis API gene.

1.5.3.3 TERMINAL FLOWERI
The TFLI gene plays an important role in regulating flowering time and in maintaining
the fate of the inflorescence meristem (Mimida et al,, 2001). In #/// mutants the

inflorescences are replaced by flowers, cauline leaves subtend solitary flowers, rather
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than shoots and the meristems of the inflorescence shoots are converted into floral
meristems and form terminal flowers (Shannon and Meeks-Wagner, 1991) specifying
the role of TFL1I in inflorescence shoot identity. The #/// mutants flower earlier than
wild type, indicating a second function of 7FL/ as a repressor of the floral transition.
TFL1 is expressed in a small region at the centre of the inflorescence meristem (Bradley
et al,, 1997). Plants constitutively expressing 7FL] have an enlarged rosette and a
highly branched inflorescence which eventually produces normal flowers (Ratcliffe et
al., 1998). This effect showed that all developmental phases of the shoot apex were
being prolonged: vegetative, early inflorescence and late inflorescence, which was
opposite to the phenotype of the #/// mutant, where the phase transition occurred faster
than in the wild type (Blazquez et al., 2006). It has been proposed that TFL]
participates in a common mechanism underlying the major developmental transitions at
the shoot apex rather than playing two separate roles repressing flowering and

specifying shoot identity (Ratcliffe et al., 1998).

In /. balsamina 35S:IbTFLI plants bolted late and only three of the 14 plants produced
flowers suggested that similar to 7FL/, IbTFL] was capable of controlling both the
transition from the vegetative to the inflorescence phase and the transition from the

inflorescence phase to flowering (Ordidge et al., 2005).

The TFLI orthologue in Antirrhinum, CENTRORADIALIS (CEN), acts only towards
inflorescence meristem maintenance. To understand the functions of 7FL/ homologues
in pea, Foucher et al. (2003) isolated three 7FL / homologues, which were designated as
PsTFLIa, PsTFL1b and PsTFLIc. They observed that PsTFLIa corresponded to the
DETERMINATE (DET) gene and PsTFLIc corresponded to the LATE FLOWERING
(LF) gene. Thus different TFL/ paralogues controlled two distinct aspects of plant
development in pea whereas a single gene, TFL 1, performs both functions in

Arabidopsis.

TFLI/CEN (RCNI and RCN2)-like genes played important roles in determining plant
architecture in rice, mainly by controlling the timing of phase transition (Nakagawa et
al., 2002). In perennial rye grass (Lolium perenne), Jensen et al. (2001) isolated a
TFLI-like gene, LpTFL]I, to investigate the regulation of meristem identity and the

control of floral transition for its function in flower development. They found that
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LpTFLI was a repressor of flowering and a controller of axillary meristem identity in

rye grass.

To summarise meristem identity genes, Liljegren etal. (1999) highlighted the
interactions among AP/, LFY, and TFLI in specifying the meristem fate in Arabidopsis.
They presented evidence that AP/ expression in lateral meristems was activated by at
least two independent pathways, one of which is regulated by LFY. In Ify mutants, the
onset of AP/ expression is delayed, indicating that LFY is formally a positive regulator
of API. They also found that AP/, in turn, can positively regulate LF'Y, because LFY is
cxpressed prematurely in the converted floral meristems of plants constitutively
expressing AP /. Shoot meristems maintain an identity distinct from that of flower
meristems, in part through the action of genes such as TFL/, which bar AP/ and LFY
expression from the inflorescence shoot meristem. The authors showed that this
negative regulation can be mutual because 7FL/ expression is down regulated in plants
constitutively expressing AP /. Therefore, they concluded that the normally sharp floral
transition between the production of leaves with associated shoots and formation of the
flowers, which occurs upon floral induction, is promoted by positive feedback
interactions between LFY and AP, together with negative interactions of these two

genes withTFL [ (Liljegren et al.;,1999).

1.6 Floral transition in woody perennials

In herbaceous species (annuals), as observed earlier, reproduction is the end of the life
cycle, whereas perennials have a longer reproductive life cycle by producing vegetative
and reproductive shoots every year, and a number of times in their life cycle. Although
there are differences in lifespan, the genetic mechanisms underlying flower induction
and floral organ formation appear to be similar among these species (Tan and Swain,
2006). The advances made in Arabidopsis genetic studies of floral transition have

paved the way for similar investigations in woody species as reviewed below.
1.6.1 Expression patterns of LEAFY homologues

Homologues of the floral meristem identity gene LFY of Arabidopsis and FLO of

Antirrhinum have been isolated and gene expression studies carried out in a number of
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different woody species.

Southerton et al. (1998) cloned ELFI and ELF?2 from E. globulus with sequence
homology to the genes LFY in Arabidopsis and FLO from Antirrhinum. They reported
that ELF] was expressed in the developing Eucalyptus floral organs in a pattern similar
to LFY while ELF?2 appeared to be a pseudogene. In E. globulus, LFY was expressed in
young leaves and leaf primordia. However, when compared with floral buds, LFY
expression was higher in floral tissue than in young vegetative shoots (Southerton et al.,
1998). Dornelas et al. (2004) isolated EgLFY from Eucalyptus grandis and showed that
it was preferentially expressed in the developing Eucalyptus floral organs in a pattern

similar to Arabidopsis LFY.

The fragments of the LFY-equivalent, MEL, isolated from M. excelsa exhibited bimodal
patterns of expression (Sreekantan et al., 2004). Expression was detected during early
floral initiation in autumn, increased during cymule primordia initiation in late autumn
and was followed by down-regulation during winter and up-regulation in spring as
floral organogenesis occurred. Spatial expression patterns of MEL showed that it had
greater similarity to FLO than to LFY, expressing in the apex of the inflorescence, on
the cymule primordia, on floral primordia, in sepals and petals, in stamens and in the
inner regions of the gynoecium and in anthers and ovules at late developmental stages.
Sreekantan et al. (2004) considered that the interaction between MEL and METFL] was
more similar to the interaction between FLO and CEN than that between LFY and TFL].
Consequently, Sreekantan et al. (2004) suggested that the three genes (MEL,
METFLIland MESAPI) from M. excelsa fit a broader herbaceous model encompassing

Antirrhinum as well as Arabidopsis.

The expression pattern of STLFY from Sophora tetraptera was analysed and a bimodal
pattern detected. Expression was first detected in vegetative growth and increased
rapidly as the inflorescences developed. Expression reached a peak when the
inflorescences developed to their full length, and then decreased during the winter
dormant period of the floral buds and increased during spring, co-incident with
organogenesis (Song, 2005). In Clianthus maximus, no bimodal pattern was observed

reflecting the species-specific developmental system (Song, 2005).
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Rottmann et al. (2000) isolated the LFY/FLO homologue, PTLF, from Populus
trichocarpa. They reported that over expression of the PTLF cDNA in Populus caused
early flowering, albeit, infrequently. /» situ hybridisation studies revealed that PTLF

was expressed in the floral meristems and developing male and female flowers.

Partial homologues of LFY were isolated by Walton et al. (2001) from Actinidia
deliciosa (kiwifruit) and showed that ALF exhibited a bimodel pattern of annual
expression in developing first-order axillary buds and their subsequent shoots. The first
period of expression was early in first-order bud development (late spring of the first
growing season), when second-order meristems are initiated, and the second,
approximately 10 months later, when those meristems differentiate flowers (late spring

of the second growing season).

In apple, two homologues of FLO/LFY, AFL1 and AFL2, were isolated from floral buds
and both showed high homology to the PTLF and PEAFLO homologue of poplar and
pea, respectively (Wada et al., 2002). ALFI was expressed only in the floral bud during
the transition from vegetative to reproductive growth, whereas ALF2 was expressed in
the vegetative shoot apex, floral buds, floral organs and roots. The two copies of the
LFY homologues in their genome could be due to complex polyploidy origin (Wada et
al., 2002).

In another investigation, the FLO/LFY homologue, VFL, was isolated in grapevine and
expression was reported in lateral meristems that gave rise to inflorescence and flower
meristems. Further expression was also observed in other meristematic regions such as
the vegetative shoot apical meristem and the lateral meristems that give rise to tendrils
suggesting a role for V'FL not only in flower meristem specification, but also in the
maintenance of indeterminacy before the differentiation of derivatives of the apical

meristem: flowers, leaves, or tendrils (Carmona et al., 2002).

Esumi et al. (2005) identified LFY from six fruit species. Two types of cDNAs for LFY
homologues were isolated from each maloid species, PpLFY-1 and PpLFY-2 for
Japanese pear, PcLFY-1 and PcLFY-2 for European pear, CoLFY-1 and CoLFY-2 for
quince, CsLFY-1 and CsLFY-2 for Chinese quince, and EjLFY-1 and EjLFY-2 for
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loquat. The presence of two different LFY homologues in maloid plants may reflect the

polyploid origin of Maloideae.

Pena et al. (2001) studied acceleration of flowering time, and transformed juvenile
Citrus seedlings to constitutively express the Arabidopsis LFY or AP] gene orthologues.
The authors reported that both types of transgenic Citrus produced fertile flowers and
fruits as early as the first year, and observed an appreciable shortening of the juvenile
vegetative phase. Furthermore, expression of AP/ was as efficient as LFY in the
initiation of flowers, and did not produce any severe developmental abnormality.
Flowering in both AP/ and LFY transgenic trees was observed in consecutive years, and

their flowering response was under environmental control (Pena et al., 2001).

From Citrus sinensis, Lovatt et al. (2004) isolated CsLFY. CsLFY expression was
restricted almost exclusively to reproductive tissues. Ectopic expression studies showed
early flowering phenotypes similar to Arabidopsis LFY (Lovatt et al., 2004). The
authors also suggested that the C. sinensis has two easily distinguishable CsLFY alleles

due to its hybrid origin.

Two LFY homologous NEEDLY (NLY) and PRFLL were found in Pinus radiata, a
gymnosperm. NLY was expressed during vegetative development (Mouradov et al.,
1998). PRFLL was expressed in male cones and not in the females during reproductive

development (Mellerowicz et al., 1998).

From these studies, it appears that the function of homologues of Arabidopsis floral
meristem identity gene LFY is conserved in woody perennials. In transgenic lines
studied so far, the LF'Y homologues induced early flowering, a feature of interest to
those keen to hasten flowering in perennial species. In most diploid plant species, the
LFY gene exists as single copy, but in complex polyploidy species more than one copy
was found. Thus, all LFY/FLO-like genes found in angiosperms appear to be

orthologues of a single ancestral gene.

1.6.2 Expression patterns of APETALAI homologues
Homologues of the floral meristem identity gene AP/ of Arabidopsis and SQUA of
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Antirrhinum have been isolated and gene expression studies carried out in a number of

different woody species.

In Eucalyptus, two functional equivalents of 4P/ were cloned and named EAPI and
EAP2 (Kyozuka et al, 1997). Both of these genes were expressed to higher levels in
flower buds. RNA blot analysis showed that while EAP/ was expressed at all stages of
floral morphogenesis, EAP2 was expressed more predominantly in young flower buds.
Neither gene was expressed at a significant level in leaves, stems or roots (Kyozuka et

al., 1997).

Walton et al. (2001) isolated partial homologues of AP/ from kiwifruit. Expression
studies showed that A4P/ displayed bimodal patterns of annual expression in
developing first-order axillary buds and their subsequent shoots consistent with a two-
year cycle of axillary bud, flower and fruit development in this perennial woody
species. Similarly, in M. excelsa, Sreekantan et al. (2004) studied the temporal
expression patterns and showed that MESAP/ exhibited a bimodal pattern of expression
showing low levels in autumn, increasing during cymule primordia initiation in late
autumn, decreasing during winter, and increasing again during organogenesis in spring.
In situ hybridisation showed that MESAPI was first expressed on the cymule primordia
in early developmental stages. Expression was also detected on the subtending

bracteoles, mainly concentrated in their axils (Sreekantan et al., 2004).

Elo et al. (1996) cloned three MADS-box genes (BpMADS3, BpMADS4 and BpMADSS)
from silver birch (Betula pendula) homologous to SQUA and API. The BpMADS3
expression was observed in the early stages of the transition to flowering and during
inflorescence development. These three genes when over-expressed in transgenic

tobacco caused an early flowering phenotype (Cseke and Podila, 2004).

An API homologue fragment (MdAP1) was isolated from Malus sylvestris var
domestica (Kotoda et al., 2002) and expression studies showed that it was exclusively
expressed in sepals and in the flesh of the cortex during fruit development. Another
Malus API homologue, MdMADS2, was expressed at all stages of floral development.

However, immuno-localisation showed that the MdAMADS?2 protein was excluded from
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the stamen and carpel primordia during the later stages of development (Sung et al.,
1999). MdMADSI2 (another Malus AP] homologue), was expressed in leaves,
vegetative shoots and floral tissues (van der Linden et al., 2002) and these studies
revealed that some aspects of Malus floral development probably differed from those

observed in herbaceous species.

Lovatt et al. (2004) isolated CsAP! from Citrus sinensis. CsAPI expression was
restricted almost exclusively to reproductive tissues but also found in the fourth whorl
carpel tissue of mature flowers and this was distinct from other plant AP/ genes.
Ectopic expression of CsAP1 in Arabidopsis showed early flowering phenotypes similar
to Arabidopsis AP1 (Lovatt et al., 2004). The authors also suggested that the C. sinensis
has two easily distinguishable Cs4P/ alleles due to its hybrid origin.

Calonje et al. (2004) studied the early steps of flower initiation and development in Vitis
vinifera (grapevine), and isolated two MADS-box genes, VFUL-L and VAP, the
putative FUL-like and 4P grapevine orthologues and analysed expression patterns
during vegetative and reproductive development. Both genes were expressed in lateral
meristems that can give rise to either inflorescences or tendrils and no expression was
detected in leaves or roots. Both genes were also co-expressed in inflorescence and
flower meristems. Expression patterns of VAP suggested that it might have a role in

floral transition and flower development (Calonje et al., 2004).

In Sophora, no STAPI was detected in adult leaves, vegetative and shoot tips. STAPI
was expressed at lower levels in inflorescences compared to early stage floral buds.
Only a very low level was detected in mid-stage flower buds (Song, 2005). Similar
observations were recorded for Clianthus, except that in mid-stage floral buds high level

of CMAPI was expressed to a high level (Song, 2005).

Therefore, similar to LFY/FLO gene homologues, homologues of AP//SQUA are also
important for the initiation of floral development in perennials. AP1/SQUA is also
strongly expressed in floral meristems, consistent with a direct role in promoting floral
fate. There are no LFY-related genes in the Arabidopsis genome, and the DNA-binding
protein encoded by LFY is unrelated to other classes of transcription factors (Weigel et

al., 1992; Parcy et al., 1998). In contrast, AP/ belongs to the family of MADS box
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genes, many of which encode transcription factors regulating different aspects of flower

development (Mandel et al., 1992).

1.6.3 Expression patterns of TERMINAL FLOWERI homologues

Homologues of the inflorescence meristem identity gene TFL/ of Arabidopsis and CEN
of Antirrhinum were isolated and gene expression studies carried out in a number of

different woody species.

Sreekantan et al. (2004) isolated METFLI from M. excelsa and showed that this gene
was expressed throughout the period of inflorescence development and was expressed
in the inflorescence meristem but not in the floral meristems as is also the case for TFL/

in Arabidopsis.

Carmona et al. (2007) showed that the F7/TFL1 gene family in Vitis vinifera was
composed of at least five genes. Sequence comparisons with homologous genes
identified in other dicot species grouped genes in three major clades, the FT, MFT and
TFL1I subfamilies, the latter including three of the Vitis sequences. Gene expression
patterns showed that VwTFLIA, VWTFLIB and WTFLIC could be associated with
vegetative development and maintenance of meristem indeterminancy. Over expression
of WTFLIA did not affect flowering time but affected the determination of flower
meristems, strongly altering inflorescence structure, which is consistent with the

biological roles assigned to similar genes in other species (Carmona et al., 2007).

Two different types of cDNA for TFLI homologues were isolated from six maloid
species (Esumi et al., 2005). They were PpTFLI-1 and PpTFL -2 for Japanese pear,
PcTFLI-1 and PcTFLI-2 for European pear, MdT'FLI-1 and MdTFL -2 for apple,
CoTFL-1 and CoTFL1-2 for quince, CsTFLI-1 and CsTFLI-2 for Chinese quince and
EjTFLI-1 and EjTFL -2 for loquat. Maloid 7FLI homologues were transcribed mainly
inbuds and TFLI-1 and TFL -2 were expressed at high levels in buds before floral
differentiation and their expression seemed to decrease after floral differentiation

(Esumi et al., 2005).
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Kotoda and Wada (2005) cloned MdTFL1 from apple, a gene homologous to TFL/ of
Arabidopsis. Expression studies showed that MdTFL] mRNA was expressed
preferentially in vegetative tissues such as apical buds, stems and roots of seedlings and
expression peaked two weeks prior to floral bud differentiation. They suggested that
MdTFLI was involved in the maintenance of the vegetative phase in apple and that it
functions analogously to TFL]. Antisense expression of MdTFLI reduced the juvenile
phase in apple (Kotoda et al., 2006).

A homologue of TFLI was isolated from the hybrid perennial tree crop Washington
navel orange (Citrus sinensis) (CsTFL). Ectopic expression of CsTFL in wild type
Arabidopsis plants showed late-flowering phenotypes, similar to the studies with over
expression of Arabidopsis TFLI (Pillitteri et al., 2004). CsTFL transcripts were not
detected in adult vegetative tissues but CsTFL RNAs were detected in all floral organs.
Gene expression studies using real-time PCR showed that juvenility in Citrus was
positively correlated with CsTFL transcript accumulation, and negatively correlated

with the RNA levels of the floral regulatory genes, LFY and AP/ (Pillitteri et al., 2004).

Three TFL1/CEN like genes were isolated from Eucalyptus and these were designated
ETCLI, ETCL2, ETCL3 (Collins and Campbell, 2001). Two of the genes were over-
expressed in Arabidopsis and the resultant plants showed many characteristics with the
plants that over expressed Arabidopsis TFLI. These findings revealed that ETCL genes
shared functions with 7FL/ and had the ability to delay phase change considerably
(Collins and Campbell, 2001).

The TFLI studies also suggest that, at least at a fundamental level, flowering genes and
presumably, pathways are conserved between herbaceous and perennial species. The
regulatory genes TFL//CEN have drawn interest in perennials as this opens the prospect
to reduce the prolonged juvenile development, which has been a major obstacle for

effective tree breeding purposes.

1.7 Definition of terms

Poethig (1990) defines phase change as the transition between all ontogenetic phases of
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development. Subsequently, three primary phases of plant development following post-
embryonic development have been defined: the juvenile vegetative phase, in which the
plant is considered incapable of sexual reproduction; the adult vegetative phase, in
which reproductive competency is established; and the reproductive phase in which
reproductive structures such as inflorescences and flowers appear (Conway and Poethig,
1993; Greenwood, 1995; Kerstetter and Poethig, 1998). The transition between each of
these phases [referred to as phase change (Brink, 1962; Poethig, 1990; Jones 1999)] is
characterised by species-specific traits, although maturation (Wareing, 1959;
Greenwood, 1995), and ontogenetic ageing (Fontanier and Jonkers, 1976) have also
been used. This is different to physiological ageing as described by Wareing (1959),
which is often associated with a reduced growth rate or vigour as a result of increasing

size and complexity of the plant (Henriod, 2001).

In E. occidentalis, reproductive competency has been acquired while the plant is still
apparently ‘juvenile’ and hence the above definitions cannot be readily applied.
Consequently, the following definitions have been adopted in this thesis:

Vegetative phase change will refer to the progression from the juvenile to adult
vegetative states irrespective of reproductive competency.

Floral transition will refer to the transition from the vegetative to the reproductive state
as indicated by molecular and/or morphological markers (evidence of inflorescence
development on shoot axes).

Adult/mature will refer to the ontogenetic phases occurring after the juvenile vegetative

phase.

1.8 Summary of phase change, floral transition and shoot

architecture in M. excelsa and E. occidentalis

Clemens et al. (1999) studied M. excelsa under root and shoot restriction treatments, a
feature acknowledged to accelerate phase change. Single stem plants attained a greater
number of nodes and greater shoot length as compared to free branching plants. At any
particular node, leaves on free branching plants failed to attain the same degree of
mature morphology as those from a comparable position in single stem plants. Thus, it

could be concluded that vigorous growth tended to accelerate vegetative phase change
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in M. excelsa (Clemens et al., 1999).

Further, Sismilich (2001) investigated the significance of shoot architecture for phase
change by describing quantitative attributes. The theoretical model developed by
analysing tree topology, suggested that complexity of crown architecture (rather than
size) was critical for both the progress and characterisation of phase change (Sismilich
et al., 2003). These studies found that the architectural component of phase change was
the key to a plant achieving reproductive competence, with attainment of crown
complexity occupying an important role (Clemens et al., 2002). Kubien et al. (2007)
explored the differences in gas exchange physiology between juvenile and adult phase
leaves and reported that, during vegetative phase change in M. excelsa, the control of
water loss appears to shift from a physiological to a physical basis, possibly associated
with a reallocation of leaf resources away from photosynthesis. It appears that the shoot
development undergoes discrete stable developmental phases and that the vegetative

phase change is a prerequisite for the reproductive phase change (Henriod, 2001).

Southerton (2002) studied Eucalyptus occidentalis for tree breeding purposes.
Heterochrony has played a major role in the evolution of the Eucalyptus species (Hill
and Johnson, 1995; Potts and Wiltshire, 1997). The main modes of heterochrony
expressed in the Eucalyptus as described by Wiltshire et al. (1998) appear to be:

1) neoteny, which is the retention of juvenile characteristics into the reproductively
mature plant and the opposite process of i1) acceleration or ii1) pre-displacement, which
reduce the number of pairs of juvenile leaves, so that adult leaves, or leaves with adult
characteristics, are expressed earlier in the ontogeny of descendents (Wiltshire et al.,
1998). Further, precocious flowering was observed in E. occidentalis when grown in
long day conditions (16 h) with first flowering occurring in less than a year (Bolotin,
1975). This precocious flowering phenomenon can be regarded as another
heterochronic process, 1v) progenesis (Wiltshire et al.,, 1998). Thus in E. occidentalis, it
appears that due to neoteny, and precocious flowering, regulation of phase change and

floral transition are temporally uncoupled.

[t appears that the two species, M. excelsa and E. occidentalis, although from the same
family have different growth and development strategies towards phase change and

flowering. Although there are differences in shoot morphogenesis, it has been

38



suggested that the genetic control of the floral transition is conserved across the
angiosperms (Tan and Swain, 2006). In this thesis a detailed physiological and
molecular study of phase change and floral transition in relation to shoot architecture
was carried out in E. occidentalis, along with a comparative investigation of M. excelsa,
to gain insights into the mechanisms that control phase change and flowering processes

in woody perennials.

1.9 Aims and objectives

The ultimate aim of this project was to understand the similarities and differences
between M. excelsa and E. occidentalis in relation to phase change and flowering in
order to gain access to mechanisms that could potentially accelerate phase change in

ornamental New Zealand native species.

In this study, E. occidentalis seedlings were grown with two contrasting architectures,
so that growth in terms of size (height) and growth in terms of complexity (free
branching) could be separated. The rate of phase change was assessed at the
morphological and physiological levels, with an aim to determining whether growth as

height or growth as complexity is critical to phase change in this species.

Wiltshire et al. (1998), demonstrated that phase change and flowering are temporally
uncoupled in Eucalyptus risdonii, and this may be the case for E. occidentalis as it also
exhibits neoteny. Based on the previous studies in Eucalyptus species and M. excelsa,
the following hypotheses were tested in E. occidentalis:

1. The rate of phase change is controlled primarily by the complexity of shoot
architecture.

2. Phase change and flowering processes in E. occidentalis are temporally uncoupled
and are under strong genetic control.

To test these hypotheses the provenances of E. occidentalis were grown in two
architectures (single stem and free branching). The effects of architecture modification
on seedlings of E. occidentalis were monitored by measuring changes in leaf
morphology, shoot phenology, gas exchange characteristics and floral scores in relation

to node positions
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Pillitteri et al. (2004) monitored the expression of the Citrus equivalents of the meristem
identity genes LF'Y, API and TFLI using real-time PCR and demonstrated that CsTFL
transcript accumulation was positively correlated with juvenility whereas CsLFY and
CsAPI were negatively correlated. In view of the published literature, and to improve
our understanding of the key genes associated with the floral transition in E.
occidentalis and M. excelsa, the temporal expression patterns of the meristem identity
genes, LFY, AP 1, TFL] were measured in plants grown under different environmental
regimes and either as single stem or free branching plants. Relatively higher levels of
TFL1 were expected to reflect a more juvenile and/or vegetative condition, whereas
relatively higher levels of LFY might reflect a more mature/reproductive condition.

Expression of AP/ was expected only in those tissues committed to flowering.
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Chapter 2
Phase change and flowering in Eucalyptus occidentalis

in relation to shoot architecture: morphological study

2.1 Introduction

The relationship between age or size and reproductive maturation has been investigated
in woody species (Longman and Wareing, 1959; Lawson and Poethig, 1995). The
practice of growing plants with a single stem, as opposed to allowing plants to branch
freely, is suggested to encourage growth to a minimum size required for phase change
to occur, since this feature is often inversely related to the length of the juvenile period
(Hackett, 1976; 1985). Clemens et al. (1999) suggested that vigorous growth (limiting
growth to a single stem) tended to accelerate vegetative phase change in M. excelsa.
However, in a subsequent study of M. excelsa, an architectural component of phase
change was found to be the key to a plant achieving reproductive competence, with

attainment of crown complexity occupying an important role (Sismilch et al., 2003).

Wiltshire et al. (1998) demonstrated that the control of vegetative phase change is a
genetically independent process from floral transition in Eucalyptus risdonii, and this
may be the case for E. occidentalis as it also exhibits neoteny. Precocious flowering has
been reported in E. occidentalis (Bolotin, 1975). The present study was conducted with
E. occidentalis, to investigate the effect of shoot architecture, as growth as height
(single stem architecture) or growth in terms of complexity (free branching
architecture), on phase change and flowering. Six ecotypes were included in this study
to investigate whether there were ecotypic differences in phase change in response to
shoot architecture. Typically, Eucalyptus displays changes in leaf morphology from
broader juvenile phase leaves to lanceolate leaves in the adult phase (James and Bell,
2001), a pattern also exhibited in E. occidentalis (Chippendale, 1973) (Figure 2.1A and
B). These changes were monitored by recording morphological attributes of the leaf,
including area, perimeter, length, width, length/width ratio, roundness and petiole

length, at different ontogenetic stages. This morphological characterisation of phase
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change in different ecotypes of E. occidentalis grown with two architectures could
provide insights into the effect of shoot architecture on the phase change process.
Observations on flowering could reveal whether there is a relationship between phase
change and floral transition (flowering) of this model plant, which could lead to further
understanding of the integration of developmental and evolutionary approaches of shoot
and floral phenology. In the present investigation, the hypotheses tested were that the
rate of phase change is controlled primarily by the complexity of shoot architecture, and
that phase change and flowering processes in E. occidentalis are temporally uncoupled

and are under strong genetic control.

2.2 Materials and Methods

2.2.1 Plant material
Seeds of six ecotypes (13648, 15416, 15395, 13644, 13636, and 13634) of Eucalyptus

occidentalis of known provenance were obtained from the Australian Tree Seed Centre,
CSIRO, Australia (Table 2.1). It is understood that each seedlot was made up from

seeds collected from several trees within the each population.

Table 2.1 Eucalyptus occidentalis provenances used in this study.

Seedlot No. Locality latitude (S)  longitude (E)
13634 Broomehill 34°02' 117° 38’
13636 Porongurup 34° 41’ 117° 54
13644 Thomas River 33°48’ 123° 00’
13648 Peak Charles 35° 121’ 121° 10’
15395 Dumbleyung Lake 33°20' 117° 40’
15416 Truslove 33°20’ 121° 43’

Several of these ecotypes had been used for preliminary work on precocious flowering
for tree breeding purposes in Australia (Simon Southerton, personal communication).
Seeds were germinated at room temperature, and seedlings transferred to small pots and
finally to 10 I pots. The potting medium consisted of a mixture of peat and pumice

(80:20 v/v) supplemented with a controlled release fertiliser (4.0 g 1" of 8 to 9 month
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release Osmocote Plus, Grace Sierra, Heerlen, The Netherlands). Between 4-25
replicate plants for each treatment were grown from April 2003 to June 2004 in a
greenhouse at the Massey University Plant Growth Unit, Palmerston North, New
Zealand. For temperature moderation the greenhouse was set to vent at 25 °C, and
warmed when the temperature fell below 20 °C to give mean day/night temperature of
27 °C/18 °C, under ambient conditions of daylength. The plants from the six ecotypes
were subjected to two architectural treatments: pruned to obtain single stem architecture
by removing the axillary buds from the time the plants were 300 mm tall, and not
pruned at all to obtain a free branching architecture (Figure 2.1C and D). During
flowering, care was taken to retain floral buds on single stem plants while maintaining

the single stem architecture.

2.2.2 Leaf morphology

When the plants were grown to over 60 nodes (April 2004), fully expanded leaves were
collected from the main stem at nodes 10, 20, 30, 40, 50 and 60 for characterisation of
morphological features. Nodes were numbered on the main axis of single stem as well
as free branching plants. Data were collected from four to eight replicate plants of each
ecotype. The leaf images were captured by photocopying. The photocopied images
were digitised (JPEG format) by scanning. The leaf morphology attributes, leaf area
(cmz) perimeter (cm), roundness (41 perimeterz/leaf area), length (cm) and maximum
width (cm), length/width ratio and petiole length (cm) (Henriod, 2001) were measured
using Image Pro® PLUS software (version 4.5.0.19, Media Cybernetics, Silver Spring,
M.D., U.S.A)).

2.2.3 Flowering

Total number of plants with floral buds was recorded during January 2004 when the
plants were nine months old. At this stage, floral buds were identifiable visually with

the naked eye in leaf axils, on the main stem and on branches.
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Figure 2.1 Typical Eucalyptus occidentalis juvenile (A) and adult leaves (B).
E. occidentalis ecotype 15416 grown in single stem (C) and free branching (D)
architecture in a greenhouse under conditions specified in Section 2.2.1.
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2.2.4 Statistical analysis

Three-way repeated measures ANOV A was performed to determine the significance of
main effects (ecotype, architecture, and node position) and their interactions on
measured leaf morphology attributes (leaf area, leaf perimeter, leaf length, leaf
maximum width, length/width ratio, leaf roundness and petiole length). For ANOVA
analysis, six levels of ecotype (13648, 15416, 15395, 13644, 13636, and 13634), two
levels of architecture (single stem and free branching) and six levels of node position
(10, 20, 30, 40, 50, and 60) were used. Wherever the main effects and their interaction
were found to be significant, pair-wise comparison between means and their
significance was determined by Tukey’s test. Computations were carried-out using
SAS (SAS Institute, Cary, N.C., U.S.A.) program. To test for global differences in leaf
morphology attributes between the ecotypes grown with different architectures, the
spatial ordination of leaf morphological data was performed using canonical
discriminant analysis. For spatial ordination analysis, six ecotypes were used as classes,
measured leaf attributes as seven variables and a total of 468 observations (including six
node positions) were used to demonstrate the ecotypic differences. Further, spatial
ordination was also performed using 12 classes (six ecotypes x two architectures),
measured leaf attributes as seven variables and a total of 468 observations to

demonstrate the effect of architecture within the ecotypes.

2.3 Results

2.3.1 Leaf morphology

Three-way ANOVA with repeated measures was performed for leaf morphology
attributes and the p-values were recorded in Appendix 1 (Table 1). The main effects
ecotype, node, and architecture were significant (p<0.0001) for all the parameters
analysed. Significant three-way interactions between ecotype, node, and architecture
were observed for leaf area, perimeter, width (p<0.05), and a highly significant
(p<0.0003) interaction for length/width. The mean values obtained for various
morphological attributes are depicted in Tables 2.2 to 2.8. In general, the leaf

morphological changes due to ontogeny as a marker of phase
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Table 2.2 Morphological attribute: leaf area (cm?) measured in six ecotypes of E. occidentalis at nodes 10, 20, 30, 40, 50 and 60 on the
main stem of free branching and single stem plants.

Node Ecotype 15416 Ecotype 13648 Ecotype 15395 Ecotype 13644 Ecotype 13636 Ecotype 13634

F.B SIS F.B S.S F.B S.S F.B 5.8 F.B S.S F.B S.S

10 21.842.8%" 32.6+3.7%" 48+0.7%" 223+2.9%' 293+2.0% 31.1+4.8 436+4.8%" 58.0+0.9*' 385+55" 28.8+62* 31.4+3.0%' 31.3+2.0*'

20 31.744.0*" 472457 13.7£2.6*" 273+3.9%' 21.9+2.1*' 53.6+8.8*7 255452 755496 445+53*' 540475 32.8+2.9*' 51.6+4.2%?

30 27.74#2.1*"  56.845.5°2 9.9+1.5*"  26.3+1.5%' 19.1+1.1*' 62.0+4.6>% 24.0+1.3* 58746.1*2 27.5+2.3%' 595452 23.8+2.9%" 58.6+4.2°2

40 23.4+1.4%" 64.5£9.5°7 10.6+2.7%" 20.6+2.2*' 21.9+1.4% 56.448.1%2 25.4+433% 80.8+7.8* 27.0+3.8%' 60.8£6.4>7 24.0+1.6™ 55.0+5.9"

50 253£29"" 45.0+4.2%" 5.8+1.1%"  204+2.2%' 24.8+3.7%' 60.7+4.7%2 229+3 6% 82.4+14*? 26.6+1.7*' 57.5+4.8*% 19.8+1.5*" 46.5+7.1*?

60  24.6+3.6%" 41.0£6.4*" 7.5+1.1%"  19.5£2.9*%" 23.2+422% 458+6.2%' 19.742.2*' 56.1+8.8*7 14.6+2.4%' 414+62*' 145+2.0% 33.6+2.8"

F.B: free branching; S.S: single stem. Values represent mean of four to eight replicates (£S.E.). Same alphabet superscripts indicate no
significant (p<0.05) difference within each column. The comparisons were also made between architectures (between the respective columns) at
the corresponding node position, different number superscripts indicate significant difference (p<0.05).
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Table 2.3 Morphological attribute: leaf perimeter (cm) measured in six ecotypes of E. occidentalis at nodes 10, 20, 30, 40, 50 and 60 on the
main stem of free branching and single stem plants.

Node Ecotype 15416 Ecotype 13648 Ecotype 15395 Ecotype 13644 Ecotype 13636 Ecotype 13634

F.B S.S F.B SIS F.B S.S F.B S.S F.B S.S F.B S.S

10 18.0£1.1*"  21.9+1.3*" 104+1.0*" 21.141.9* 20.8+0.7%" 214+1.9*" 242+14> 292+0.1*% 234423 199420 21.7+1.0*" 21.7£0.7*

20 215413 2674164 17.3x1.6*"  23.9+1.7*'  184+12% 276421 19.6+2.1*' 345428 255+1.4*' 279420 22.4+1.1%" 28.8+]1.4*

30 20.6+0.9*"  30.3+1.5°2 163+13*"  24.4+1.1* 174405 30.6+1.0°2 19.7#14> 31.142.0* 20.8+0.7%' 30.3+0.9*' 21.0+0.9*' 31.0+].2°?

40 19.6+0.9%"  31.3+2.7°2 17.241.0*" 229412 202408 285+1.7% 22.142.7%' 37.741.4* 226+2.0°' 30.6+1.6* 22.8+0.7%' 29.8+].9*!
50 2154165 26.1+1.5%"  14.3+1.0%  22.7+1.0%  22.6+1.6* 306+14* 21.742.1%" 409+4.4*2 252+1.0*' 32.5+1.5" 22.5+0.9%' 28.7+2.5*

60 21017 269423 14540.7*'  21.1£1.2% 223+0.7%"  27.3+2.0%'  19.940.1*' 35.043.6%2 19.2+2.0%' 27.3+2.5%' 18.7+0.8*' 27.3+0.7*2

F.B: free branching; S.S: single stem. Values represent mean of four to eight replicates (£S.E.). Same alphabet superscripts indicate no
significant (p<0.05) difference within each column. The comparisons were also made between architectures (between the respective columns) at
the corresponding node position, different number superscripts indicate significant difference (p<0.05).
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Table 2.4 Morphological attribute leaf roundness measured in six ecotypes of E. occidentalis at nodes 10, 20, 30, 40, S0 and 60 on the main
stem of free branching and single stem plants.

Node Ecotype 15416 Ecotype 13648 Ecotype 15395 Ecotype 13644 Ecotype 13636 Ecotype 13634

F.B S.S F.B S.S F.B S.S F.B S.S F.B S.S F.B SYS
10 1.21+0.0 1.1940.0 1.88+0.2 1.60+0.1 1.18+0.0 1.20£0.0 1.18+0.0 1.17+0.0 1.240.1 1.16x0.0 1.21+0.0 1.21£0.0
20 1.1940.2 1.21+0.0 1.88+0.2 1.70£0.1 1.23+0.1 1.18+0.0 1.234+0.1 1.26£0.0 1.240.0 1.19+0.0 1.2340.0 1.29+0.1
30 1.23+£0.0 1.31=0.0 2.20+0.2 1.80£0.1 1.26+0.0 1.2240.1 1.29+0.1 1.3240.0 1.320.1 1.25%0.1 1.55+0.1 1.33+0.0
40 1.31£0.1 1.24+0.0 2.60+0.3 2.18+0.3 1.5£0.1 1.19+0.0 1.53+0.2 1.43+0.1 1.5£0.2 1.25+£0.0 1.75+0.1 1.31+0.1
50 1.4840.1 1.2320.1 3.10+0.3 2.20£0.2 1.68+0.1 1.2440.0 1.67+0.1 1.65+0.1 1.9+0.1 1.4940.1 2.06%0.1 1.56%0.1
60 1.50+0.1 1.49+0.1 2.40+0.3 1.98+0.2 1.74+0.1 1.33+0.0 1.65%0.2 1.83+£0.3 2.1+0.2 1.49+0.1 2.05%0.1 1.85+0.2

F.B: free branching; S.S: single stem. Values represent mean of four to eight replicates (+S.E.).
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Table 2.5 Morphological attribute leaf length (cm) measured in six ecotypes of E. occidentalis at nodes 10, 20, 30, 40, S0 and 60 on the main
stem of free branching and single stem plants.

Node Ecotype 15416 Ecotype 13648 Ecotype 15395 Ecotype 13644 Ecotype 13636 Ecotype 13634

F.B S-S F.B S.S F.B S.S F.B SES F.B S.S F.B SIS

10 6.7£0.3 7.9£0.5 4.7£0.5 9.4£0.9 7.5£0.3 7.8+0.8 8.910.3 10.4£0.3 8.3£1.0 6.9£0.58 8.0£0.3 8.0£0.2

20 7.810.5 9.8£0.7 7.71£0.8 10.8+0.8 6.9+0.5 9.9+£0.7 7.0£0.8 13.0£1.3 9.3£0.6 10.0£0.8 8.4+0.4 10.610.7

30 76804 117#07 76106  110£0.5  6.9+03 111203 76409  123£1.0  8.6:03 111305  88:04 117106
40 79+04  123£12  8.1%04 10406  86x04  105+04  9.4%13 15406  9.9:l.1 121407 10.1£03 114407
50 9.1x07  102+08  6.8:0.5  10.5:0.5  9.9+08  11.8+07  9.6409 176423 11605  13.8:+08 10304  12.0£1.0
60  89+08  ILI:tl1  67+03  96+0.6  98+03 111308  8.740.1 150421 88+10  11.6£13  84%03  11.905

F.B: free branching; S.S: single stem. Values represent mean of four to eight replicates (£S.E.).
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Table 2.6 Morphological attribute leaf maximum width measured in six ecotypes of E. occidentalis at nodes 10, 20, 30, 40, 50 and 60 on

the main stem of free branching and single stem plants.

Node Ecotype 15416 Ecotype 13648 Ecotype 15395 Ecotype 13644 Ecotype 13636 Ecotype 13634
F.B S.S F.B S.S F.B S.S F.B S.S F.B S.S F.B S.S

10 475404 6.21203*'  1.5620.1%'  3.55+0.2*'  5.87+0.3*' 581+0.5%'  7.28+0.6%'  8.03+0.3*'  6.62+0.5%'  5.56+0.7%'  5.70£0.3*'  5.74+0.2"'
20 6.0240.4*"  7.34204*'  2.62+0.3*'  3.73+0.2%'  4.97+0.2*'  7.74+0.7*?  543+0.6*'  8.99+0.3*?  7.05+0.4*'  7.8+0.6™' 5.90+0.4"  7.71+0.3*!
30 5.69+0.3%"  7.62+0.3*'  2.03+0.2*'  3.79+0.2*!  4.5120.1*'  8.19+0.6%?  5.10+£0.2*'  7.58+0.4*'  484+0.2*' 8244042  4.48+03*'  7.85+0.3%?
40 4.67+0.2*'  7.84+0.67  1.96+0.4*'  3.25:0.3*'  4.35+02%'  7.81+0.7°7  4.52+0.1*'  8.37+0.5*7  4.22+03*'  7.5+0.5%’ 4.00+0.2*"  7.31+0.5*?
50 447403 647404  1.35+0.2%'  3.1420.3%'  4.08+0.3*'  7.70+04%! 383+0.4>  7.58+0.5*?  3.66x0.2*' 6.74+0.5*?  3.16£0.2"'  5.91+0.6*?
60 430+0.3*"  5.8620.6'  1.71+0.2%'  3.12403*'  4.0620.2%'  6.1240.5*'  3.604#0.3>'  621+0.8"  2.7120.2>  542+0.4*?  2.95+0.3"'  4.83+0.9*'

F.B: free branching; S.S: single stem. Values represent mean of four to eight replicates (£S.E.). Same alphabet superscripts indicate no
significant (p<0.05) difference within each column. The comparisons were also made between architectures (between the respective columns) at
the corresponding node position, different number superscripts indicate significant difference (p<0.05).
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Table 2.7 Morphological attribute leaf length/width ratio measured in six ecotypes of E. occidentalis at nodes 10, 20, 30, 40, S0 and 60 on the

main stem of free branching and single stem plants.

Node Ecotype 15416 Ecotype 13648 Ecotype 15395 Ecotype 13644 Ecotype 13636 Ecotype 13634
F.B S.S F.B S.S F.B S.S FB S.S F.B S.S F.B S.S

10 1.43+0.1*! 1.26+0.0*! 3.1340.5*! 2.6210.1%! 1.28+0.0*! 1.34+0.1*! 1.20£0.1*! 1.310.1*! 1.25+0.1*! 1.2940.1*! 1.42+0.0%' 1.440.0*'
20 1.29+0.0*! 1.3340.1*! 3.1120.4*! 2.89+0.1%! 1.38+0.1%2 1.29+0.0*! 1.3140.2%! 1.44+0.1*! 1.30+0.1*! 1.30+0.1*! 1.46+0.1*! 1.3740.1*!
30 1.3340.1%" 1.5340.1*! 3.83+0.3%! 2.94+0.2*! 1.5240.1%2 1.39+0.1*! 1.52+0.3*! 1.63£0.1*! 1.80£0.1*! 1.36+0.1*! 2.03+0.2%! 1.51+0.1*!
40 1.6840.1*! 1.5440.1%! 4.74+0.6> 3.48+0.5' 1.99+0.1*2 1.3840.1%" 2.07+0.3%! 1.85+0.1*! 2.39£0.3*! 1.6440.1*! 2.60+0.2*" 1.58+0.1*"
50 2.03+0.1*! 1.58+0.1%! 5.4240.5>! 3.63+0.4%2 2.43+0.1*? 1.51+0.1*! 2.50+0.0™! 2.32+40.3%! 3.23+0.2*! 2.1440.3*! 3.34+0.2%" 2.18+0.2%!
60 2.09+0.1*! 1.9940.3%! 4.24+0.5%" 3.26+0.4*! 2.42+0.1*! 1.8120.1*! 2.49+0.2*! 2.5740.5! 3.31+0.4%! 2.19+0.3*" 3.06£0.3>! 2.6140.3*!

F.B: free branching; S.S: single stem. Values represent mean of four to eight replicates (£S.E.). Same alphabet superscripts indicate no

significant (p<0.05) difference within each column. The comparisons were also made between architectures (between the respective columns) at
the corresponding node position, different number superscripts indicate significant difference (p<0.05).
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Table 2.8 Morphological attribute petiole length (¢cm) measured in six ecotypes of E. occidentalis at nodes 10, 20, 30, 40, SO and 60 on the main
stem of free branching and single stem plants.

Node Ecotype 15416 Ecotype 13648 Ecotype 15395 Ecotype 13644 Ecotype 13636 Ecotype 13634
F.B S.S F.B S.S F.B S.S F.B S.S F.B S.S F.B S.S

10 .200.1 1.72£0.2 0.90£0.1 1.64+0.1 1.63+0.1 .52+0.3 1.13£0.2 1.67£0.1 1.5£0.2 1.2840.1 1.55£0.2 1.58+0.2

20 1.72£0.1 2.02%0.2 1.31+£0.2 1.84+0.1 1.48+0.2 1.69+0.3 1.2320.1 2.29+0.2 2.16£0.1 1.99+0.1 1.9520.1 2.07+0.2

30 1.7710.1 2.35£0.1 1.44+0.1 1.96+0.2 1.85+0.2 1.94£0.1 1.34+0.1 2.37+0.2 2.310.1 2.1240.1 2.21+0.2 2.63£0.1

40 2.06x0.1 2.42+0.1 1.75£0.2 2.17+0.1 2.08+0.1 2.3240.1 1.87£0.1 2.81+0.2 2.5610.1 2.92+0.4 2.75+0.2 2.61£0.3

50 22402 2.6410.3 1.3520.1 2.15+0.2 2.32+0.1 2.3240.2 2.2540.1 2.93+0.2 2.68+0.2 3.01£0.2 2.55+0.1 3.04+0.2

60 2.27+0.1 2.48+0.3 1.61+0.1 1.99+0.2 2.54+0.0 2.3940.1 2.14£0.0 2.71+0.2 2.25+¢0.3 2.66+0.2 2.46x0.1 2.8610.2

F.B: free branching; S.S: single stem. Values represent mean of four to eight replicates (£S.E.).
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change in terms of leaf length/maximum width ratio (Table 2.7) were more pronounced

in free branching architecture plants than in single stem plants.

However, the significant three-way interaction arose because ecotypes 13644 and 15416
did not display such differences with respect to the architecture treatment (Figure 2.2).
Highest ontogeny related leaf morphological change was recorded by ecotype 13648
grown with free branching architecture; the mean values increasing significantly
(p<0.05) with increase in node number from 3.13 = 0.5 atnode 10 to 5.42 + 0.5 at 50
(Figure 2.2 panel D). In contrast ecotype 15416 (free branching plants) recorded non-
significant increases in length/maximum width ratio with increasing node number from
1.43 £ 0.1 atnode 10t0 2.03 £ 0.1 at 50 (Figure 2.2, panel F). Other ecotypes recorded
intermediate values (Table 2.7). Highly significant (p<0.001) three-way interactions
were also found for leaf area and perimeter (Appendix 1, Table 1; Tables 2.2, 2.3).

In contrast, the three-way interaction between ecotype x architecture x node was found
to be non-significant (p > 0.05) for leaf roundness (Table 2.4), leaf length (Table 2.5)
and petiole length (Table 2.8). However, the two-way interactions between ecotype x
architecture; ecotype x node and architecture x node were found to be significant for
roundness (Figure 2.3A-C). The interaction between ecotype and node showed that the
ecotype 13648 stood out from the rest of the ecotypes, consistent with the observation
for length/maximum width ratio (Figure 2.3A). The interaction between architecture
and node (Figure 2.3B) showed that the leaves of free branching plants started to attain
narrow morphology with increasing node number. Leaves of ecotype 13648 were

significantly less round in free branching than single stem plants (Figure 2.3C).

Petiole length displayed significant main effects due to ecotype, architecture and node.

However, the three-way interaction was non-significant. The two-way interaction chart
(Figure 2.4) showed that the single stem plant leaves had longer petioles than their free
branching counterparts, but that the effect was more marked in some ecotypes than

others (e.g. 13644 and 13648) (Figure 2.4; Table 2.8).

53



6
A . B
—e— Single stem 13634 13636
O —O— Free branching
e
=
A
H E
=
Bt
c
7]
-
0
6
C 13644 D b8
S |
E 4
= ]
i)
z
£ 2 %
Bt
=
7]
-
0 - —
6
E 15395 F 15416
¢
=
s
=
2
s 2
St
=
7]
-
0

10 20 30 40 50 60 10 20 30 40 50 60
Node number

Figure 2.2 Leaflength to maximum width ratio differences between ecotypes of E.
occidentalis (shown in panels) from node 10 to 60 and their respective architectures
(single stem, single stem plants; free branching, free branching plants). Each value
represents a mean of four to eight replicates.

Note: Standard errors associated with each of the data points are shown in the Table 2.7.
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Figure 2.3A Two-way interaction between ecotype and node number for the variable
leaf roundness in E. occidentalis. Ecotypes identity was shown in the legend to the
corresponding number.
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Figure 2.3B Two-way interaction between architecture and node number for
the variable leaf roundness of single stem and free branching plants in E. occidentalis.
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Figure 2.3C Two-way interaction between ecotype and architecture for the variable
leaf roundness of single stem and free branching plants in E. occidentalis.
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Figure.2.4 Two-way interaction between ecotype and architecture, for the
variable petiole length of single stem and free branching plants in E.
occidentalis.
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Canonical discriminant analysis was used to determine the ordinations of leaf
morphology attributes, integrating the results for the seven leaf parameters. The gradual
change in leaf morphology was depicted clearly by ecotype 13648 grown with free
branching architecture. As shown in Figure 2.5 and 2.6, the leaves of ecotype 13648
grown with free branching architecture were positioned away in the ordination
hyperspace from the ecotypes displaying lesser changes in leaf morphology (e.g.
15416). This ordination separation lent support to the three-way ANOVA analysis
(Appendix 1, Tablel).

Based on canonical discriminant analyses (Appendix 2) of all the leaf morphological
parameters (seven variables) of the six ecotypes (six classes), ecotype 13648 showed
greater squared Mahalanobis distance from the rest of the ecotypes. For example, the
distance recorded for ecotype 13648 from the nearest neighbour ecotype (13644) was
36.22. By contrast, the distance of ecotype 13648 from the farthest ecotype (15416)
was 64.21. These observed squared Mahalanobis distances to ecotypes were highly
significant (P<0.001) for 13648, 13644 and 13634. Ecotypes 13636, 15395 and 15416
showed only significant (p<0.05) distances. The distance between 15395 and 15416
ecotypes was not significant. The raw canonical coefficients for the first canonical
variable (Canl) showed that the classes differed most widely on the linear combination
of the centred variables, 0.05 x leaf area -2.50 x length/width ratio -0.21 x perimeter +
0.43 x length +0.72 x width + 0.95 x petiole + 3.42 x roundness. The proportion of
variation explained by the first factor (Canl) was 85% and the second factor (Can 2) a
further 7.5% (Figure 2.5). The variables length/width ratio and roundness were the

most important in making distinction of ecotype 13648 from the rest of the ecotypes.

Based on canonical discriminant analyses (Appendix 3) of all the leaf morphological
parameters (seven variables) of the six ecotypes and the two architectures (12 classes),
ecotype 13648 with free branching architecture showed greater squared Mahalanobis
distance compared to the rest of the classes. For example, from 13648 of free branching
architecture, the distance recorded to the corresponding ecotype with single stem
architecture was 37.37. By contrast, the distance between the two architectures was
6.83 for ecotype 13636. However, these observed distances between the architectures
were significant for every ecotype (P<0.001). The raw canonical coefficients for the

first canonical variable Canl showed that the classes differed most widely on the linear
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combination of the centred variables -0.98 x leaf area -1.28 x length/width ratio + 0.14
x length + 0.61 x width + 0.43 x petiole + 0.49 x roundness + 0.83 x perimeter. The
proportion of variation explained by the first factor was 66% and the second factor a
further 19% (Figure 2.6). The variables length/width ratio and perimeter were the most
important in making distinction of the free branching architecture of ecotype 13648

from its single stem counter part and from the rest of the ecotypes.

2.3.2 Flowering

At the end of nine months from sowing (January 2004) inflorescence buds started
appearing on the plants. The observations recorded during January 2004 were shown as
percentage plants showing flowers (Figure 2.7). The numbers of plants showing floral
buds were always greater in free branching plants than in the single stem counterpart of
the same ecotype, except for ecotype 15395, which showed no flowering in plants of

either architecture. Ecotype 15416 showed minimal flowering (Figure 2.7).
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Figure 2.5 Axes Canl and Can2 of canonical ordinations of morphological data
of E. occidentalis. Each number represents morphological data ordination for
corresponding ecotype (less first common digit).
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Figure 2.6 Axes Canl and Can2 of canonical ordinations of morphological
data of architecture and ecotype treatments of E. occidentalis. Each number
represents an ecotype and architecture combination according to, (respectively,
single stem and free branching): 1, 2 (13634); 3,4 (13636); 5, 6 (13644); 7, 8
(13648); 9, 10 (15395); 11, 12 (15416).

60



15416 2 10 @ Single stem
0O Free branching
6
13648 .
4
13634 1t
%3
-
g 15395 [0
5 0
=
13636 2] -
|83
25
13644 =
|

Figure 2.7 Percentage of plants shown at each bar of six ecotypes of E.
occidentalis that initiated flower buds nine months after sowing when grown with

either free branching or single stem architecture.
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2.4 Discussion

Leaf morphological attributes were used as a marker of vegetative phase change, and
floral bud score was used as a marker of floral transition in six ecotypes of E.

occidentalis, an early-flowering Eucalyptus species from Western Australia.

In E. occidentalis, the juvenile leaves are elliptical and ovate in shape and sometimes
have undulated margins, whereas the adult leaves are lanceolate and sometimes falcate
(Chippendale 1973). To evaluate leaf maturation during shoot development, changes in
the leaf length/maximum width ratio and roundness were highly indicative of
maturation as the length/width ratio increased as the leaves become more narrow
(lanceolate). Similarly, the roundness value increased from close to 1 (full circle) to a
higher value indicating a reduction in roundness (leaf narrowing). The rate of
vegetative phase change was ecotype specific. For example, ecotype 13648 displayed
more rapid leaf morphological changes compared to the rest of the ecotypes tested,
producing lanceolate leaves at node 50 on the main stem of free branching plants

indicative of this ecotype attaining early maturation.

In an investigation involving two provenances of Eucalyptus globulus ssp. globulus
(Tasmanian and Wilson Promontory), James and Bell (2001) reported that the Wilson
Promontory provenance showed a faster transition from juvenile to a transitional phase
as compared to the Tasmanian provenance. The Wilson Promontory plants showed
adult leaves at node 53. They recorded length/width ratio of 5.57 £ 0.022 in adult
leaves of the Tasmanian provenance and 5.28 + 0.15 in Wilson Promontory leaves as a
morphological marker of phase change. Similarly, in this thesis, compared to other
ecotypes, ecotype 13648 reached an adult-like stage more rapidly and at node 50 the
length/width ratio recorded was 5.42 £ 0.5. This observation indicates that within a
species there could be large genetic differences among provenances in the timing of
vegetative phase change. Similar observations were recorded in E. globulus (Jordan et
al., 2000) and E. nitens (Dutkowski et al., 2001). Hence phase change is under strong
genetic control as differences in the rate of phase change were observed between

different provenances when grown under identical conditions.
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To demonstrate global differences in phase change pattern due to ecotype and
architecture, canonical discriminant analyses were applied to the leaf morphology data.
Similar lateral branch removal treatments have previously been shown to accelerate
vegetative phase change in woody plants (e.g. Wareing and Frydman, 1976; Clemens et
al., 1999). This spatial ordination of canonical discriminant analyses with 12 classes
(six ecotypes x two architectures) showed that ecotype 13648 in free branching
architecture expressed differences and separated from the rest of the ecotypes and
architectures. This was due to rapid progression of this treatment group towards
maturation, attaining lanceolate leaf morphology. Such maturation was not observed in
the respective single stem counterparts in which acceleration of growth was obtained by
removing the axillary buds. This indicates that acceleration of growth in terms of
height, by attaining more nodes on a single stem did not promote faster maturation of
leaves or phase change in E. occidentalis. By contrast, in Citrus, acceleration of phase
change was observed as a result of increasing growth rate (higher node number) in
single stem plants (Snowball et al., 1994). Clemens et al. (1999) also reported that
accelerating the growth of the main stem as single stem during the rapid growth phase

shortened the juvenile phase in M. excelsa.

In the current study, when shoot architecture was modified to produce single stem
plants in E. occidentalis, vegetative phase change was delayed. The observed delay in
the vegetative phase change of the single stem plants of ecotype 13648 plants was not
due to any difference in developmental stage or ontogenetic stage as compared to their
free branching counterparts. The single stem plants attained a greater number of nodes
(to about 80) than the free branching plants (65) on the main stem, at the end of the
experiment. Hence, it may be concluded that the architectural modification interfered
with the rate of the phase change process. The single stem plants grew taller, but
complexity of the crown architecture could have played a more important role than the
size (height) of the plants as the free branching plants started to show maturation earlier.
This supports the hypothesis that the rate of phase change is controlled primarily by the

complexity of shoot architecture.

To initiate floral buds most woody species must first undergo vegetative phase change

to attain maturity. This process normally takes several years (Hackett, 1985).
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However, some species, such as E. occidentalis, are capable of spontaneous precocious
flowering (Bolotin, 1975). In this investigation, to determine the effect of accelerating
shoot maturity on flowering behaviour, E. occidentalis was grown with two
architectures (single stem and free branching). At the end of nine months, floral buds
started appearing in most of the plants. The percentage of plants starting to flower was
higher in free branching plants as compared to their single stem counterparts. Ecotypes
that did not display marked phase change characteristics in terms of leaf morphology
attributes also flowered, thus expressing neoteny, that is, displaying juvenile leaves
while exhibiting reproductive maturity (Figure 2.7). This observation indicates that

vegetative phase change is not necessary in order to undergo floral transition.

In the case of ecotype free branching 13648 which showed significant phase change in
leaf morphology related characteristics, plants (25%) showed flower buds on their
axillary nodes (ranging from position 38 to 47) of the main stem. On the other hand,
ecotype 15416 grown with free branching architecture, which displayed lesser leaf
morphological changes associated with phase change, showed flowering in fewer plants
(10%). No flowering was observed in ecotype 15395 grown with either architecture.
Ecotype 13648 showed 6% flowering in single stem plants. Thus, the architectural
modification, in spite of causing a delay in vegetative phase change in terms of attaining
adult leaf traits in ecotype 13648, did not prevent flowering. Ecotype 15416 had shown
relatively less vegetative phase change for leaf morphology attributes, started to display
flowering in both architectures. In another investigation using Eucalyptus risdonii — E.
tenuiramis complex, Wiltshire et al. (1998) demonstrated separate genetic control of the
timing of the transition from juvenile to adult foliage and of the onset of flowering. The
observations reported in this Chapter further support the hypothesis that the vegetative
phase change and floral transition are temporally uncoupled in E. occidentalis and these

two developmental processes appear to be under separate genetic control.
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Chapter 3
Phase change in Eucalyptus occidentalis in relation to

shoot architecture: physiological study

3.1 Introduction

The morphological studies in Chapter 2 of this thesis revealed that Eucalyptus
occidentalis ecotype 13648 grown with a free branching architecture attained adult-like
shoot phenology earlier compared to the other ecotypes irrespective of architectures.
However, it was observed that complexity of shoot architecture had a significant effect
on vegetative phase change. In order to analyse phase change in more detail this
investigation was extended to measurements of net photosynthesis, leaf anatomy, leaf
mass per unit area, and leaf mineral concentration with a view to obtaining additional
information to reliably characterise phase change in E. occidentalis. Two ecotypes were
chosen that had shown contrasting differences (Chapter 2) in leaf morphological
attributes as phase change progressed. It was intended to test the hypothesis that the
rate of phase change is controlled primarily by the complexity of shoot architecture in
E. occidentalis. To establish that the differences were not limited by nutrient supply,

especially nitrogen, half of the plants were supplied with supplementary fertiliser.

3.2 Materials and Methods

3.2.1 Plant material and treatments

Plants of Eucalyptus occidentalis were grown from April 2003 to June 2004 as
described in Section 2.2.1. Plants were randomly selected from seedling populations of
ecotypes 13648 and 15416 grown with free branching and single stem architectures.
These ecotypes had displayed significant differences with respect to several leaf

morphological attributes in relation to phase change (Section 2.3.1).
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Gas exchange measurements and leaf anatomy observations were carried out starting on

25 January 2004 in 12 plants (2 ecotypes x 2 architectures x 3 plants). Further, gas

exchange, leaf mass per unit area, and mineral concentration analyses were carried out

in extended treatments [2 ecotypes x 2 architectures x 2 supplementary fertiliser

treatments (+/- F) X 4 plants] starting on 18 March 2004. The treatments are shown in

Figure 3.1.

To obtain the extended supplementary fertiliser treatments, half of the plants were

supplied with a soluble fertiliser (+ F) (N: P: K - 20:4.4:16.6) at the rate of 2.25 g per

pot twice a week for 3 weeks. The other half of the plants were not given

supplementary fertiliser (— F).

Ecotype

13648 15416

Free branching Single stem Free branching  Single stem

+F -F +F —F +F —-F +F -F

Figure 3.1 Experimental treatments for gas exchange, leaf mass per unit
area, and leaf mineral analysis of E. occidentalis. + F, supplementary
fertiliser; — F, no supplementary fertiliser.
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3.2.2 Gas exchange

Three plants were randomly selected from each of the two ecotypes (13648 and 15416)
and each architecture type as described in Section 3.2.1 (12 plants in total). Manual
CO; response curves were obtained between 25 January and 8 February 2004 for leaves
at nodes 30, 40, and 50 by plotting net photosynthetic rate (A4) versus intercellular CO;
concentration (Cj). These measurements were taken on the main stem using a LI-6400
portable photosynthesis system (LI-COR Biosciences, Lincoln, N.E., U.S.A.). The
measurements were based on differences in CO; concentration between sample/leaf and
reference chambers. Leaf temperature was maintained at 25 + 0.5°C and leaf-air vapour
pressure deficit (VPD) at 1.5 (+ 0.4) kPa for the air entering the leaf chamber. A
selected leaf was placed in the leaf chamber where light intensity was provided by the
LED system with an internal light source of 6400-02B RedBlue # S1-927 and the
photosynthetically active radiation incident on leaf (PAR1) was maintained at 1500
umol quanta m™s”'. The air flow rate was held at 500 pmol s™. A range of CO;
concentrations was obtained using the CO; controller by mixing CO; free air with
known quantities of pure CO,, and the resulting concentrations were measured using the
infrared gas analyser (IRGA). When photosynthesis had stabilised, the initial CO,
concentration was started at 75 umol CO; mol”'. During the experiment the
concentration was increased over 6 - 8 steps to 1000 umol CO; mol ™. For each data
point the mean intercellular CO; concentration (Cj, pmol mol ™) and the net assimilation

rate (4, pmol m™ s™') were recorded.

Based on A/C;response curves, biochemically based equations describing the potential
limits to photosynthetic capacity were used to estimate the maximum ribulose- 1, 5-
bisphosphate carboxylase/oxygenase (Rubisco) activity in vivo (Vemax ) (von Caemmerer
and Farquhar, 1981). From the initial slope of the response of 4 to C; and the maximum
rate of ribulose- 1, 5-bisphosphate (RUBP) regeneration mediated by electron transport
was estimated (Jmax) from the points above the point of inflection. Computations were
carried out using Photosyn Assistant software (version 1.1.2, Dundee Scientific,
Dundee, U.K.). The Michaelis-Menten constants for Rubisco carboxylation (K.) and
oxygenation (K,) were 40.4 Pa and 24.8 kPa, respectively (von Caemmerer, 2000).
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After two weeks of supplementary fertiliser application (Section 3.2.1), starting on 1
April 2004, manual CO, response curves were obtained as explained earlier in this
Section for leaves at nodes 30, 40, and 50 from three randomly selected plants from
each treatment (2 ecotypes x 2 architectures x 2 supplementary fertiliser treatments x 3
plants x 3 nodes). The treatments are shown in Figure 3.1. Photosynthetic parameters

(Vemax and Jmax) were estimated as described above.

3.2.3 Leaf anatomy

The leaf opposite to each leaf used for gas exchange measurements (25 January to 8
February) from node 30, 40, and 50 of single stem and free branching plants of ecotypes
13648 and 15416 was harvested immediately after each photosynthesis session. The
harvested leaves were placed in FAA (90 ml of 70% ethanol; 5 ml of glacial acetic acid;
S ml 40% (v/v), formalin) solution and allowed to fix for four days. The leaves were
washed with 70% ethanol, dehydrated in a graded ethanol series, and embedded in
paraffin wax. Sections (10 - 12 pm) were obtained using an ultra microtome (Leica RM
2145, Leica Microsystems, Wetzlar, Germany), and stained with safranin and fast green
with differentiation in picric acid (Johansen, 1940) using standard protocols
(Sreekantan, 2002). The sections were viewed under a light microscope (Leica MZ12)
and images were captured digitally using a Leica MPS30 camera. Images were
processed using Image Pro® PLUS software. From the mid-point of each of two
laminar leaf cross transects, measurements were made to determine the number of
palisade and total cell layers, leaf thickness and thickness of different cell layers, and
intercellular air space as a proportion of the total section area (Sefton et al., 2002). The

data were averaged to provide one value for each leaf.

3.2.4 Leaf mass per unit area (LMA)

For LMA analysis, leaves at nodes 30, 40 and 50 on the main stem were collected prior
to the supplementary fertiliser application (15 March 2004) as well as at the end of three
weeks of supplementary fertiliser application (5 April 2004). On the first occasion, a
total of eight plants from each treatment group [(2 ecotypes (13648, 15416) x 2
architectures (free branching, single stem) x 3 (30, 40, 50) node positions)] were
sampled including the plants used for gas exchange measurements. On 5 April a total

of 3 plants from each treatment group (2 ecotypes x 2 architectures x 2 supplementary
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fertiliser treatments % 3 node positions) were sampled including the plants used for gas
exchange measurements. Leaf area was measured using a leaf area meter (LI-COR) and
dried at 70°C for 48 to 72 h. The dry weight of each leaf was measured and recorded.

LMA was calculated as the ratio of leaf dry mass per unit area (g m™).

3.2.5 Leaf mineral analysis

The dried leaf samples used for LMA measurements from node 30, 40 and 50 on 15
March 2004 prior to the supplementary fertiliser application and on S April after
supplementary fertiliser application (as explained in Section 3.2.1 and 3.2.4) were again
employed for the determination of mineral concentration. Rarely, when dried leaf
samples were too small in quantity (< 0.5 g) for reliable assay, samples collected from
the same plant at different nodes (30, 40, and 50) were pooled to obtain desired
quantities. Complete mineral analysis (N, P, K, S, Ca, Mg, Na, Fe, Mn, Zn, Cu,and B)

was carried out at Hill Laboratories, Hamilton, New Zealand.

3.2.6 Statistical analysis
To assess the effect of ecotype (13648 and 15416), architecture (free branching and

single stem), node positions (node 30, 40, and 50), fertiliser (fertiliser supplemented and
not supplemented) on gas exchange, LM A, mineral concentrations, and leaf anatomy,
two-way or three-way ANOVA using general linear model (SAS). Whenever the main
effects and their interaction was statistically significant, pair-wise comparison between
means was performed using Tukey’s Multiple Comparison Test (p<0.05). For gas
exchange parameters correlation analyses were used (SAS) to determine the

relationships between different attributes.
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3.3 Results

3.3.1 Gas exchange

The CO, response curves (4/C;) obtained during January and February 2004 was plotted
(Figure 3.2). Irrespective of ecotype, single stem plants showed higher rates of
photosynthesis (A4) than those of free branching plants at corresponding node positions
on the main stem. Single stem plants of ecotype 13648 displayed about a 40 to 50%
higher saturated photosynthetic rate (around C; 800 pmol m™) than the respective free

branching plants.

Three-way ANOVA was carried out for the parameters Vemax and Jmax. The analysis
showed that only the main effect architecture was significant on Vemax (p<0.0001); there
were no two - or three-way interaction effects between ecotype, architecture and node
(Appendix 1, Table 2). The value of Vcmax in single stem plants was almost doubled that
of free branching plants (113.2 and 69.6 jumol m™s-', respectively) (Table 3.1).
Similarly Jmax was affected significantly by architecture (p<0.0001), but there were also
less significant (p < 0.05) main effect of ecotype and the architecture x ecotype
interaction (Appendix 1, Table 2). The Jmax In single stem plants were almost double
that of free branching plants (203.2 and 111.8 pmol m™s™, respectively) (Table 3.1).
However, while there was no difference between Jmax of free branching plants of the
two ecotypes, Jmax Of single stem plants was higher in ecotype 13648 than in 15416
(230.4 and 175.8 pmol m™s-', respectively). There was a significant correlation (R*=

0.96, p<0.0001) between Vemax and Jmax Values throughout the experiment (Figure 3.3).
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Figure 3.2 The response of net photosynthesis rate (4) (mean + S.E.) to intercellular CO, (C)) in E. occidentalis of ecotypes 13648
and 15416. Measurements were carried out at node 30, 40, and 50 on main stem. S.S, single stem plants, and F.B, free branching plants.



Table 3.1 Mean values (+ S.E.) of the parameters V¢max (umol m? s") and Jmax

(pmol m?s™) of ecotypes 13648 and 15416 of E. occidentalis.

Parameter

Node

Ecotype 13648

Ecotype 15416

E;wahing Single stem lb:::ﬁching Single stem
Vi 30 83.8+0.1 127.0£2.5 73.949.3 96.1+9.8
40 68.8+10.1 111.7+1.8 64.9+5.6 105.1+14.9
50 52.7+10.6 128.0+6.1 73.5+13.1 111.0+11.0
Mean 68.4 122.2 70.8 104.1
I 30 124.5+0.3 234.0+£12.8 111.9£154 162.7+24.0
40 114.4£21.0  196.7£10.1  103.6£5.3 179.3+£30.9
50 95.9+17.7 260.7+4.9 121.2£16.0  185.3+26.4
Mean 111.3 2304 112.2 175.8

Parameter values were estimated from CO; assimilation curves obtained from gas

exchange measurements made during January and February 2004 for leaves at nodes 30,
40, and 50 on the main stem.
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Figure 3.3 Correlation between V. and J,,.x parameters in E. occidentalis
estimated for January and February 2004 gas exchange measurements.
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The CO, response curves were obtained again at three node positions for the two
ecotypes with two architectures treatments during April after half the sampled plants
had received a supplementary fertiliser application (Figure 3.4). In line with
observations made eight weeks earlier, the leaves of single stem plants showed
generally higher rates of photosynthesis (A4) than those of free branching plants,
irrespective of ferttliser treatment (Figure 3.4) and the single stem plants that were given
supplementary fertiliser showed higher saturated photosynthetic rates (around C; 650
pmol m™" than the other three treatments. Generally a large drop in 4 was observed in
single stem plants receiving no supplementary fertiliser treatment than free branching
counterparts (Figure 3.4B, D), whereas 4 in single stem plants held steady or increased

in response to supplementary fertiliser (Figure 3.4A, C).

Three- or four-way ANOVA for the parameter V.ma.x showed that the main effect of
architecture was highly significant (p<0.0001) and ecotype and fertiliser main effects
(but not node) were significant (p<0.05). There were no significant interaction effects
for Vemax (Appendix 1, Table 2). As observed when the first measurements were taken
eight weeks earlier, the mean Vemax values obtained for single stem plants were
generally higher than those in the corresponding free branching plants (98.2 and 81.2
pmol m™ s, respectively) (Table 3.2). Upon supplementary fertiliser treatment, in
general there was an increase in mean V¢max values from 84.8 to 94.7 umol m* s", 1n no
supplementary fertiliser and supplementary fertiliser treatments, respectively (Table
3.2). Ecotype 13648 exhibited higher Vemax (94.6 pmol m? s') than ecotype 15416
(84.8 umol m™? s™') (Table 3.2).

The main effects ecotype and architecture, were highly significant on Jmax (p<0.0001).
The main effect fertiliser exhibited a significant effect (p<0.05). Further, the
architecture and fertiliser interaction effect was also significant (p<0.05) (Appendix 1,
Table 2). Similar to Jmax estimates made eight weeks earlier, mean values for ecotype
13648 were higher than those of ecotype 15416 (170.0 and 137 pmol m?s™,
respectively) (Table 3.2).
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Figure 3.4 The response of photosynthesis (4) (mean £ S.E.) to intercellular CO, (C)) in E. occidentalis. A, ecotype 13648 with
supplementary fertiliser (+ F); B, ecotype 13648 with no supplementary fertiliser (— F); C, ecotype 15416 with supplementary
fertiliser (+ F); D, ecotype 15416 with no supplementary fertiliser (— F). Measurements were carried out at node 30, 40, and 50 on
main stem. S.S, single stem plants, and F.B, free branching plants.



Table 3.2 Mean values (+ S.E.) of the parameters Vpax (umol m?2s?) and Jpax (numol m?s™) for ecotypes 13648 and 15416 of E.
occidentalis with or without supplementary fertiliser application.

Ecotypel3648 Ecotype 15416
HAEMCIE et Free branching Single stem Free branching Single stem
+F -F +F —F +F -F +F -F
Vemax 30 74.7£10.5 88.5£15.0 106.3£5.7 87.5t14.4 69.6+4.4 65.2+13.5 93.3£16.3 78.5+£10.8
40 107.3£1.5 93.7£10.9 108.3£5.8 94.3+2.7 76.3£5.3 70.8+11.9 104.8£10.3  92.6+20.6
50 83.4£12.0 84.3£3.7 110.7£2.3 96.3£0.9 95.7+£7.5 65.2+10.1 105.7£11.1  100.3£19.8
Mean 88.5 88.8 108.4 92.7 80.5 67.1 101.2 90.5
ey 30 121.3£6.1 150.4£29.7 224.7+£14.3  163.7£19.2 111.3£8.5 101£17.1 170.7£35.7 119.1£18.9
40 164.0£13.5 158.3£14.8 228.7+13.1 163.0£15.0 117.7£6.2 107.3+£14.8 182.3£5.4 147.4+£31.4
50 127.3£15.0 142.3£11.1 216.7£16.5 179.3£14.8 145.3£9.3 104.9£16.6 186.0£21.5 158.0+£36.2
Mean 137.6 150.4 2233 168.7 124.8 104.4 179.7 141.5

Parameter values were estimated from CO, assimilation curves obtained during supplementary fertiliser application (April 2004) gas exchange

measurements for leaves at nodes 30, 40, and 50 on the main stem. + F, with supplementary fertiliser; — F, without supplementary fertiliser.
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Jemax Values obtained for single stem plants were generally higher than those in the
corresponding free branching plants (178.3 and 129.3 pmol m™s™', respectively)
(Table 3.2). Upon supplementary fertiliser treatment, in general, there was an
increase in mean Jemax values from 141.2 to 166.3 jumol m?s” inno supplementary
fertiliser and supplementary fertiliser treatments, respectively (Table 3.2). The
interaction effect showed that Jn.x was similar in free branching plants with or
without supplemented fertiliser (131.2 and 127.4 umol m™s™', respectively), whereas
Jmax Was lower in unfertilised single stem plants (155.0 pmol m™ s™') than fertilised
ones (201.5 pmol m?s™). Overall Jyax was similar in free branching plants in
January and March (regardless of fertiliser treatment), but in single stem plants Jmax
had dropped by about 25% from 201.5 to 155.1 pmol m? s™ from fertilised to no
fertilised, respectively. As observed when measurements were made two months
earlier there was a highly significant correlation between V¢max and Jmax (R2 =0.88;

p<0.0001) (Figure 3.5).
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Figure 3.5 Correlation between Vipax and Jnax parameters in E. occidentalis
estimated for March and April 2004 gas exchange measurements (+/—
supplementary fertiliser application).
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3.3.2 Leaf anatomy

Irrespective of ecotype and node position, the leaves of single stem plants were
thicker (436.0 pm) and had greater mesophyll thickness (393.4 jum) than those of
free branching plants (333.6 and 313.3 um, respectively) (p<0.0001; Table 3.3;
Appendix 1, Table 3). Air space was twice as high (p<0.0001) in the leaves of single
stem plants (11.1 and 20.9 % in free branching and single stem plants, respectively),
this effect being more marked in ecotype 13648 (23.3%) than in 15416 (18.4%)
(Table 3.3). Similarly, the mean number of cell layers was higher (p<0.0001) in
leaves of single stem plants than in those of free branching plants (10.1 and 9.6,
respectively), this effect being greater in ecotype 15416 (10.6) than in 13648 (9.6)
(Table 3.3). Leaves of free branching plants had a significantly greater number
(p<0.0001) of palisade layers than those of single stem plants (5.1 and 3.6,
respectively) (Table 3.3; Appendix 1, Table 3).

The main effect of architecture was not significant (p<0.05) for adaxial and abaxial
palisade thickness, or for abaxial epidermis thickness. The three-way interaction of
ecotype, node and architecture was significant (p<0.05) for leaf thickness, mesophyll
thickness, abaxial epidermis thickness and palisade thickness suggesting that leaf
anatomy had changed differently for the ecotypes in response to architecture during
ontogeny (Appendix 1, Table 3). However, no consistent effects of node position or
ecotype were evident. In general adaxial epidermal thickness was greater (p<0.01) in
leaves of single stem plants than free branching plants (22.8 and 20.8 um,
respectively). This effect was found only in ecotype 15416 (24.8 and 21.2 pum for
single stem and free branching plants, respectively), and with ecotype 13648 being
little affected by architecture (20.7 and 20.5 pum for single stem and free branching

plants, respectively).

With regard to the effect of leaf node position, on leaf anatomy (Table 3.3), there
was a small but highly significant (p<0.0001) increase in cell layer number with
increase in node (9.2, 10.0 and 10.3 at nodes 30, 40 and 50, respectively). Ecotype
15416 had small but significantly (p<0.0001) more cell layers than ecotype 13648
(10.1 and 9.5, respectively), the ecotypes did not differ consistently at different nodes
with respect to cell number. However at node 50 leaves of free branching plants of

ecotype 13648 had the lowest leaf thickness, abaxial palisade thickness, abaxial
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epidermal thickness and mesophyll thickness (Table 3.3). Typical leaf anatomy at
nodes 30, 40 and 50 in ecotypes 13648 and 15416 of E. occidentalis grown under
two architectures have been shown (Figure 3.6). At node 50 in ecotype 13648 the
leaf sections derived from leaves of free branching plants displayed isobilateral

characteristics (Figure 3.6A).

3.3.3 Leaf mass per unit area

Only architecture had a significant effect (p<0.05) on leaf mass per unit area (LMA)
and all interaction effects were non significant (Appendix 1, Table 4). LMA in
single stem plants was slightly but significantly higher (p<0.05) than that of free
branching plants (191.9 and 181.9 g m?, respectively; Table 3.4). Similarly, when
LMA was measured again following the supplementary fertiliser treatment (April
2004), the main effect of architecture showed significance (p<0.05). Again single
stem plants had slightly higher (p<0.05) mean LMA than those of free branching
plants (203.0 and 188.3 g m™, respectively; Table 3.5) although the interaction due to
ecotype, fertiliser, and architecture was also significant (p<0.05) (Appendix 1, Table

5).

3.3.4 Mineral concentration

Before supplemental fertiliser treatment (March 2004), leaf N concentration was
showed significantly affected by ecotype (p<0.0001), ontogenetic stage (p<0.05) and
architecture (p<0.0001), with a significant (p<0.05) interaction effect between
ecotype and architecture (Appendix 1, Table 5). Leaf N concentration was higher in
ecotype 13648 than in 15416 (1.43 and 0.96%, respectively). This was most marked
in single stem plants than in free branching plants (1.75 and 1.12%, respectively for
ecotype 13648, compared to 1.11 and 0.80%, respectively in ecotype 15416). There
was a slight increase in leaf N with increasing node position (1.13, 1.14 and 1.33% at
node 30, 40 and 50, respectively), although this effect was not observed consistently
in the interaction of ecotype, architecture, and node (Table 3.6). In general, higher
mineral concentration was observed in leaves of single stem plants than in those of
free branching plants, irrespective of the ecotype (Table 3.6). The mean leaf N
concentration was 48% higher in single stem plants than in those of free branching

plants.
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Table 3.3 Leaf anatomical characteristics (mean values + S.E.) of single stem and free branching plants at different nodes for E.
occidentalis ecotypes 13648 and 15416.

Ecotype/Characteristic

Node 30

Node 40

Node 50

Single stem Free branching Single stem Free branching Single stem Free branching
Ecotype 13648
Number of palisade layers 33+0.2 5.0+0.6 33+04 4.0+0.0 33+£0.2 5.7+0.5
Number of cell layers 9.7+0.2 9.0+0.0 8.7+0.2 93402 10.3+0.2 10.2+0.2
Leaf thickness (pm) 433.0 + 16.1 3450+ 11.1 406.0 +24.8 389.8 + 16.1 472.6 +25.6¥**  304.4+5.7
Mesophyll thickness (pm) 388.8 +15.6 303.8 +11.1 360.0 +23.7 3453+ 14.7 4322 +24.0%**  267.7+3.4
Adaxial epideimis (pm) 206+ 1.0 18.8 +0.7 214+ 1.1 23.0+ 1.0 20.1+1.4 19.7+0.9
Adaxial palisade (pm) 93.6 + 14.4 69.8+ 15.4 81.9+ 12.5 107.8+ 11.0 60.4+ 7.6 66.9 +14.3
Abaxial epidermis (um) 203+0.4 19.6+ 1.0 19.9+ 1.1 227409 219+ 1.0 19.8+ 1.1
Abaxial palisade (1um) 95.1 + 16.6 60.1 +13.8 80.5 + 10.1 933+49 1233+ 1.4 77.0 £ 16.6
Airspace (%) 22.1+0.0 11.9+0.0 245+0.0 11.9+0.0 23.5+0.0 8.2+0.0
Ecotype 15416
Number of palisade layers 32405 47+0.4 37402 43+02 47408 7.0 0.4
TRl Ve 9.7+0.2 9.3+0.2 112404 10.0 + 0.0 11.0 +0.4 9.740.2
el .G (i), 416.7+5.0 3449£163  459.1+7.7% 3611440 4282+ 34.9 376.9 +22.6
Mesaphy/luhickness (jm) 375.8+ 6.4 30784153 4193+58*%  321.7+48 384.4£343 334.5421.2
Adaxialiepideimiel(fi) 26908 203£2.1 238+ 1.0 217409 238422 216+ 1.0
Adaxial palisade (pm) 110.2 +15.9 121.0 9.0 111.5 +20.1 109.2 +7.8 103.9+ 15.6 164.4 + 6.4
Abaxial epidermis (um) 22.1+0.6 215+ 1.4 232405 2121+ 1.1 21.0£0.9 2.1+13
Abaxial palisade (pm) 678 +11.6 83.4+13.4 79.6 + 8.3 73.5+5.55 97.3+19.3 137.5+5.7
Airspace (%) 19.9 + 0.0 9.2+0.0 21.0 + 0.0 16.3 +0.0 14.5+0.0 0.9.1+0.0

*Pair-wise comparison of means of corresponding nodes of each architecture (p<0.05), *** (p<0.0001)
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Figure 3.6 Photomicrographs of traverse sections of representative single stem and free branching leaves of E. occidentalis
ecotype 13648 and 15416 at node 30, 40 and 50 on the main stem. Each section has incorporated scale size bar of 100 pm. For
more details on section preparations please refer to Section 3.2.3.



Similarly, the other minerals P, K, S, Ca, Mg, Na, Fe, Mn, Zn, Cu and B were 50, 12,
56, 48,42, 52, 16, 36, 20, 54, and 27% higher than in free branching concentration,
respectively (Table 3.6). While P concentration was also higher in the leaves of single
stem plants than those of free branching counterparts (0.45 and 0.33%, respectively). P
value decreased consistently with increasing node position, an effect most marked in
single stem plants (0.64, 0.44 and 0.24% for node 30, 40 and 50, respectively for single
stem plants; 0.44, 0.25, 0.22% for node 30, 40, and 50, respectively for free branching
plants) (Table 3.6).

In the second set of leaves analysed with or without supplemental fertiliser treatment
(April 2004), leaf N concentration responded to the main effects of architecture
(p<0.0001) and fertiliser (p<0.05) but not ecotype (Appendix 1, Table 6). However,
there was no significant interaction effect between ecotype, architecture, and fertiliser.
As observed in the previous experiment, leaf N concentration was about 44% higher in
single stem plants than in free branching plants. In general, higher mineral
concentration was observed in leaves of single stem plants than in those of free

branching plants, irrespective of the ecotype, (1.63 and 1.14, respectively) (Table 3.7).

Table 3.4 Leaf mass per unit area (g m), of leaves of free branching and single
stem plants for two ecotypes of E. occidentalis prior to supplementary fertiliser
application (15 March 2004).

‘Ecotype Free branching Single stem
13648 179.5 188.8
15416 184.4 194.9

Table 3.5 Leaf mass per unit area (g m™), of leaves of free branching and single
stem plants for two ecotypes of E. occidentalis following supplementary fertiliser
treatment to half of the plants (5 April 2004).

Ecotype Free branching Single stem
+F -F +F -F

13648  200.7 182.1 201.5 210.7

15416  187.0 182.6 181.3 2185

+ F, with supplementary fertiliser; — F, without supplementary fertiliser.
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Table 3.6 Mean values (£ S.E.) of leaf mineral concentration of single stem and free
branching plants of E. occidentalis at different nodes prior to supplementary
fertiliser application.

Mineral Node 13648 . 13648 15416 . . 15416
Free branching  Single stem Free branching  Single stem
N (%) 30 1.00 £ 0.06 1.80+£0.58 0.73+0.30 1.00 + 0.06
40 0.93 +0.03 1.77+£0.09 0.80 £ 0.06 1.07+0.12
50 1.48+0.18 1.70 £0.06 0.87+0.07 1.27+0.13
P (%) 30 0.54 £0.09 0.90+ 0.02 0.33+£0.01 0.48 + 0.06
40 0.28 +£0.01 0.58 £0.05 0.22+0.01 0.29+£0.03
50 0.32+0.08 0.28 £0.03 0.13+0.01 0.19 £0.05
K (%) 30 1.23+0.12 1.53£0.12  0.97+0.03 1.27 +0.08
40 1.27+0.13 1.57+0.09 1.17+0.12 1.20+0.12
50 1.30 £ 0.00 1.27+0.03 1.37+0.15 1.37+£0.12
S (%) 30 0.12+0.00 0.19+0.01 0.09£0.00 0.11+£0.01
40 0.16 £ 0.01 0.24+£0.01 0.09 £0.00 0.13+£0.00
50 0.13+£0.02 0.27£0.02 0.11+0.01 0.15+£0.01
Ca (%) 30 1.01 £0.11 1.63+£0.08 0.98+£0.10 1.23 £0.11
40 0.98 +£0.09 1.38+0.05 0.93+0.10 1.24 £0.10
50 0.83 +£0.08 1.31+0.10 0.80+£0.03 1.42 +0.09
Mg (%) 30 0.21 £0.04 0.30£0.01 0.23+£0.02 0.25+0.02
40 0.24 +0.02 0.32+0.01 0.25 +0.03 0.33+0.01
50 0.20+£0.02 0.34+0.03 0.24 £ 0.01 0.39+£0.04
Na (%) 30 0.14+0.01 0.29+£0.02 0.12£0.01 0.13+£0.01
40 0.10+0.01 0.19+0.02 0.09+£0.01 0.11 £0.01
50 0.1£0.0 0.13+£0.02 0.07 £0.00 0.10+0.01
(mgP.‘l‘:g‘l) 30 27.67+2.03 39.00+4.04 20.00 £0.58 23.00 £ 2.65
40 34.00 £ 7.37 32.67+£1.45 18.00 £ 1.15 19.33 £2.60
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(mg.kg")

50

30

40

50

30

40

50

30

40

50

30

40

50

28.33 £4.37

146.70 £ 12.00

126.70 £ 12.00

99.30 £ 6.40

25.67 £ 3.84

23.67+£1.76

25.00+ 1.53

3.00 £ 0.57

5.00+0.00

7.00+1.15

24.67+£2.33

20.33 £ 1.86

15.00 £ 0.57

4433 +£7.06

246.70 £ 37.10

156.70 + 23.30

130.00 + 11.50

34.67+4.18

23.67 £ 0.88

31.33£2.19

7.00£0.57

7.67+1.20

12.33 £ 2.67

32.33+4.91

23.00£5.29

23.67+0.88

28.00 £ 5.77

23.00 + 1.00

173.33 £+ 14.50 203.30+16.70

166.70 £ 16.70 223.30+ 17.60

120.0 0+ 0.00

25.67+4.26

20.33+£0.33

21.00 £ 1.53

2.00+0.00

2,67 +£0.33

4.33+£0.88

25.67+0.33

20.33+£2.85

16.33+0.88

173.33 £3.33

33.33 £2.67

24.33 £2.03

21.67+£2.60

2.67 £0.33

3.00+0.58

4.33+0.33

32.00+£1.73

24.00£ 1.15

20.00 £2.00
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Table 3.7 Mean values (+ S.E.) of leaf mineral concentration of single stem

and free branching plants of E. occidentalis following supplementary fertiliser

treatment to half of the plants.

. Supplementary Ecotype 13648 Ecotype 15416
Mineral -
SCILILEEh SHiEs Single stem i Single stem
branching ingre s branching &
N (%) +F 1.40 £0.18 1.92 £0.12 1.12+0.15 1.70 £ 0.23
-F 1.03 +£0.08 1.72 £0.08 1.00+£0.17 1.18 £0.08
P(®%) +F 0.36 £0.03 0.50+£0.08 0.27+£0.05 0.28+£0.05
- F 0.41 £0.06 0.43 £0.08 0.20+0.03  0.37+0.07
K@) +F 1.26 £0.12 1.15+0.11 1.27£0.09 1.26 £ 0.04
—F 1.28 £0.11 1.20+0.14 1.15+0.10 1.26 £0.10
S(%) +F 0.14 £0.01 0.26 £ 0.02 0.11£0.01 0.17+0.01
-F 0.12+0.01 0.21 £0.01 0.11+0.01 0.12+0.01
Ca(%) +F 1.11 +0.08 1.59+£0.13 1.24+£0.19 1.41 £0.21
-F 0.98 £0.10 1.43 £0.05 1.04+£0.19 1.90 +£0.19
Mg (%) +F 0.23 £0.01 0.34 +£0.05 0.31+£0.04 0.34+0.03
—F 0.22 £ 0.02 0.37 £0.02 0.26+£0.03  0.46+0.05
Na (%) +F 0.12 £0.00 0.19 £0.04 0.09£0.00 0.13£0.01
- F 0.11£0.01 0.13+0.03 0.11 £0.01 0.11 £0.01
i 1+ F 92.70+£58.00 39.83 £3.26 27.33+3.73 35.00+491
(mg.kg™)
-F 26.0 £ 1.46 36.50+1.84 30.17+£9.44  27.00<£ 1.75
in 4 +F 176.70 £29.10 138.30+2440 216.7+29.30 201.70+23.40
(mgkg™)
—F 135.00 £ 12.30 134.70+20.80 198.3+29.00 225.0+ 14.30
Z 1 +F 27.33+£2.60  41.17+4.11 32.00+5.19  30.67+2.19
(mg.kg™)
—F 2533 +£2.58 28.00+1.93 23.00+4.50 32.00+3.15
- a+F 5.33+£0.89 12.50 £2.83 3.50£0.72 5.67+1.17
(mgkg™)
-F 4.50£0.67 10.83 £ 1.54 450+0.85 3.83+0.65
. +F 26.67+644  28.83+£2.70 26.83£2.09 26.33+2.63
(mgkg™)
-F 21.17+287 3583+9.51 21.83£2.64 29.33+1.50

+ F, with supplementary fertiliser; — F,without supplementary fertiliser.
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The supplementary fertiliser treatments had higher leaf N (1.53%) than the no
supplementary fertiliser treatments (Table 3.7), and the difference was significant
(p<0.05) (Appendix 1, Table 6). The main effects ecotype, and architecture were highly
significant for S (p<0.0001) and significant for fertiliser, and ecotype and architecture
interactions (p<0.05). In 13648 ecotype single stem plants contained 80.77% higher S
than free branching plants. Similarly, in ecotype 15416, the single stem plants had
31.82% higher S than the free branching counter parts. Single stem plants recorded
higher Ca (44.85%), Na (30.23%), Mg (48.04%), Mn (43.95%) and B (24.68%) than
free branching plants (Table 3.7). For minerals Fe and Zn, the three-way interaction of

ecotype, architecture and fertiliser was significant (p<0.05) (Appendix 1, Table 6).

3.4 Discussion

The characterisation of phase change was extended by measuring traits including gas
exchange, leaf anatomy, LM A, and mineral concentration in E. occidentalis in relation
to shoot architecture. Ecotypes 13648 and 15416, which showed significant differences
in leaf morphology during shoot development, were analysed in detail. In Eucalyptus
globulus, James and Bell (2001) reported that leaf morphology changes during phase
change were associated with changes in leaf anatomy and gas exchange parameters. In
Sequoia sempervirens (coastal redwood), higher photosynthetic rates, nitrogen content
and respiration rates were observed in juvenile shoots, which was consistent with the
more vigorous and rapid growth phase (Huang et al., 2003). Similarly in Hedera helix,
developmental anatomy was correlated with gross morphological differences between

juvenile and adult forms (Stein and Fosket, 1969).

3.4.1 Gas exchange

Photosynthetic rates have been observed to increase, decrease or not change during
development at the whole plant level (Bond, 2000; Thomas and Winner, 2002).
However, there are relatively few data comparing adult versus juvenile foliage on the
same plant. In Hedera helix, lower to higher photosynthesis was recorded from juvenile
to adult leaves, respectively (Bauer and Bauer, 1980), whereas in M. excelsa
photosynthesis was higher in juvenile foliage than in adult leaves (Kubien et al., 2007).

In E. occidentalis the observed differences of photosynthesis in single stem and free

86



branching plants at the corresponding nodes on the main stem showed that shoot
architecture manipulation has contributed to changes in photosynthetic rates. In E.
occidentalis, higher photosynthetic rates were observed in single stem plants as
compared to the respective free branching plants. The single stem plants displayed a
more juvenile appearance and the observed higher photosynthetic rates were similar to

those observed in M. excelsa juvenile leaves (Kubien et al., 2007).

The higher levels of photosynthesis in single stem plants contributed to higher estimated
Rubisco capacity (Vemax) and a higher rate of maximum electron transport (Jmax). These
estimates Vemax and Jmax provided a measure of the activity of Rubisco and RUBP
regeneration, respectively, within the leaves analysed. These mathematical models have
been developed to simulate leaf photosynthesis and were based on mechanisms of
diffusion of CO; to the chloroplast and enzyme kinetics (von Caemmerer, 2000). The
adult-like leaf morphology (lanceolate leaves) observed in free branching plants of
ecotype 13648 atnode 50 (Section 2.3) recorded lower Vemax and Jmax values than single
stem plants at the corresponding node. These results suggest that changes in leaf traits
due to phase change contributed to lower rates of photosynthesis. In M. excelsa both
Vemax and Jmax declined during ontogeny and the lower Vi max and Jmax were considered

one of the characteristics of adult leaves (Henriod, 2001).

Vemax 18 the maximum capacity for RuBP carboxylation and is a function of leaf
nitrogen content. Many studies have reported tight correlations between leaf N and
Vemax (€.g2. Warren, 2004). The decline in V¢max and Jmax €stimates observed in free
branching plants of E. occidentalis was unlikely to be related to declining N availability.
This was established when the differences in gas exchange measurements between the
single stem and free branching plants did not change even after supplementary fertiliser
treatment (Table 3.2). This indicates that the nitrogen allocation to Rubisco is more
efficient in single stem plants as compared to free branching plants, and this allocation
could be independent of the N supplementation. Thus, manipulation of shoot growth as
single stem and free branching resulted in changes in gas exchange parameters as well

as differences in attaining adult shoot phenology.
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3.4.2 Leaf anatomy

The rates of phase change as observed by changes of leaf anatomical attributes were
significantly different in single stem and free branching plants. Further, these changes
were progressive rather than abrupt. Anatomical changes due to ontogenetic stage
(node 30, 40 and 50) were clearly observed in free branching plants of ecotype 13648.
The major changes in leaf anatomy of free branching plants were increased cell layers,
and a concomitant reduction in the proportion of intercellular air space. Single stem
plants of ecotypes 13648 and 15416, showed similar numbers of cell layers but the
differentiation with free branching counterparts was with regard to the number of
palisade layers and the proportion of intercellular space. Sefton et al. (2002) reported a
mean value of 3.7 palisade layers in 10-week-old E. occidentalis plants. In another
investigation, in E. globulus ssp. globulus the palisade layers increased from one to
three as the leaves progressed from the juvenile to the adult phase through a transitional
phase (James et al., 1999). Further, in E. occidentalis ecotype 13648, the numbers of
palisade layers in single stem plants were similar between node 30 and 50, showing
juvenile appearance. By contrast, 13648 free branching plants displayed increasing

numbers of palisade layers from node 30 to 50 showing adult-like leaf anatomy.

Observations of leaf anatomy showed that phase change was delayed in single stem
plants as compared to free branching plants. In this study, the observed mean leaf
thickness and mesophyll thickness did not increase gradually from juvenile to adult
through a transitional phase. This may be due to the internal variation between the
anatomy of transitional phase leaves. Changes in phase specific traits are not always
completely correlated, with transitional leaves having characteristics of more than one
phase (Lawson and Poethig, 1995; Bongard-Pierce et al., 1996). Leaf thickness was
significantly greater in leaves from single stem plants as compared to their respective
free branching counterparts, irrespective of the ecotype. The increase in leaf thickness
was not due to an increase in cell layers but due to an increase in mesophyll thickness
and air space area. Differences in tissue density arise from variations in internal
anatomy that determine the volume of intercellular air space (Koike, 1988), the amount

of cuticle, and the thickness of the cell walls (Witkowski and Lamont, 1991).

Thus, leaf anatomy measurements, especially the greater air space area, was correlated

to higher rates of photosynthesis in single stem plants. The path taken by CO; to reach
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sites of carboxylation involves many barriers. Aalto and Juurola (2002) suggested that
CO; diffuses across a boundary layer in the air above the foliage surface, through a
stomatal opening, and across intercellular air spaces in the sub-stomatal cavity and then
enter the surface of mesophyll cells and finally diffuses within the cell to the chloroplast
membrane, and from there to the sites of carboxylation. Hence, greater air space
facilitates more CO; diffusion, and in turn greater photosynthesis. Ecotype 13648 free
branching plants at node 50 showed lesser air space area and isobilateral leaf anatomy
with a greater number of palisade layers on both adaxial and abaxial sides of the leaves,

and therefore showed adult-like anatomy and concomitant reduction in photosynthesis.

3.4.3 Leaf mass per unit area and mineral concentrations

Leaf dry mass per unit area, appears to be a key attribute representing the trade-off
between resource acquisition and the constraints imposed by leaf structure, herbivore
resistance and the mitigation of water loss (Dijkstra, 1990). The LMA was slightly
higher in single stem plants (p<0.05) in both supplementary fertiliser as well as no
fertiliser treatments indicating that nutrient limitation was not a significant factor
affecting LMA in the current experiments. In Eucalyptus grandis seedlings, Grassi et

al. (2002) showed that the nitrogen supplementation decreased LMA.

Differences in leaf mineral concentrations were observed between single stem and free
branching plants indicating that the architecture manipulations influenced the leaf
mineral concentrations. P levels at node 50 of free branching plants were slightly
higher than the corresponding single stem plants. It was reported that P fertiliser
significantly reduced the length of the juvenile vegetative phase, and N, in contrast to P,

promoted flowering (Williams et al., 2004).

To summarise vegetative phase change in E. occidentalis, the visible leaf morphology
changes in free branching plants of ecotype 13648 (Chapter 2) was correlated with
lower photosynthetic rates, isobilateral organisation of palisade mesophyll, and less air
space area. In contrast, the single stem plants of E. occidentalis retained the more
juvenile characteristics of higher photosynthetic rates, and dorsiventral leaf anatomy.
Lateral branch removal treatments have previously been shown to accelerate vegetative
phase change in M. excelsa (Clemens et al., 1999), and in Citrus (Snowball et al., 1994).

In contrast to the above studies, in this thesis, E. occidentalis single stem plants showed
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delayed vegetative phase change compared to the corresponding free branching plants
in terms of leaf parameters. Hence complexity of shoot architecture has contributed to
the rate of phase change more than size (height) of the plant. The observations reported
in this Chapter support the hypothesis that in E. occidentalis the rate of phase change is

controlled primarily by the complexity of shoot architecture.

90



Chapter 4
Floral transition in Eucalyptus occidentalis in relation

to shoot architecture: molecular study

4.1 Introduction

The floral transition is the developmental turning point from the vegetative to the
reproductive stage. The morphological and physiological studies (Chapters 2 and 3)
revealed that the rate of phase change was controlled primarily by the complexity of
shoot architecture in E. occidentalis and that the phase change and floral transition
could be temporally uncoupled. These two developmental processes appear to be under

separate genetic control.

The meristem identity genes are the final players in the pathway to flowering (Blazquez
et al., 2001). As the floral transition is controlled by the meristem identity genes, this
work was extended to isolate homologues of the Arabidopsis meristem identity genes
LFY, APl and TFLI1, from E. occidentalis. Further, the expression of these genes was
monitored during the floral transition using quantitative real-time PCR in single stem
and free branching plants. Based on the earlier leaf morphology and physiological
results and our current understanding regarding the meristem identity genes, it was
hypothesised that there would be (1) a higher level of expression of the shoot identity or
inflorescence meristem identity gene TFL/, in single stem plants, and (i1) a higher level
of expression of the floral meristem identity genes, LFY and AP, in free branching
plants because the free branching plants of ecotype 13648 attained adult-like shoot
phenology earlier compared to their corresponding single stem counterparts and to the

rest of the ecotypes.
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4.2 Materials and Methods

4.2.1 Plant material

Seed of E. occidentalis ecotype 13648 was sown and the seedlings transplanted and
grown in greenhouses as described in Section 2.2.1. Buds were collected at regular
intervals from December 2003 to May 2004 from both free branching and single stem
plants. Axillary buds were collected from the node immediately below the apical bud as
shown in Figure 4.1. One bud per plant with a total of approximately 13-15 buds were
pooled for each architure treatment and two samples were obtained for each collection
date. The opposite bud of each bud sampled for gene expression studies was tagged at
the time of bud collection and visual observations were carried out after three or four
days (finally confirmed after the bud break) of each bud sample collected to determine
the fate of the parallel bud as vegetative or floral, and also the potential number of floral

buds present in each sample.

4.2.2 Total RNA extraction

Two RNA extraction methods were used. For initial isolation of genes from
Eucalyptus, a modified hot borate method described by Wilkins and Smart (1996) was
used. For gene expression studies the RNeasy plant mini kit (QIAGEN GmbH, Hilden,
Germany) was used. For both methods RNase-free components were essential and it
was done by baking all glassware at 180°C for 6 h; all plastic-ware was soaked in 3%
(v/v) hydrogen peroxide for 1 h and rinsed with milli Q water and autoclaved in
aluminium foil; all mortar and pestles were wrapped in aluminium foil and autoclaved,;

and all solutions were treated with DEPC @ 1 ml/I.

4.2.2.1 Hot borate RNA extraction
The hot borate extraction (XT) buffer was prepared by adding:
e (0.2 M Na borate decahydrated (borax)
e 30mM EDTA
e 2% (w/v) SDS
e 10 mM dithiotrietol (DTT)
e 1% Nonidet P-40 (NP-40)
e 2% (w/v) polyvinylpyrrolidone (PVP)
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Axil of the bud cxcised for
gene expression analysis

Apical bud

Paired bud retained
for visual observation

Figure 4.1 Typical example showing sites of bud collection for meristem identity gene expression analysis. Axillary bud was excised
from the position shown above. The paired axillary bud was retained for visual examination to determine if the bud was floral or vegetative.
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All the chemicals were dissolved in RNase-free, pre-warmed milli-Q water, the pH was
adjusted to 9 with 2 M NaOH, and the stock solution was autoclaved. DTT, PVP, NP-

40 were added just before the time of extraction.

Aliquots (1 g) of frozen (-80°C) plant tissue were deep frozen in liquid nitrogen and
ground to a powder using a mortar and pestle. The finely ground powder was
transferred into a cold Oak Ridge tube and chilled in liquid nitrogen. The XT buffer
was heated to 80°C in an Oak Ridge tube. The cold powder was transferred to 5 ml of
hot buffer and vortex was done for 30 s, 105.5 pul of proteinase K (20 mg ml ™ in water)
was added, and the mixture was incubated at 42°C for 1.5 h with gentle swirling and
mixing every 10 min. After that, 400 pl of 2 M KCl was added and the extraction mix
incubated on ice for 30 min with gentle and horizontal swirling. Cellular debris and
denatured proteins were pelleted by centrifugation at 26,000 x g for 20 min at 4°C, and
the aqueous supernatant transferred to a fresh tube. RNA was precipitated at 4°C
overnight by the addition of a 1/3 volume of 8 M LiCl (to a final concentration of 2 M
LiCl), after which the precipitate was pelleted by centrifugation at 26,000 x g for 30

minat4°C. The supernatant was decanted and discarded.

The pellet was gently dispersed and washed four times in 4 ml of ice cold 2 M LiCL
The samples each time were centrifuged at 12,000 x g for 10 min at 4°C. The
supernatant was decanted and discarded. A fter the final wash the pellet was suspended
in 2 ml of 10 mM Tris-HCI (pH 7.5), by warming to room temperature and followed by
a gentle vortex. The insoluble materials were pelleted by centrifuging at 12000 x g for
10 min at 4°C. The supernatant was carefully pipetted to another glass Corex tube and
1/10 volume 2 M potassium acetate (pH 5.5) was added, and incubated for 15 min on
ice. Centrifugation was followed at 12,000 x g at 4°C for 10 min to remove
polysaccharides and insoluble material. The supernatant was transferred to a clean 15
ml Corex tube and RNA was precipitated by adding 2.5 x volume of 100% ethanol and
left overnight at -20°C. RNA was pelleted on the next day, by centrifuging for 30 min
at 9,000 x g at 4°C. The supernatant containing ethanol was discarded. The RNA pellet
was gently washed with 2 ml cold 70% ethanol and centrifuged at 9800 x g for 5 min at
4°C. The supernatant was removed carefully and also residual ethanol was removed

under vacuum. The pellet was re-suspended in 200 1l RNase-free water and transferred
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to a 1.5 ml tube. The RNA was quantified and stored in aliquots at -20°C. Small

aliquots were run on gel to visualise the sharpness of 18S and 25S bands (Section

4.2.7).

4.2.2.2 QIAGEN RNA extraction

A frozen bud sample (20-40 mg) sample was ground in liquid nitrogen. The sample
was transferred to 1.5 ml tube. By following the instructions of the manufacturer
(QIAGEN), the following method was used. Before starting the extraction 10 pul -
mercaptoethanol was added to 450 ml (RLT) lysis buffer (supplied by the
manufacturer), which contained guanidine and isothiocyanate buffer. The frozen
ground tissue was added to the lysis buffer and vortex was done vigorously. The lysate
was pipetted directly onto a QI Ashredder spin column, placed in 2 ml collection tube
and was centrifuged for 2 min at 14,000 rpm. Supematant of the flow-through fraction
was carefully transferred to a new micro centrifuge tube without disturbing the cell-
debris pellet in the collection tube. Ethanol (96-100%) of 0.5 volumes was added to the
cleared lysate and mixed immediately by pipetting. The sample was applied to an
RNeasy mini column, placed in a 2 ml collection tube, the tube gently closed and
centrifuged for 15 s at 10,000 rpm. The flow-through was discarded. DNase treatment
was done at this stage as described by the manufacturer (QIAGEN). After washing with
RWI1 buffer (supplied by the manufacturer) the RNeasy column was transferred into a
new 2 ml collection tube. RPE buffer (supplied by the manufacturer) of 500 pl was
pipetted onto the RNeasy column and centrifuged for 15 s at 10,000 rpm, to wash the
column. The flow-through was discarded. The second wash with RPE was done and
centrifuged for 2 min at 10,000 rpm to dry the RNeasy silica-gel membrane. To
eliminate any chance of buffer RPE carryover, RNeasy column was placed in a new 2
ml collection tube and centrifuged at 14,000 rpm for | min. The RNeasy column was
transferred to a new 1.5 ml collection tube to elute. RNase free water (40 pl) was
pipetted directly onto the RNeasy silica gel membrane, and centrifuged for 1 min at
10,000 rpm to elute. RNA quality and quantity was measured using the Nano Drop
spectrophotometer (NanoDrop Technologies Inc, Wilmington, D.E., U.S.A).
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4.2.3 Genomic DNA isolation

Genomic DNA was isolated from seedling leaves of E. occidentalis by adapting the
method of McKinnon et al. (1999). About 10 g tissue was ground to a powder under
liquid nitrogen using a mortar and pestle, then added to ice cold extraction buffer [3.2%
(w/v) sorbitol, 5% (w/v) polyethylene glycol 600, 0.05% (w/v) bovine serum albumin,
0.05% (w/v) spermine, 0.05% (w/v) spermidine, 4% (w/v) polyvinyl pyrrolidone 40,
0.05% (v/v) 2-mercaptoethanol, 15 mM EDTA, 50 mM Tris, pH 8.0]. The homogenate
was filtered once through muslin, centrifuged (2000 x g, 5 min) and the pellet retained
and suspended in 4 ml wash buffer [6.4% (w/v) sorbitol, 2-mercaptoethanol, 25 mM
EDTA, 50 mM Tris, pH 8.0]. To the suspension, 1 ml of NaCl (5§ M), 0.8 ml of 8.6%
hexadecyltrimethylammonium bromide (0.7 M), and 1.6 ml of 5% (w/v) N-
laurylsarcosine were added in order and with mixing. The suspension was incubated for
15 min at ambient temperature and then transferred to a 55°C water bath for 15 min.
The solution was extracted twice with 8 ml chloroform:isoamyl alcohol (24:1), with
mixing times of 30 and 5 min, respectively, for the first and second extractions. The
aqueous phase was separated from the organic phase by centrifugation (2,000 x g, 8
min). DNA was precipitated by addition of 6 ml ice cold isopropanol and collected by
centrifugation (2,000 x g, 5 min). The pellet was washed in 1 ml of 50% isopraponol
and 0.3 M ammonium acetate mixture for 30 min. The supernatant was removed after
centrifugation. The pellet was air dried and re-suspended in TE buffer (10 mM Tris, 1
mM EDTA, pH 7.4) containing RNase (10 pg/ml) and incubated at 37°C for | h. DNA
was re-precipitated with ethanol and 0.22 mM ammonium acetate, collected by
spooling. The spooled fluffy DNA was washed in 70% ethanol and stored at -20°C in
TE buffer pH 7.4 for further analyses.

4.2.4 Quantification of total nucleic acids

The quality and quantity were obtained by considering the A3, A260, A2s0, and Asyg
values of 1/50 and 1/100 dilutions (1 A2so= 40 ug RNA ml") using an Ultraspec 3000
UV/visible spectrophotometer (Pharmacia Biotech Ltd, Cambridge, U.K.). An Ay;pnm

: Aggonm : A 230 nmof 1:2:1 indicated good quality preparation.
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4.2.5 Reverse transcription reaction (RT)

Two methods of RT were used for cDNA synthesis. For initial isolations cDNA was
prepared using the following methods:

Method 1

One g RNA, 1l oligo dT primer and RNase free sterile water were added toa 1.5 ml
reaction tube to make the final volume to 10 pl. This solution was incubated at 65°C

for 10 min, in a water bath. A reaction mix was prepared on ice as follows:

5 x buffer 4 ul
100 mM DTT 2l
10 mM dNTP mix 2 ul
RNase inhibiter (40 U pl") (Roche)* I pl
Expand Reverse Transcriptase (Roche) 1 pl

*(Roche Diagnostics GmbH, Penzberg, Germany)

The reaction mix was added to the reaction tube (final volume of 20 pl) and incubated
at 42°C for 60 min. After the cDNA synthesis, the reaction was cooled on ice, and

stored at -20°C until the PCR reaction.

Method 2

RT reactions were performed by using ThermoScript™ RT-PCR system (Invitrogen
Corporation, Carlsbad, CA, USA). In a 1.5 ml reaction tube, 8 ul RNA (around 250
ng), was added. One ul 50 uM Oligo (dT),p, 1 ttl random primer, and 2 pl 10 mM dANTP
mix were added to the RNA. Incubation was carried out at 65°C for 5 min and placed

on ice (to denature RNA and primer). Master reaction mix was prepared as follows:

5 x cDNA synthesis buffer 4 l (was vortexed for S s, prior to use)
0.1 MDTT 1l
RNaseOUT™ (40 U/pl) 1 pl
DEPC treated water 1 ul

ThermoScript™ RT (15 units/ul) 1 ul
The master reaction mix (8 ) was added to the reaction tube on ice. The sample was
transferred to a thermal cycler, preheated to the cDNA synthesis temperature and

incubated for 10 min at 25°C, followed by 40 min at 55°C. The reaction was terminated
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by incubating for 5 min at 85°C. 1 pl RNase H was added and incubated for 20 min at
37°C. The prepared cDNA reaction was stored at -20°C for further analysis.

4.2.6 Polymerase chain reaction (PCR)

For amplifying either genomic DNA or cDNA the following reaction mix was used:

10 x Taq buffer 2.0ul
dNTPs (2 mM) 25 ul

25 mM MgCl, 1.0l
Primers (10 pmol/ul) 1.0 pul each
cDNA (5-fold diluted) 2.0 pl

Taq DNA polymerase (5 U/ul) 0.2 ul
Water 10.3 pl

The PCR (Thermo Fisher Scientific Inc, M.A., U.S.A) was carried out to synthesise the
second cDNA strand using 2 pul (0 to 5-fold) diluted RT reaction. For second round
PCR’s 2 pl of first round PCR product was used as template. The PCR program was
94°C, 4 min (1 cycle); 94°C, 30 s; 50°C, 30 s; 72°C, 60 s (30 cycles); 72°C, 3 min (1

cycle) and final cooling to 4°C.

4.2.7 Agarose gel electrophoresis and band purification

DNA fragments were separated on 2% agarose gels in 1 x TBE buffer and were run at
100v for 1 h. DNA markers (Invitrogen) were used to estimate the fragment size. After
electrophoresis, the gel was stained with ethidium bromide (0.5% (v/v) 10 mg/ml stock
solution) and then transferred onto a UV- transilluminator (UVP Inc, San Gabriel, C.A,
U.S.A) for photography. The PCR products of appropriate sized bands were cut out of
the agarose gel after electrophoresis and purified by using QIAquick® PCR purification
kit (QIAGEN) by following the manufacturer’s instruction.

4.2.8 Isolation of the partial homologues of meristem identity genes
Partial homologue sequences of meristem identity genes LEAFY, APETALAI and
TERMINAL FLOWERI were isolated by RT-PCR or PCR from either cDNA or
genomic DNA from E. occidentalis with degenerate primers or specific primers. LFY
was isolated by the degenerate primers which were designed from conserved regions of

LFY by McKenzie et al. (1997). To obtain a longer intron-spanning sequence of LFY
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another Eucalyptus specific forward primer described for E. globulus was used
(Southerton et al., 1998). TFLI was isolated by using the primers designed by
Sreekantan et al. (2004). AP was isolated by primers which were designed by using
the publicly available GenBank sequence of E. globulus. The primer sequences are
given in Table 4.1. The PCR reactions (50 pl) were run in double wells on 1-2%
agarose gels. The correct size bands were cut and gels purified as described in Section
4.2.7. Quantification of DNA for sequencing was done using High DNA Mass Ladder

(Invitrogen). The resulting sequences were compared with GenBank sequences.

Table 4.1 Primers used for isolating meristem identity genes.

Gene Sequence (5" — 3") Reference

LFY Forward GCGAATTCTTCACCACYACHGCYGARCG McKenzie et al.
Reverse CGGAGATGACAACCTTCTTAG (1997)
Forward AGGAGCTCGACGACATGATGAACT Southerton et al.

(1998)

L Forward GGTTATGACAGACCCAGATGT Sreekantan et
Reverse CCAACCTGTGGATACCAATG al. (2004)

API Forward AACCGACAAATCACCTTC this Study

Reverse CAGAAGTTCCCTTTTATGTC

4.2.9 Reference genes

Reference genes a-TUBULIN, 18S RNA, GAPDH, and 5-ACTIN were isolated from
cDNA by RT-PCR to test the suitability of reference genes for relative quantification of
meristem gene expression. The primer sequences were given in Table 4.2. The genes
were amplified using cDNA generated from total RNA derived from E. occidentalis and
the PCR product obtained was gel purified and sequenced and the sequence was

compared with GenBank sequences.

4.2.10 Sequencing of isolated meristem identity and reference genes
The required amount of each purified PCR product was pipetted into a 1.5 ml tube with
2 pl BigDye™ Terminator version 3.1 dye (Applied Biosystems, Foster City, C.A.,
U.S.A) and 3 ul of 5 x sequencing buffer (Applied Biosystems). Primer, either reverse
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or forward of 3.2 ul was added (the same primers used for isolation) with a ten-fold

dilution to a final concentration of 1 pmol pl”. Milli-Q water was added to make the

final reaction volume to 20 ptl. The sequencing was carried out at the Allan Wilson

Centre Genome Service, Massey University, Palmerston North, New Zealand, using the

ABI.3730 DNA Analyzer (Applied Biosystems).

Table 4.2 Primers used for isolating reference genes.

Gene Sequence (5" > 3") Reference
a-TUBULIN  Forward TCGTTTCGCAGGTCATTT Diaz et al.
Reverse CAACAACATCAACAGCCAAT (1996)

188 RNA

GAPDH

B-ACTIN

Forward CTCAACGGGGACGGCGGGC
Reverse GAGCATCGCACTCTTGTTC

Forward TAGCCATTTCCAGAACCCTCG
Reverse CGGAGATGACAACCTTCTTAG

Forward GCGAATTCTTCACCACYACHGCYGARCG
Reverse GCGGATCCCCRATCCARACACTGTAYTTCC

McKinnon et al.
(2004)

Brill and
Watson (2004)

Sreekantan
(2002)

4.2.11 Sequence verification

Both forward and reverse sequences of the DNA strands were obtained by using both

forward and reverse primers in separate reactions. Two to four independent sequences

were obtained for each strand of every isolated putative gene. Manual checking of the

raw DNA sequence data was done first and compared with electropherograms. The

sequence was analysed using the biological sequence alignment editor, BioEdit (Ibis

Biosciences, Carlsbad, C.A., U.S.A) to improve the quality and reliability of the data.

The sequences of each target gene were aligned using the multiple sequence alignment

programme Clustal X (Thompson et al., 1997) and a consensus sequence was obtained

for further analysis.
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Each edited cDNA sequence was translated in all three reading frames by using the
Primer Premier programme (version 5.0) to verify and obtained the right gene
homologue from each specific target gene. Both cDNA and protein sequences were
searched against the GenBank database at the National Centre for Biotechnology
Information (NCBI) (http:/www.ncbi.nlm.nih.gov/BLAST) using the BLAST search
programme (Altschul et al., 1990). For each confirmed meristem identity gene (LFY,
AP1, and TFL1), the structure of the isolated gene fragment (exon/intron splice sites)
and its relative position either in Eucalyptus (ELF) or Arabidopsis (API and TFLI) gene
was deduced by comparing its sequence with the GenBank cDNA sequence and

genomic sequence.

4.2.12 Phylogenetic analysis

For phylogenetic analysis, 15 homologous sequences were obtained from GenBank that
comprised phylogenically diverse as well as related species. All the sequences
including the E. occidentalis 1solates were aligned using Clustal X programme (version
1.8, Thompson et al., 1997). Phylogenetic trees were constructed by using the
neighbour joining method (Saitou and Nei, 1987) using the same program or using
TreeView, or TreeView program in conjunction with BLAST (version 2.2.15) program.
The graphic tree representation was given by TreeView software version 1.6.1 (Page,

1996). All analyses were performed with 1000 bootstrap replicates.

4.2.13 Southern analysis
The procedure was based upon the method described by Southern (1975). Southern
analysis was performed on the restriction digested genomic DNA of E. occidentalis

using non-radioactive probes prepared from the purified PCR products amplified with

LFY, API and TFL] specific primers.

4.2.13.1 Electrophoresis of DNA digests and blotting

Eucalyptus occidentalis genomic DNA (10 pg) was digested with either EcoR/ or
BamH|1 for analysing each of the three gene homologues (LFY, AP, TFLI). The
digestcd DNA was loaded onto a 1% (w/v) agarose gel and electrophoresis was carried
out overnight by applying current at 1v/cm of gel. The gel was transferred into

depurination solution (250 mM HCI) and incubated for 10 min with gentle agitation.
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The depurination solution was discarded and the gel rinsed with distilled water. The gel
was transferred to denaturation solution (1.5 M NaCl and 0.5 M NaOH) and incubated
for 20 min with gentle agitation. Denaturation solution was again discarded and the gel
rinsed with distilled water. The gel was covered with neutralising solution (1.5 M
NaOH and 0.5 M Tris HCI, pH 7.5) and gently agitated for 30 min. The neutralisation
solution was discarded and the gel subjected to overnight capillary blotting to transfer
DNA onto Hybond-N+ nylon membrane following the manufacturer’s instructions
(Amersham Biosciences, Priscotaway, N.J., U.S.A). The following day the membrane

was rinsed in 2 x SSC and the DNA fixed by UV cross linking.

4.2.13.2 Probe preparation

The E. occidentalis genomic DNA was subjected to PCR using LFY or AP] or TFLI
specific primers. The resulting PCR product was purified using QIAGEN PCR
purification kit (QIAGEN) and following the manufacturer’s instructions. Labelling of
probe was carried out using Gene Images random prime labelling kit (Amesham
Biosciences). Briefly, 20 pl of diluted purified DNA (3 ng/y1l) was denatured by
heating in a boiling water bath for 5 min and kept on ice. The labelling reaction mix (50
ul) was prepared by combining nucleotide mix (10 pul), primer (5 pl), denatured DNA
(as required) and Klenow fragment (5 units/pil). The reaction mix was incubated at
37°C for 1 h. The reaction was stopped by adding EDTA to 20 mM final concentration.
The probes were stored in the dark at -20°C.

4.2.13.3 Hybridisation and detection of non-radioactive probes

For overnight hybridisations, the membranes were placed in hybridisation tubes and
hybridisation buffer was added [5 x SSC, 0.1% (w/v) SDS, 5% (w/v) dextran sulphate
and 20-fold dilution of liquid block (supplied by the manufacturer)]. The membranes
were pre-hybridised with gentle rotation at 60°C for 1 h. Labelled probe was denatured
by placing in a boiling water bath for 5 min and added to the hybridisation solution at a
concentration of 10 ng/ml. The incubation was continued overnight. The following day,
the hybridisation buffer was removed from the tubes and the membranes were washed
with 1 x SSC, 0.1% (w/v) SDS at 60°C with rotation for 15 min. The second washing
was done using 0.5 x SSC, 0.1% (w/v) SDS under the same conditions used for the first

wash. The third wash was repeated as for the second wash. The membranes were
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soaked in liquid blocking agent and the detection of labelled probes was performed
using Gene Images CDP-Star detection module following the manufacturer’s

instructions (Amersham Biosciences).

4.2.14 Temporal expression of meristem identity genes
Quantification of meristem identity genes was carried out by real-time quantitative RT-

PCR using a LightCycler™ 2.0 instrument (Roche).

4.2.14.1 Primers used for quantification of meristem identity genes

For real-time PCR quantification, the primers were designed by spanning an intron and
to give a product size less than 290 bp. Primer Premier (version 5.0, Premier Biosoft
International, Palo Alto, C.A., U.S.A) was used to design suitable primers for meristem

identity genes and reference gene (Table 4.3).

Table 4.3 Primers used for real-time quantitative RT-PCR.

Gene Sequence (5" —> 3")
LFY Forward AGGAGGAAGTGGAGGAGATGAGGA
Reverse AGGCGTAGCAGTGGACGTAGTG
API Forward CCTTGACTCACCTGTTGTT
Reverse CAGAAGTTCCCTTTTATGTC
TFLI The same primers as used for isolation (Table 4.1)
a-TUBULIN Forward GTATCAACTACCAGCCGCCCACA

Reverse ACTCGTCACCCTCATCAT

4.2.14.2 Quantitative real-time PCR assay

The FastStart DNA Master SYBR® Green I (Roche Dagnostics) kit was used for
carrying out PCR reactions. The reaction was performed in glass capillaries in 20 pl
reaction volume. Each reaction mixture was prepared by combining 2.0 il of 10-20
fold diluted cDNA template, a final concentration of 3.0 mM MgCl,, primers at 0.5 M
each final concentration, 2.0 pul of FastStart DNA Master SYBR® Green I (Roche) and
sterile distilled water to make-up to 20 pul volume. The thermal cycling conditions were

carried out at an initial denaturation temperature of 95°C for 10 min followed by 45

cycles at 95°C for 10 s, 55°C for 10 s, 72°C for 15 s, and 80-84°C for 1s. During
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thermal cycling the SYBR Green signal was acquired during each cycle at 80-84°C to
detect and quantify the fluorescence at a temperature above the denaturation of primer
dimers by using a slope of 20°C s™'. At the end of thermal cycling a melting curve was
generated using the program, one cycle at 95°C for 0 s, and 50°C for 40 s using a slope
of 20°C s™', followed by 95°C for 0 s using a slope of 0.05°C s™'. The SYBR Green
signal was acquired continuously during the melting curve program. Finally the

instrument was cooled to 40°C for 1 min before stopping.

4.2.14.3 Optimisation of real-time PCR conditions

To obtain efficient amplification of cDNA (RT reaction), template dilution and MgCl,
concentration were optimised. The RT reaction was used as a series of dilutions (1:10,
1:20, 1:40, 1: 50, 1:80 and 1:100) and three levels of MgCl, (2, 3 and 4 mM). Four sets
of primers specific to E. occidentalis LFY, AP1, TFLI and a-TUBULIN were used in the
reactions. The real-time PCR mix and run conditions were the same as described in

Section 4.2.14.2.

4.2.14.4 Selection of reference gene for relative quantification

The reference gene for relative quantification was selected based on its reproducibility
and uniformity in amplification reactions in RT-PCR with randomly selected
experimental bud samples. Four reference genes a-TUBULIN, 18S RNA, GAPDH, and
f-ACTIN were tested. The PCR reactions were performed with cDNA templates
derived from five bud samples. The PCR reaction conditions were carried out as
described in section 4.2.6. The reference gene primers used were described in Section
4.2.9. Further, the selected reference gene was subjected to real-time PCR
quantification of cDNA derived from five randomly selected bud samples. The protocol

of real-time PCR was that described in Section 4.2.14.2.

4.2.14.5 Calculation of PCR efficiencies

The PCR efficiencies for target and reference genes were calculated to determine the
amplification efficiency of each of the target and reference genes. This was performed
by generating standard curves for each gene. Standard curves were generated by the
first strand cDNA with serial dilutions of 10, 100, 1,000, 10,000 and 100,000 folds as
template. Two to three replicates were taken for each dilution. Real-time quantitative

PCR was performed as described in Section 4.2.14.2. A standard curve was obtained
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for each gene by plotting the log concentration of the initial DNA on the x-axis and the
crossing point (Cp) in cycles on the y-axis: the higher the crossing point,the lower the
initial concentration of DNA. The slope of the standard curve was referred to as the
efficiency of the curve and was calculated by the LightCycler™ software (version 4.0,
Roche) by using the formula

E = 10 (/slope)
An efficiency of 2.0 indicated a “perfect” PCR amplification with every cycle doubling
the quantity of DNA template.

4.2.14.6 Relative quantification of meristem identity genes

The quantification analysis was performed with an amplification program using
LightCycler™ 2.0 software version 4.0 (Roche). Relative quantification analysis
compares two ratios: the ratio of the target DNA sequence to a reference DNA sequence
(e.g.a-TUBULIN) in an unknown sample, is compared with the ratio of the same two
sequences in a standard sample called a calibrator (in the current experiments vegetative
buds were used). Inevery PCR run, two sets (of 12 samples each) were loaded, one set
with the reference gene primers and the other with target gene primers so that the same
cDNA template was shared by both target and reference genes. In addition, three
replicates of one calibrator sample were included for both target and reference genes to
normalise the results. The calibrator contains typical proportions of the target and
reference sequences. A negative control or no template control was also included in
each run. At the end of each run, relative gene expression was calculated in each
sample. The result of a relative quantification analysis was, therefore, expressed as a

normalised ratio:

concentration target (sample)
Normalised ratio =
concentration reference (sample)

concentration target (calibrator)

concentration reference (calibrator)
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4.3 Results

4.3.1 Meristem identity gene isolation and analysis

4.3.1.1 LEAFY (LFY)

A partial LFY homologue sequence was isolated from E. occidentalis using total RNA
as well as from genomic DNA employing degenerate (McKenzie et al., 1997) and
specific primers (Southerton et al., 1998). By using degenerate primers, a 270 bp
(Figure 4.2A) product was obtained from cDNA and by using one specific forward
primer and degenerate reverse primer a more than 1000 bp product was obtained from
genomic DNA (Figure 4.2B). The putative LFY, PCR products were sequenced and
from multiple alignments of numerous sequences, a verified 270 bp and 525 bp of
product sequences were obtained from cDNA and genomic DNA, respectively. The

sequences are given below.

Putative E. occidentalis LFY sequence obtained from cDNA:

TGACGAACCAGGTGTTCAGGTACGCGAAGAAGGCGGGAGCAAGCTACATA
AACAAGCCGAAGATGAGGCACTATGTCCACTGCTACGCCCTGCACTGCCTG
GACGAGCACGCCTCCAACGCCCTTCGCAAGAGCTTCAAGGAGCGCGGGGAG
AACGTCGGCGCCTGGAGGCAAGCCTGTTACCACCCCCTGGTCACCATCGCC
GGCCGCAGGGCCGGCTGGGACATCGACGCCATCTTCAATGCCCACCCCCGC
CTCTGCATCTGGTATGTCCC

Putative E. occidentalis LFY sequence from genomic DNA:

GGGAGCACCCCTTCATAGTGACGAAGCCCGGGGAGGTGGCGCGTGGGAAG
AAGACCGCCCTGGACTACCTTTTCCTTTTTTAGGACCAGTGCCGGGACTTCT
TCTTCCAATTCCATTCCTTGGCCAAGGAGCGGGGCGAGGAATACCCCACCA
AGGTCCTCCCCCTTTCTTCTTTTTATAGTCTTTCGATACAATCAAACTTCTTC
GAACGTACCCAAGCACGGATCATTCAAACAAGAAGACGATGCAGGTGACG
AACCAGGTGTTCAGGTACGCGAAGAAGGCGGGAGCAAGCTACATAAACAA
GCCGAAGATGAGGCACTACGTCCACTGCTACGCCCTGCACTGCCTGGACGA
GCACGCCTCCAACGCCCTTCGCAAGAGCTTCAAGGAGCGCGGGGAGAACGT
CGGCGCCTGGAGGCAAGCCTGTTACCACCCCCTGGTCACCATCGCCGGCCGCAG

GGCCGGCTGGGACATCGACGCCATCTTCAATGCCCACCCCCGCCTCTGCATCTGGT
ATGTCCC

106



Figure 4.2A Isolation of partial homologue of LFY (270 bp) from E. occidentalis.

RT-PCR generated cDNA fragments using degenerate primers to amplify putative LFY.
PCR products were separated by electrophoresis on a 2% (w/v) agarose gel and visualised
with ethidium bromide. The relative sizes of the DNA ladder are indicated on the right.
L1 to L6: First round RT-PCR product; L7: 1 Kb Plus DNA ladder.

"l L1 12 L3 L4L5 L6 L7L8

, L 650 bp
-
"

Figure 4.2B Isolation of partial homologue of LFY (1000 bp) from E. occidentalis.
PCR generated DNA fragments using specific forward primer and degenerate
reverse primer to amplify putative LFY. PCR products were separated by
electrophoresis on a 1% (w/v) agarose gel and visualised with ethidium bromide.
The relative sizes of the DNA ladder are indicated on the right. L1 to L3, LS and
L6: First round PCR product; L8: 1 Kb Plus DNA ladder; L4 and L7 were empty:
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The identities of these sequences were confirmed by comparing the sequences with
GenBank sequences. The confirmed putative LFY sequence was given the name
EOLFY. Conceptual translation of the ORFs of the combined cDNA and genomic DNA

sequences yielded an amino acid sequence with 92 amino acids which is given below:

TNQVFRYAKKAGASYINKPKMRHYVHCYALHCLDEHASN ALRKSFKER
GENVGAWRQACYHPLV TIAGRRAGWDIDAIFNAHPRLCIWYVPT

The EOLFY protein sequence was compared with GenBank sequences using BLAST.
The sequence showed typical characteristic of Arabidopsis LEAFY and Antirrhinum
FLORICAULA, which displayed the Pfam PFO1698 FLO/LFY protein domain. This
protein domain family consists of various plant development proteins which were
homologues of FLO/LFY proteins. Mutations in the sequences of these proteins affect

flower and leaf development.

The 92 amino acid fragment EOLFY matched to conserved regions of LFY protein.
Highest similarity was shared by LFY protein derived from Eucalyptus globulus (100%)
followed by Eucalyptus grandis (98%) and Metrosideros excelsa (98%). When the
EOLFY protein sequence was compared to other genera, the LFY protein sequences
derived from Lycopersicon and Citrus shared 90% sequence similarity, whereas Vitis,
Populus and Petunia showed 89% similarity. Arabidopsis displayed 86% similarity.
The sequence alignment with various LFY-like proteins in GenBank is displayed in
Figure 4.3. The E. occidentalis and other Myrtaceae species showed single or double
amino acid polymorphism when compared to Arabidopsis thaliana. At position 365 and
366, Arabidopsis showed arginine and alanine, which were substituted by lysine and
serine in Eucalyptus. Similarly at postions 382, 387, 392, and 408 single amino acid

polymorphisms were observed which were found to be conserved in the Myrtaceae.

A phylogenetic tree was constructed using the isolated EOLFY protein fragment and
LFY-like protein sequences derived from GenBank. As observed in Figure 4.4, the
Myrtaceae family members Eucalyptus, Metrosideros and Syzygium clustered together.
The possible structure of the EOLFY gene fragment was deduced by aligning with the
Eucalyptus LFY sequences derived from the GenBank (GenBank accession number

AF034806 and AY 640314). E. globulus LFY (GenBank accession number AF034806)
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gene structure appears as three exons and two introns and is typical of Arabidopsis LFY.
The EOLFY fragment sequence incorporated the second intron, with 165 bp at the end

of exon 2, and continued with intron 2 and to the exon 3 sequence (Figure 4.5).

(316) 316 330 340 350 360 370 387
Athaliana:LFY(280) KCPTKVTNQUFRYAKKEGASY INKPKMRHY VHCYALHC LDEEASNALRRAFKERGENVCEWROACYKPLYNT
B.junceal FY (280) KCPTKVTNQVFRYAKKEGAS Y INK PKMRHYVHCYALHCLDEEASNALRRAFKERGENVGEWROACYK PLYNI
Eoccidentalis (1) ———--— TNQVFRYAKKAGASYINKPKMRHYVHCYALHCLDE HASNALREMFKERGENVGAWRQACY HPLVTT
E giobulusELF1 (226) KCPTKVINQVEFRYAKKAGAS Y INKPKMRHYVHCYALHCLDE HASNALREEFKERGENVGAWRQACY H PLVTT
E.grandisLFY (226) KCPTKVINQVERYAK *AGAS Y INK PKMRHYVHCYALHCLDE HASNAL REMF KERGENVGAWRQACY HPLVTI
MexcelsaMELFY (1) —————————————— KKAGASY INKPKMRHYVHCYALHCDEHASNAL REMFKERGENVGAWRQACY HPLV 1T
Sameagne EAFY (31) KCPTKVINQVERYAKKAGASYINK PKMRHYVHCYALHCLDEHASNALREEFKERGENVGAWRQACY HPLVTT
C.sinensisLEAFY (268) KCPTKVINQVERYAKKAGAS Y INKPKMRHYVHCYALHCLDEEASNALRRAFKERGENVGAWRQACYK PLVAT
P trichocama:PTUFY (253) KCPTKVINQVFRYAKKAGAS Y INKPKMRHYVHCYALHCLDEJASNAL RRAFKERGENVCAWRQACYK PLVAT
M.domrestica:LFY (286) KCPTKVINQVERYAK ~AGAS Y INK PKMRHYVHCYALHCLDEEASNALERAFKERGENVGAWRQACYK PLVAT
VvinfferalLFY (272) KCPTKVINQVFRYAKKAGAS Y INKPKMRHYVHCYALHCLDEEASNALRRAFKERGENVGAWRQACYKPLY
| balsaina:LFY (257) KCPTKVINQVFRYAKKAGASY INK PKMRHYVHC YALHCLDEEASNALRRAFKERGENVGAWRQACY PLY
L esculentumA_ORICAUL A (284) KCPTKVTNQVFRYAKKAGASY INK PKMRHYVHCYALHCLDEBASNALRRAFKERGENVGAWRQACYKPLVAT
P hybrida:ALF(284) KCPTKVINQVERBAKKAGAS Y INK PKMRHYVHCYALHCLDESASNALRRAFKERGENVGAWRQACY KPLVAT
N.tobacumNFL2 (285) KCPTKVTNQVFRYAKKAGASY INKPKMRHYVHCYALHCLDEEASNALRRAFKERGENVGAWRQACYKPLVAT
M.Tiuncatula:UNIFOLIATA(268) KCPTKVTNQVFRYAKKAGAS Y INK PKMRHYVHCYALHCLDEEVSNELRREBFKERGENVCAWRQACY K PLVAT
P.sativumUNIFOLIATA (271) KCPTKVTINQVEFRYAKKAGASY INK PKMRHYVHCYALHCLDEE' 'SNEL;;FKERGENVCAWRQACYKPLVAI
Corsenaus(316) KCPTKVTNQVFRYAKKAGASYINKPKMRHYVHCY ALHCLDEEASNALRRAFKERGENVGAWRQACYK PLVAT

(388) 388 400 410 420 430 440 459

I

Athaliana:LFY (352) AC-RHGWDT DABFNAH PRUBIWYVPTKLROLCHLERNNAV LVGGISCTGSSTSGRGGC -
BjuncearL FY (352) AC-RHGWDI DARFNAH PRLETIWYVPTKLROLCHLERNNAV, LVGGISCTGSSTSGRGGC
E.occidentalis (67) AJIRRAGWDT DATFNAHPRL CEWYVPT - ——————————— === === === ==~ == ——— == ——m e — e ————

EglobulusELF1 (298) ABRRAGWD I DAL FNAHPRLC IWYVPTKLROL IRHs—-——.::s —————— 3SISTSAPT HHLELPY
EgandisLFY(298) AR-RAGWDI DATFNAHPRLC IWYVPTKLROLCHE RHA-——— SESTSGPTHHHLEE--
MexcelsaMELFY (59) ABRRAGH DT DAL FNAHPRLC Ll ——— === === === oo
S.saTeayenee LEAFY (103) ABRRAGWDT CATENAHPRLCLRY — —— ————— == = — = == = = — = — o oo oo oo
C.sinensis:LEAFY (340) AR-ROGWD I DAIFNAHPRLCIWYVPTRLROLC

SSVSAGAEHSVILKPE--

P.trichocarpa:PTLFY (325) A8 -RQGWDI BT FNAHPRIUBINWY VPTKLROL T 88VS----GT| GHL -

M dorrestica FY(358) AA-GQGWDT DAIFNHPRLEIWYVPTKLROLC NAT SSAS---- -

V.vinifera:L FY (344) AR-RQGWD T DAIFNAHPRIBIWYVPTRLROLC §——-——- 8CIS---- -
|.balsamina:LFY(329) AA-R=EWDT DARFNEHPR

L esculentumALORICAULA (356) AA-RQGWDT DAI FNAHPRLAIWYVPTKLROLC

P hybrida:ALF(356) AA-RQGWD I DATFNEHPR LETWYVPTKLROLC

N.tobacumNA_2(357) AA-RQGWDI DT I FNAHPRLBIWYVPTKLRQLC!

M.Truncatula:UNIFOLIATA (340) AR-RQGWDICAIFNAHPRIEIWYVPTKLROLC S8VS----VGTAHL

P.sativumUNIFCLIATA (343) AA-RQGWD I DATFNAHPRLSI WY VPTKLROLC SSVS----VGTTHL
reenas(388) AA RQGWDIDAIFNAHPRLSIWY VPTKLRQLCHAER SS S GG HLPF

fsss----GG1 v
ssvs———ccv'oﬂm? iF-
fisvs---GGG DHLE:F-
SSSVSGGGGC’DHLP iF-

Figure 4.3 Comparison of the amino acid sequence of EOLFY with LFY-like
protein sequences from GenBank. Yellow refers conserved regions and blue refers
species specific variation.
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A. thaliana

B. juncea

I. balsamina

C. sinensis

43 V. vinifera

43 N. tobacum NFL2
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P. trichocarpa

100 23

L. esculentum

—— M. truncatuta UNIFOLIATA
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— P. sativum UNIFOLIATA
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—— P. hybnda ALF 022621

M. excelsa MELFY

100 E. grandis

& E. occidentalis

S. samarangense

15

E. globulus ELF1

Figure 4.4 Phylogenetic relationships of some LFY homologues derived from plants
from a wide range of angiosperm species using the neighbour joining method and
TreeView software.
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Exon 1 Exon 2 Exon 3

121-451 bp 512-872 bp 968-1357 bp
1-165 bp 259-525 bp

EOLFY -

Figure 4.5 Deduced gene structure of EOLFY sequence

Based on GenBank derived E. globulus (ELFY1) sequence (Accession no: AF034806)
the putative structure of EOLFY fragment was analysed and found to incorporate the
second intron.
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4.3.1.2 TERMINAL FLOWERI (TFLI)

A partial TFL1 homologue was isolated from cDNA of E. occidentalis by using M.
excelsa primers and PCR (Sreekantan et al., 2004). A product of approximately 170 bp
was obtained (Figure 4.6). The putative TFL]/ RT-PCR product was sequenced and
multiple alignments of more sequencing reactions and a verified 170 bp of product

sequence was obtained. The sequence is given below.

Putative E. occidentalis TFL 1 sequence obtained from cDNA:

GATATCAGCCCCATGTTGGTTATGACAGACCCAGATGTGCCTGGTCCTAGTG
ATCCATATCTAAGGGAGCACTTGCACTGGATGGTGACGGACATCCCGGGCA
CAACAGATGCCACATTTGGAAAGAAGGTGGTGGAGTACGAGATGCCGAGG

CCCAACATTGGTATCCACAGGTTCGAACTGATGGCCACGGTTCG

The identity of these sequences was confirmed by comparing with GenBank sequences.
The confirmed putative TFL/ sequence was given the name EOTFLI. Conceptual

translation of the ORFs of this cDNA sequence yielded an amino acid sequence with 60

amino acids, which is given below:

LVMTDPDVPGPSDPYLREHLHWMVTDIPGTTDATFGKKVVEYEMPRPNIGIHR
FELMATV

The protein sequence was compared with GenBank sequences using BLAST. The
sequence showed typical characteristics of TFL1 and CEN homologues. The protein
consisted of Pfam profile PFO 1161, phosphatidylethanolamine binding domain also
known as Raf-1 kinase inhibitor protein (RKIP). The other TFL1 orthologues, CEN in
Antirrhinum, and SELF PRUNING (SP) in tomato, also belonged to RKIP protein
domain. The highest similarity was shared by TFL1-like protein derived from M.
collina (100%) followed by M. excelsa (98%). When compared with EOTFLI protein
sequence, the TFL1 protein sequences derived from Lycopersicon and Citrus shared 85
and 88% sequence similarity, whereas Vitis and Populus showed 87 and 90% similarity,

respectively. Arabidopsis displayed 83% similarity.
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Figure 4.6 Isolation of partial homologue of TFL1 (170 bp) from E.
occidentalis

RT-PCR generated cDNA fragments using M. excelsa primers to amplify putative
TFLI. PCR products were separated by electrophoresis on a 2% (w/v) agarose gel
and visualised with ethidium bromide. The relative sizes of the DNA ladder and
product are indicated on the right. L1 and L8: 1 Kb Plus DNA ladder; L2, L4, L6
and L7: second round RT-PCR product; L3 and LS were empty.
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42) 42 50 60 70 80 90 109

E.occidentalis TFL1 (1) ———-- — : VMTDPDVPGPSDP

Mcolina:TAL1 (1) === ———mm e mm e e LMDPD&PGPSDPME%H
Mexcelsa TAL1 (1) - - MDPWPGPSDPMEHE.H \
| balsarrina TERMINALFLOWER1 (41) N---KOU Y KPRVEV LWDPD#PGPSDPW]E
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Figure 4.7 Comparison of the amino acid sequence of EOTFL1 with TFL1-like
protein sequences from GenBank. Yellow refers the conserved regions and blue
refers species specific variation.
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Figure 4.8 Phylogenetic relationships of some TFLI homologues derived from
plants from a wide range of angiosperms using the neighbour joining method and
TreeView software.
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The sequence alignment with various CEN or TFL1-like proteins in GenBank is
displayed in Figure 4.7. The Myrtaceae family members showed single amino acid
polymorphisms at positions 115 (lysine replacing arginine) and 133 (glutamic acid
replacing valine). A phylogenetic tree was constructed using the isolated EOTFLI
protein fragment and TFL1-like protein sequences derived from GenBank. As observed
in Figure 4.8, the Myrtaceae family members Eucalyptus and Metrosideros clustered
together. The EOTFLI gene structure was deduced by aligning with the Arabidopsis
TFLI gene structure based on The Arabidopsis Information Resource (TAIR)
(Accession no: AT5G03840). The putative structure of the EOTFLI fragment was

analysed and it incorporated introns one to three (Figure 4.9).

Exon 1 Exon 2 Exon 3 Exon 4

1-226 bp 437-498 bp 707-745 833-1172 bp

T R -

1-27 bp 28-88 bp 89-128 bp 129-170 bp

EOTFLI [ —N—

Figure 4.9 Deduced gene structure of the EOTFL1 sequence (Derived from
the Arabidopsis Information Resource, TAIR).
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4.3.1.3 APETALAI (API)

A partial AP/ homologue was isolated from cDNA of E. occidentalis by RT-PCR by
using specific primers. A product of approximately 650 bp was obtained (Figure 4.10).
The putative AP] RT-PCR product was sequenced and after multiple alignments of
more sequencing reactions, a verified 540 bp of product sequence was obtained. The
sequence is given below.

Putative E. occidentalis AP1 sequence obtained from cDNA:

TCCGTACTCTGCGACGCCGAGGTCGCCCTCATCATCTTCTCCGCCAAGGGCA
AGCTCTCGAGTACTCCACCGATTCCTGCATGGAGAGAATTCTCGAACGCTAT
GAAAGATACTCATTGCGGAGCACCAAGTTCTTGCAAGTGAGACGGAATCGA
TTGGTAGCTGGACTTTGGAGCTGCTAAGCTCAAGGCCAGACTTGAAGTTTTA
CACAGAAATTATAGGCATTTCATGGGAAAGATCTTGATTCTTTGAGTCTCAA
GGACCTCCAAAATTTGGAGCAGCAACTGGAGTCTGCTCTTAAACACATAAG
ATCGAGAAAGAATCAGCTCATGCATGAATCAATCTCAGCGCTTCAGAAAAA
GGATAGGGCATTGCAGGAGCAAAACAACCTGCTTACAAAGAAAGTAAAGG
AGAAGGAGAGGGCACTAGCACAGCAAGCTCAGTGGGAGCAGCAAGACCAT
GCCCTTGACTCACCTGTTGTTCTACCCCACTACTTGCCATCTCTCGACACCAA
TGGCTCTTATCAAGCGAGACA

The identity of this sequence was confirmed by comparing with GenBank sequences.
The confirmed putative AP/ sequence was given the name EOAP/. Conceptual
translation of the ORFs of this cDNA sequence yielded an amino acid sequence with

179 amino acids which is given below:

SVLCDAEVALIIFSAKGKLFEYSTDSCMERILERYERYSYAEHQVLASETESIGS
WTLEHAKLKARLEVLHRNYRHFMGKDLDSLSLKDLQNLEQQLESALKHIRSRK
NQLMHESISALQKKDRALQEQNNLLTKKVKEKERALAQQAQWEQQDHALDSP
VVLPHYLPSLDTNGSYQAR

When this sequence was compared with GenBank sequences using BLAST, the
sequence showed typical characteristics of AP/ homologue with characteristic MADS-
box domain and K box domain. The EOAPI sequence started in the middle of the
MADS-box domain. The highest similarity was shared by AP1-like protein derived
from E. globulus (98%) followed by Betula pendula (88%) and Vitis vinifera (87%).
When compared with EOAPI protein sequence, the AP1 protein sequences derived
from Lycopersicon and Citrus shared 86 and 80% sequence similarity, whereas Populus
showed 81% and Antirrhinum displayed 88% similarity. With E. globulus AP2 81%
similarity was obtained indicating that the isolated gene was the homologue of AP/.

The sequence alignment with various AP1-like proteins in GenBank is displayed in

117



Figure 4.11. At the position 254 in the protein sequence (Fig 4.11) which is in the
middle of MADS-box domain, there is a glutamic acid and at position 262 alanine in
EOAPI which matched to the EAP1 sequence. Whereas, in the same positions in EAP2
an aspartic acid and a threonine were recorded. Similarly in the middle of the K-box
region in EOAP] the aminoacids at positions 329 to 332 were tyrosine, arginine,
histidine and phenylalanine, which matched to EAP1. In the case of EAP2, the amino
acids at these positions were glutamine, lysine, asparagines, and leucine, respectively

(Fig 4.11).

A phylogenetic tree was constructed using the isolated EOAP]1 protein fragment and
AP1- like protein sequences derived from GenBank. As observed in Figure 4.12, E.
occidentalis AP1 protein showed close similarity with E. globulus AP1 and less
similarity (81%) to AP2. The EOAPI gene structure was deduced by aligning with the
Arabidopsis AP gene structure (TAIR accession no AT1G 69120) and, based on the

gene structure, the EOAP] sequence incorporated introns one to seven (Figure 4.13).

Figure 4.10 Isolation of partial homologue of AP1 (650 bp) from E. occidentalis.
RT-PCR generated cDNA fragments using specific primers to amplify putative AP].
PCR products were separated by electrophoresis on a 0.8% (w/v) agarose gel and
visualised with ethidium bromide. The relative sizes of the DNA ladder are indicated
on the right. L2 — L4: First round RT-PCR product; L6: 1 Kb Plus DNA ladder; L5:
genomic DNA product; L1: template negative control.
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Figure 4.11 Comparison of amino acid sequence of EOAP1 with AP1-like protein
sequences from GenBank. Yellow refers the conserved regions and blue refers
species specific variation.
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Figure 4.12 Phylogenetic relationship of some AP1 homologues derived from
plants from a wide range of angiosperms using neighbour joining method and
TreeView software.
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s - -
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EOAPI

Bl = & I i &

Figure 4.13 Deduced gene structure of the EOAPI sequence.
Based on The Arabidopsis Information Resource (TAIR), A. thaliana (API) sequence (Accession no: AT1G69120), the putative
structure of EOAP/! fragment was derived which incorporated introns one to seven.
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4.3.2 Isolation and identification of reference genes
For quantification of meristem identity gene expression, the reference genes
indicated below were isolated from E. occidentalis. The primer designs were based

on the Eucalyptus sequences available in the GenBank database.

4.3.2.1 o-TUBULIN

A partial a-TUBULIN homologue was isolated from cDNA of E.occidentalis by RT-
PCR by using specific primers. A product of approximately 650 bp was obtained
(Figure 4.14). The putative a-TUBULIN RT-PCR product was sequenced and by
multiple alignments of more sequencing reactions, a verified 480 bp of product

sequence was obtained. The sequence is given below:

Putative E. occidentalis a-TUBULIN sequence obtained from cDNA:

TGGCTGAGATCACCAACAGCGCTTTCGAGCCATCCTCTATGATGGCCAAGTGCG
ACCCTCGCCATGGGAAATACATGGCATGCTGCCTCATGTACCGTGGTGATGTGG
TGCCCAAGGACGTGAACGCAGCTGTGGCAACCATCAAGACCAAGCGCACCATCC
AGTTCGTCGACTGGTGCCCCACCGGATTCAAGTGCGGTATCAACTACCAGCCGC
CCACAGTTGTCCCTGGAGGCGACCTCGCCAAGGTCCAGAGGGCTGTGTGCATGA
TCTCCAACTCAACCAGCGTTGCTGAGGTCTTCTCGCGCATTGACCACAAGTTCGA
TCTGATGTATGCCAAGCGTGCCTTTGTGCACTGGTACGTGGGTGAGGGTATGGA
GGAGGGTGAGTTCTCTGAGGCTCGGGAGGATCTCGCTGCCCTCGAGAAGGATTA
TGAGGAGGTTGGTGCAGAGTTGGCTGAGGGCGAGGATGATGAGGGTGACG

The identity of the sequence was confirmed by comparing with available GenBank

sequences using BLAST programme.

4.3.2.2 GAPDH

A partial GAPDH homologue was isolated from cDNA of E.occidentalis by RT-PCR
by using specific primers. A product of approximately 380 bp was obtained (Figure
4.14). The putative GAPDH RT-PCR product was sequenced and by multiple
alignments of more sequencing reactions, a verified 320 bp of product sequence was
obtained. The sequence is given below:

Putative E. occidentalis GAPDH sequence obtained from cDNA:

GCCATGGGGAAGGTCAAGATCGGAATCAACGGTTTCGGAAGGATCGGTC
GTTTGGTCGCTGCCATGGGAAATACATGGCATGCTGCCTCATGTACCGTG
GTGATGTGGTGCCCAAGGACGACCGACTACATGACGTACATGTTCAAGT
ACGACAGTGTCCACGGACAGTGGAAGCATAACGAGCTCAAGGTCAAGGA
CACCAAGACGCTTCTCTTCGGCGAGAAGGAGGTCTCCGTTTTTGGCATCA
GGAACCCCGAGGAGATTCCATGGGGCGAGACTGGAGCTGAGTTCATCGT
GGAATCTACCGGTGTCTTCACCGACAAGGAAAA
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The identity of the sequence was confirmed by comparing with available GenBank

sequences using BLAST programme

L1 L2 L3 L4 LS L6 L7 L8 L9 L10 L11 L12L13 L14 L15

——

650 bp

Figure 4.14 Isolation of partial homologue of a-TUBULIN (650 bp) and
GAPDH (380 bp) from E. occidentalis.

RT-PCR generated cDNA fragments using specific primers to amplify putative a-
TUBULIN and GAPDH. PCR products were separated by electrophoresis on a 1.5%
(w/v) agarose gel and visualised with ethidium bromide. The relative sizes of the
products are indicated on the right and left. L1 — L6: First round RT-PCR product of
a-TUBULIN; L8 1 Kb Plus DNA ladder; L9-14: First round RT-PCR product of
GAPDH: L7, L15: template negative controls.
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4.3.2.3 18§ RNA

A partial /85 RNA homologue was isolated from cDNA of E. occidentalis by RT-
PCR by using specific primers. A product of approximately 180 bp was obtained
(Figure 4.15). The putative /85 RNA RT-PCR product was sequenced and by
multiple alignments of more sequencing reactions, a verified 180 bp of product
sequence was obtained. The sequence is given below:

Putative E. occidentalis 18§ RNA sequence obtained from cDNA:

AACTCAACGGGGACGGCGGGCACAGCCCGACGTCCCTCTCGACGCCGAG
GATCCGGCTCGGGCTCCTTAGGGCGCTCGGTCTTTGTCCTCGGCGGCACA
ACGAACCCCGGCGCGGAATGCGCCAAGGAACTTGAACAAGAGTGCGATG
CTCCCGCCGCCCCATACACGGTGCGCGCGCGG

The identity of the sequence was confirmed by comparing with available GenBank

sequences using BLAST programme

4.3.2.4 f-ACTIN

A partial S-ACTIN homologue was isolated from cDNA of E. occidentalis by RT-
PCR by using degenerate primers. A product of approximately 450 bp was obtained
(Figure 4.16). The putative f-ACTIN RT-PCR product was sequenced and by
multiple alignments of more sequencing reactions, a verified 335 bp was obtained.

The sequence is given below:

Putative E. occidentalis }-ACTIN sequence obtained from cDNA:

GCTCTTCTGTCGAGAAAAACTATGAGCTGCCTGATGGACAAGTCATCACA
ATCGGGGCTGAGAGATTCCGTTGCCCAGAAGTCCTCTTCCAGCCATCATT
GATTGGAATGGAAGCTGCTGGAATTCATGAAACCACCTACAACTCCATCA
TGAAGTGTGATGTGGATATCAGGAAGGATCTTTATGGCAATATTGTGCTT
AGTGGTGGTTCCACTATGTTCCCTGGTATTGCAGACAGGATGAGCAAGGA
GATTACTGCTCTTGCTCCAAGCAGCATGAAGATYAAGGTGGTTGCACCSC
CAGAGAGGAAATACAGTGTCTGGATTGGGGATCCG

The identity of the sequence was confirmed by comparing with available GenBank

sequences using BLAST programme
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180 bp

Figure 4.15 Isolation of partial homologue of 718S RNA (180 bp) from
E. occidentalis. RT-PCR generated cDNA fragments using specific
primers to amplify putative /85 RNA. PCR products were separated by
electrophoresis on a 2% (w/v) agarose gel and visualised with ethidium
bromide. The relative size of the product is indicated on the left. L1 — 1 Kb
Plus DNA ladder; L2-L7: First round RT-PCR product of /85 RNA.

Figure 4.16 Isolation of partial homologue of #-ACTIN (450 bp) from
E. occidentalis. RT-PCR generated cDNA fragments using specific
primers to amplify putative f-ACTIN. PCR products were separated by
electrophoresis on a 1.5% (w/v) agarose gel and visualised with ethidium
bromide. The relative sizes of the DNA ladder are indicated on the left.
L1andL6: 1 KbPlus DNA ladder; L2-LL4: First round RT-PCR product
of f-ACTIN; LS was empty
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4.3.3 Southern analysis

Southern analysis showed two bands (one small and one large) when the blot was
probed with the FOLFY fragment (Figure 4.17 A); three bands (two weak and one
strong) were observed when the blot was probed with EOTFLI fragment (Figure
4.17 B). The EOAPI probe fragment yielded one single band (Figure 4.17 C).

A B C

Figure 4.17 Southern analysis of E. occidentalis genomic DNA after
restriction digestion.

A: Restriction digestion with EcoR] and probed with EOLFY.

B: Restriction digestion with Bam H1 and probed with EOTFL].

C: Restriction digestion with EcoR 1 and probed with EOAP]

The membrane was washed after probing with high stringency washes (1 x SSC,
0.1% (w/v) SDS at 60°C) to remove non-specific binding. Black arrows indicate
the gene band and dotted arrow is a pencil mark.
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4.3.4 Temporal expression of meristem identity genes using qRT-
PCR during growth and development in response to shoot

architectural modification

The expression of EOLFY, EOAPI, and EOTFLI from E. occidentalis was analysed
in response to shoot architecture manipulation involving the single stem and free

branching plants described in Section 2.2.1

4.3.4.1 Total RNA extraction from bud samples

Due to low sample size (20-40 mg) the RNA extraction protocols needed strict
optimisation. Total RNA isolated using a RNase Plant Minikit (QIAGEN) was
generally of good quality, with a 260/280 ratio of 1.8 to 2.0 in elution buffer.
However, it was difficult to get consistent yields. Ethanol precipitation after elution
yielded just enough good quality RNA for further analyses. The Nano drop RNA
yield measurements ranged from 50 to 800 ng/pl, and with a total yield of 2 to 32 g

in the samples.

The integrity and size distribution of total purified RNA was checked by gel
electrophoresis. The respective ribosomal bands appeared as sharp bands on the
stained gels (Figure 4.18). 25S ribosomal RNA bands presented with an intensity
approximately twice that of the 18S bands. On-column DNase treatment was critical

to ensure that the RNA was free from genomic DNA.

4.3.4.2 Reference gene validation by RT-PCR

To select suitable reference genes that could be amplified reproducibly from the bud
samples, five randomly selected bud samples were used to produce cDNA using RT-
PCR. The amplification product of /8S RNA and a-TUBULIN are shown in Figure
4.19. a-TUBULIN, but not /185 RNA, gave reproducible and uniform results.
Amplification of f-ACTIN occurred in only three out of five samples tested (Figure
4.20A). The amplification of GAPDH in bud samples was poor and not reproducible
(Figure 4.20B). Consequently, among the reference genes tested, a-TUBULIN was

selected as the most suitable gene for the relative quantification experiments.

127



258
18S

Figure 4.18 Example of total RNA (RNA integrity) used for gene
expression assays.

RNA was isolated using RNeasy mini kit (QIAGEN) and 5 1] of total RNA
eluate was loaded in each well of 1% agarose gel and electrophoresis was
carried out. Relative sizes of the DNA ladder are indicated on the left and the
identity of the RNA bands is indicated on the right. L1, L2, L4 and L5, total
RNA isolations from random bud samples; L6, 1 Kb Plus DNA ladder; L3,
empty.
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Figure 4.19 Expression of potential reference genes /185 RNA and a-TUBULIN
in random bud samples of E. occidentalis.

RT-PCR generated reference gene products were separated by electrophoresis on a
2% (w/v) agarose gel and visualised with ethidium bromide. The size of the /85
RNA is indicated on the left and a-TUBULIN on the right. L1 — LS, First round RT-
PCR product of /78S RNA in five bud samples; L6, 1 Kb Plus DNA ladder

L7-L11: First round RT-PCR product of a-TUBULIN in five bud samples.
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Figure 4.20A and B Expression of potential reference genes f-ACTIN
and GAPDH, respectively in random bud samples of E. occidentalis.
RT-PCR generated reference gene products were separated by
electrophoresis on a 1.5% (w/v) agarose gel and visualised with ethidium
bromide. Panel A, L2 — L6, first round RT-PCR product of f-ACTIN in five
bud samples. Panel B, L2-L6, first round RT-PCR product of GAPDH in five
bud samples. Panel A&B, L1, 1 Kb Plus DNA ladder
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4.3.4.3 Real time PCR optimisation: determination of template and MgCl,
concentration

In this experiment the cDNA template and MgCl; concentration were optimised.
The Table 4.4 shows the Cp values derived from the amplification reactions
conducted at various template dilutions and MgCl, concentrations. Figure 21A-D
depicts the amplification curves used to generate these Cp values. The difference in
amplification curves (Cp values) for each meristem identity and reference gene was
observed from a single bud sample template. These results indicated that a MgCl,
concentration at 3mM gave the lower Cp values (29.00 to 33.70) indicating better
efficiency in amplification. The template dilutions at 10 and 20-fold were found to
be more suitable when compared to other dilutions tested. Further, to make the gene
expression comparisons more accurate, the sizes of the PCR products of the genes
(EOLFY, EOAPI, EOTFLI and a-TUBULIN) to be compared were kept similar (170
to 290 bp).

Table 4.4 Optimisation of real time PCR with cDNA derived after RT reaction for
template dilution and MgCl; concentrations.

Cp values
g.em‘.’late MeCl: pary  api P
ilution (fold) (mM) TFL1 a-TUBULIN

10 2 30.42 33.80 30.46 31.46
20 2 30.79 33.64 30.60 31.45
40 2 30.83 34.11 NA 32.83
50 2 29.16 34.10 31.10 32.24
80 2 30.62 34.00 NA 31.59
100 2 30.48 34.03 3091 32.65
10 3 29.24 31.88 28.83 29.19
20 3 29.22 31.99 29.00 29.29
40 3 29.61 32.24 29.55 29.61
50 3 29.68 32.90 29.84 29.49
80 3 29.65 32.69 29.26 30.71
100 3 30.15 33.70 29.64 29.42
10 4 30.76 35.73 33.39 33.85
20 4 31.08 35.98 33.06 34.17
40 4 31.63 35.67 33.58 33.44
50 4 30.81 35.29 34.61 33.69
80 4 30.76 34.58 34.17 33.48
100 4 NA 36.30 34.10 NA
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Figure 4.21 Amplification curves obtained for cDNA template and MgCl, concentration optimisation assay.

(A)EOLFY, (B) EOAPI, (C) EOTFLI, (D) a-TUBULIN. cDNA derived from a bud sample was diluted to give 10, 20, 40, 50,
80 and 100 fold dilution and mixed in combination with 3 levels (2, 3, and 4 mM) of MgCl, concentration. Displayed are the
differences in amplification curves (Cp values) for each meristem identity and reference gene.



4.3.4.4 Performance of a-TUBULIN in LightCycler™ experiments

To test the amplification performance of a-TUBULIN in five randomly selected bud
samples, and also to demonstrate any variability between samples, real-time PCR was

performed. The amplification curves are shown in Figure 4.22. The mean Cp value

was 23.29 £ 0.24 (S.E.) indicating relatively uniform performance across the samples.

3.1
2.8
2.5
2.2
1.8
1.64
13-

Fluorescence (530)

0.7
0.4
0.1

2 4 6 8 101214 16 18 20 22 24 26 28 30 32 24 36 38 40 42 44
Cycles

Figure 4.22 Amplification performance of a-TUBULIN in five randomly
selected bud samples. The template cDNA (15-fold dilution) was used in
combination with 3 mM MgCl, concentration. The Cp values were 23.4, 22.8,
23.7,23.8 and 22.6 with a mean of 23.29 + 0.24.

4.3.4.5 PCR amplification efficiency determination

To enable accurate comparison when performing the relative quantification
experiments, PCR efficiency values for the target and reference genes must be specified.
Accuracy of the results from a relative quantification depends on the PCR efficiency of
both target and reference genes. A standard curve, based on serial dilutions of an
external standard (one of the RT reactions), was used to determine the efficiency of the

PCR for both target and reference genes.
The PCR efficiency values were determined by generating a standard curve between
starting cDNA concentrations and corresponding Cp values of serial dilutions. Figure

4.23A - C shows the standard curves generated for the meristem identity genes EOLFY,

133



EOAPI and EOTFLI, and Figure 4.23D shows the standard curve generated for the
reference gene a-TUBULIN. These plots were linear and showed that the efficiency
was constant over the concentration range studied. The PCR efficiency values were
1.704, 1.999, 1.755, and 2.120, respectively. Generally accepted range of PCR
efficiency is 1.7 to 2.0 (Pfaffl et al., 2002). The error value is a measure of the accuracy

of the quantification result based on the standard curve and acceptable value <0.2

(Anon., 2005).

4.3.4.6 Melting curve analysis

The melting curve analysis was carried out to identify characteristic melting profiles in
a PCR product through T, calling (LightCycler Software 4.0). A graph of melting
behaviour [plot of the first negative derivative (-dF/dT) of the fluorescence vs.
temperature] reveals that pure, homogeneous PCR product produces a single, sharply
defined melting curve with a narrow peak. In contrast, primer dimers melt at relatively
low temperatures and have broader peaks. The temperature at which the DNA strands
separate or melt when heated can vary, depending on the sequence length and GC
content. Even a single base difference can be detected using melting curves (Nitsche et
al. 2006). The Figures 4.24A to D show the typical melting peaks of genes used in this
study. The melting peaks for EOLFY, EOAP1 EOTFLI and a-TUBULIN were 89.5,
86.5 86.1°C, and 89.0°C, respectively, which indicated homogeneous PCR products in
gene quantification experiments. The sizes of the PCR products from the bud samples
were verified by electrophoresis through agarose gels, which yielded the expected sizes:
a product of 270 bp for EOLFY, 190 bp for EOAPI, 170 bp for EOTFLI1, and 290 bp for
a-TUBULIN (Figure 4.24A.1 to D.1).
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Figure 4.23 Standard curves showing the starting cDNA log concentration verses Cp values in PCR
amplification programme.

A: Standard curve of EOLFY meristem identity gene; the PCR efficiency was 1.704 with an error of 0.000.
B: Standard curve of EOAPI meristem identity gene; the PCR efficiency was 1.999 with an error of 0.049.
C: Standard curve of EOTFLI meristem identity gene; the PCR efficiency was 1.755 with an error of 0.010.
D: Standard curve of a-TUBULIN reference gene; the PCR efficiency was 2.120 with an error of 0.005.
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Figure 4.24 Melting curve analysis of meristem identity and reference genes.

(A) Typical melting peak (89.5°C) of EOLFY amplicon produced during amplification of cDNA using QRT-PCR.
(A.1) Agarose (2%) gel showing about 270 bp product of EOLFY corresponding to the melting peak.

(B) Typical melting peak (86.5°C) of EOAPI amplicon produced during amplification of cDNA using qRT-PCR.
(B.1) Agarose (2%) gel showing about 190 bp product of EOAP] corresponding to the melting peak.

(C) Typical melting peak (86.1°C) of EOTFLI amplicon produced during amplification of cDNA using qRT-PCR.
(C.1) Agarose gel (2%) showing about 170 bp product of EOTFL Icorresponding to the melting peak.

(D) Typical melting peak (89°C) of a-TUBULIN amplicon produced during amplification of cDNA using qRT-PCR.
(D.1) Agarose gel (2%) showing about 290 bp product of a-TUBULIN corresponding to the melting peak.



4.3.4.7 Meristem identity gene expression in relation to architectural manipulation
and flowering in E. occidentalis

In this experiment, the relative quantification of EOLFY, EOAPI, and EOTFLI
expression using a-TUBULIN as the reference gene is described. The gene expression
levels were compared between the genes as well as between developmental stages, and
between buds from plants with single stem and free branching architectures. The
axillary buds were collected from nodes 36 to 65 in free branching plants and 45 to 80
in single stem plants from just below the apical bud on the main stem at regular

intervals between mid-summer to autumn.

As described in Chapter 2, the free branching plants showed faster phase change in
terms of leaf morphological characteristics when compared to single stem plants. The
single stem plants showed rapid growth and achieved greater node numbers when
compared to the main stem of the free branching plants. The free branching plants
started showing floral buds in late December at an average node position of 39, and by
late February 60% plants were showing floral buds atan average node number of 51
(Figure 4.25). By contrast the single stem plants started showing floral buds when the
average node number was 53 (mid January) and the number of flower bearing plants

reached a peak of 60% by mid April at an average node number 78 (Figure 4.25).

The relative expression levels of EOLFY, EOAPI, and EOTFLI showed differences
attributable to architectural modification (Figure 4.26 A and B). Increased levels of
expression of EOAP] (relative to a-TUBULIN) were displayed at nodes 38 to 56 in free
branching plants but not until node 78 in single stem plants. EOLFY expression levels
were higher than EOTFL] all through floral transition. The expression ratios of floral
meristem identity genes, LFY and AP/, compared to the shoot identity gene, EOTFLI,
are depicted in Figure 4.27 A and B. The ratio of FEOLFYto EOTFLI in free branching
plants was higher as compared to the ratios observed in single stem plants during
December and January (Figure 4.27A). In addition, the ratios of EOAPI to EOTFLI
were higher in free branching plants as compared to ratios observed in single stem
plants and displayed a significant increase from February to April (Figure 4.27B).
Elevated EOAPI expression levels correlated with percentage floral score when the
paired axillary buds were examined (Figure 4.25). As the flowering peak was delayed

in single stem plants (node 64 to 78) as a result of architectural modification, the peak
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level of EOAPI expression also shifted (node 56 to 78). However, the leaves were still
either juvenile (single stem plants) or in a transitional state (free branching plants) when

the flowering started, as described in Chapter 2.
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Figure 4.25 Percent floral score of paired axillary buds.

The buds were collected from nodes 36 to 65 in free branching plants and 45 to 80 in single
stem plants from just below the apical bud on the main stem at regular intervals between
mid-summer to autumn.
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Figure 4.26 Expression of meristem identity genes (EOLFY, EOTFL I and EOAP 1) in
(A) free branching and (B) single stem plants.
The expression patterns of partial homologues of the meristem identity genes during
development of branched and single stemmed plants were analysed by QRT-PCR using
axillary buds. For relative quantification f-TUBULIN was used as the reference gene. Each
gene expression value represents at least three replicates (= S.E).
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Figure 4.27 The ratios of expression of floral meristem identity genes
EOLFY (A) EOAPI (B) as compared to shoot identity gene EOTFLI.
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4.4 Discussion

4.4.1 Identification of partial homologues of meristem identity genes

In this study partial homologues of LFY, API and TFL] in E. occidentalis were isolated.
The respective mRNA and deduced protein sequences were compared with GenBank
sequences. The combined evidence obtained by BLLAST searches against the GenBank
sequence comparisons, alignments and the construction of phylogenetic trees confirmed
the identity of the isolated genes as homologues of LFY/FLO, AP1/SQUA, and
TFL1/CEN from Arabidopsis and Antirrhinum, respectively. The isolated sequences
were given the names EOLFY, EOAPI, and EOTFLI.

The presence of the floral meristem identity gene, LFY, had already been shown in
Eucalyptus species by earlier workers (Southerton et al., 1998; Domelas et al., 2004).
The isolated putative EOLFY fragment showed high sequence similarity to E. globulus
(ELF1I). Phylogenetic analysis involving sequences derived from closely related and
unrelated species have shown that the sequences share significant similarity with the
homologues of other Eucalyptus species and within the Myrtaceae family. This was
consistent with their taxonomic relationship since they all belong to the family
Myrtaceae. In Eucalyptus globulus, Southerton et al. (1998) identified two LFY
equivalents from the genomic DNA of this species, one of which appeared to be a
pseudogene as there was only one expressed gene copy. In E. occidentalis it is also
proposed that there are two copies of the EOLFY gene as two bands were obtained in
Southern analysis. Real-time RT-PCR melting curve analysis yielded only a single
peak indicating that the second copy obtained in the Southern analysis appears to be a
pseudogene. Southerton et al. (1998) reported that the duplication was probably a
general phenomenon within the genus Eucalyptus, and the authors suggested that
Eucalyptus might have experienced an ancient genome duplication and many of their
genes might be expected to be present in at least two copies. There are no LFY-related
genes in the Arabidopsis genome and the DNA-binding protein encoded by LFY is
unrelated to other classes of transcription factors (Weigel et al., 1992; Parcy et al.,
1998). In contrast to angiosperms, in Pinus, NEEDLY (NLY) and PRFLL were reported
as representing two divergent Pinus radiata LFY homologues (Mellerowicz et al., 1998;

Mouradov et al., 1998). LFY homologues have generally been identified as a single
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copy gene in diploid plant species, such as Arabidopsis (Weigel et al., 1992),
Antirrhinum (Coen et al., 1990), tomato (Molinero-Rosales et al., 1999), Oryza sativa
(Kyozuka et al., 1998) and grapevine (Carmona et al., 2002). In maloid plants two
different LFY homologues were reported and Esumi et al. (2005) suggested that this
could be due to the polyploidy origin of the Maloideae.

The presence of the floral meristem identity gene 4P/ has also been shown in
Eucalyptus species by earlier workers (Kyozuka et al., 1997). In contrast to LFY, AP]
belongs to the family of MADS-box genes, many of which encode transcription factors
regulating different aspects of flower development (Mandel et al., 1992). The isolated
EOAPI protein showed 98% similarity to EAP1 and 82% similarity to EAP2 proteins.
The isolated EOAPI contained the MADS-box domain and K-box domain which are
involved in DNA binding and protein dimerisation, respectively (Schwarz-Sommer et
al., 1992; Davies et al., 1996). Kyozuka et al. (1997) suggested that EcoR/ digested
genomic DNA yielded a single band when probed with EAP1, but two bands when
probed with EAP2. With regard to EOAPI, the Southern blot results (Figure 4.17C)
agree with those of Kyozuka et al. (1997) showing a single band on the EcoR ! digested
DNA blot using an EOAPI fragment as the probe. Considering the results from this
Southern analysis, the BLAST search, the protein alignment and the phylogenyj, it is
considered that EOAP]I is an AP equivalent and not equivalent to the AP2 of E.
globulus. In E. globulus, both these genes were found to be expressed predominantly in
flower buds with slightly different expression levels during flower development. EAP/
was expressed at all stages of floral morphogenesis whereas EAP2 was expressed more

predominantly in young flower buds (Kyozuka et al., 1997).

Collins and Campbell (2001) isolated three TFL /-like genes from Eucalyptus, all of
which showed a high level of identity with TFL/. However, no Eucalyptus TFLI
sequence is available in the GenBank. More recently, Dornelas and Rodriguez (2005)
reported the presence of TFLI homologous expressed sequence tags (EST) in
Eucalyptus spp. while data mining the FORESTS database. In this study, a partial
homologue of TFLI was isolated from E. occidentalis. The identity was confirmed by
comparing the cDNA and the deduced amino acid sequences with known GenBank
TFL1-like sequences. EOTFLI contains a phosphatidylethanolamine binding protein

domain which has the potential to interact with a variety of signalling pathways (Pnueli
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et al., 2001). Phylogenetic analysis showed that the corresponding cDNA and deduced
protein sequence share distinct similarity with other TFL/- or CEN- like proteins
derived from members of the Myrtaceae. The Southern analysis indicated that one
strong and two weaker hybridisations occurred when hybridised with the EOTFLI
fragment suggesting that one, or at least one, EOTFLI homologue exists in E.
occidentalis. However, it was beyond the aim of this study to confirm the copy number
of this gene. In this study, Southern analysis was carried out to identify homologues in
the genome, and to validate the cDNA fragments as suitable probes for gene expression
analysis. Results from the structures of EOLFY, EOAPI and EOTFLI showing exon-
intron boundaries also confirmed that the meristem identity genes were conserved
across a broad taxonomic range. These finding substantiate the presence of floral and

inflorescence meristem identity genes in E. occidentalis.

4.4.2 Optimisation and advantages of the real-time qRT-PCR assay
Optimisation of QRT-PCR parameters was essential for reproducible results of
biological samples. For quantification of the expression of meristem identity genes,
cDNA was generated from bud samples using Thermoscript™ (Invitogen) enzyme
(Section 4.2.5). The high reaction temperature used facilitated good and consistent
yields. The RNase H used at the end of the reaction removed all RNA-DNA hybrids,
improving the efficiency of the cDNA. Relative quantification methodology
compensated for the variations in the initial sample amount, variations in nucleic acid
recovery, possible RNA degradation of sample material, differences in sample and/or
nucleic acid quality, variations in sample loading/pipetting errors and variations in
cDNA synthesis efficiency. It was found that the selection of a-TUBULIN as a
reference gene for gene quantification was a good choice. It was selected after
comparing with the semi-quantitative expression levels (RT-PCR) of other reference
genes (/8S RNA, f-ACTIN and GAPDH) in randomly selected bud samples (Figures
4.19 & 4.20).

The real-time qRT-PCR technique used in this thesis enabled confirmation of the
existence of the homologues of the floral meristem identity genes (LFY and AP/) and
inflorescence meristem identity gene (7FL/) in buds of E. occidentalis as well as

measurement of changes in gene expression and the degree of change over time,
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developmental stage, and architectural treatment. Previously, gene expression was
measured using northern analysis. However, quantitative real-time PCR has many
advantages over northern blotting. The first advantage is the obvious one of time. In
general, any northern blot experiment takes three days to two weeks and it depends
upon the target transcript abundance, whereas qQRT-PCR takes a few hours and it
requires only nanogram quantities of RNA. In the current experiments, due to the very
small sample size, this method of quantification had a distinct advantage over northerns
as it required only micrograms of RNA and no radioactive probes. Further, northern
blots require methods such as densitometry or fluorimaging to determine the abundance
of an individual transcript, whereas QRT-PCR data are related in terms of numbers,
allowing easy analysis of fold changes in an experiment. Both of these methods depend

on control genes to normalise data from sample to sample.

4.4.3 Gene expression in architecturally manipulated plants

In this study, to investigate the differences in the pattern of meristem identity gene
expression between single stem and free branching plants during phase change and
floral transition, the expression of EOLFY, EOTFLI, and EOAPI was followed using
gRT-PCR. The central mechanism of the Arabidopsis and Antirrhinum model is that
the positive regulators of floral meristem commitment, LFY and FLO (Weigel et al.,
1992), act with AP/ and SQUA (Mandel et al., 1992) to promote the conversion of
meristems to a floral state. TFL/ and CEN (Bradley et al., 1996) act in opposition to
this process and allow meristems to remain indeterminate, promoting an inflorescence
state. All these genes are expressed strongly during inflorescence development in
Arabidopsis with TFL1 highest in the centre of the apex, and floral meristem genes

expressing on its periphery (Bradley et al., 1997).

A difference in the timing of peak levels of expression of the floral meristem identity
genes, EOLFY and EOAPI, in free branching plants compared to single stem plants was
observed (Figure 4.26). This suggests that shoot architecture manipulation delayed the
peak expression of these genes in single stem plants. This observation was positively
correlated with the number of floral buds. Similar results were reported in Citrus
wherein the expression of both CsLFY and CsAP1 were positively correlated with the

propensity to flower (Pillitteri et al., 2004).
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The induction of flowering was shown to depend on the relative expression of MdTFLI
and AFL! in apple and it was also suggested that MdTFL1 was involved in maintaining
the vegetative phase in apple (Kotoda and Wada, 2005). In Eucalyptus, ETCL genes
shared functions with TFL/ and were reported to have the ability to delay vegetative to
reproductive transition considerably (Collins and Campbell, 2001). In addition, juvenile
plants expressed more 7FL/ than adult plants in Citrus and expression of the TFL/
homologue was positively correlated with juvenility (Pillitteri et al., 2004). In contrast
to Citrus sinensis, in this study E occidentalis displayed low levels of EOTFLI in both
single stem (showing juvenile leaf morphology) and free branching plants (showing
transitional to adult leaf morphology) during the sampling period (Figure 4.26). It could
be predicted that lower levels of EOTFLI in both juvenile and adult-like plants have a
bearing on the precocious flowering and exhibition of neoteny in this species. This
phenomenon occurred irrespective of architecture manipulation and it could be further
hypothesised that it is under strong genetic control. In some species of Eucalyptus there
1S no quantitative association between timing of vegetative phase change and of first
flowering. Even though flowering usually follows vegetative phase change, Jordan et
al. (1999) suggested that first flowering was unlikely to be conditional on vegetative

phase change.

Further, Pillitteri et al. (2004) suggested that the absolute amount of LF'Y and TFL/
transcript accumulation is less important than the ratio of LFY: TFLI in determining
meristem fate. A higher ratio results in shortening of the vegetative phase and
production of floral meristems (Ratcliffe et al., 1999). However, the ratio of expression
of EOLFY to EOTFLI confirmed that there was no significant difference between
trends observed in single stem and free branching plants during the sampling period,
which could again reinforce the precocious nature of this species (Figure 4.27A). There
was a higher EOAPI: EOTFLI ratio in free branching plants as compared to single stem
plants especially during March (Figure 4.27B), and hence appearance of floral buds
earlier in free branching plants than single stem plants. However, higher levels of
EOAP Istarted to become evident during April (Figure 4.26B), and elevated EOAPI
levels were correlated with flowering score in both the architecture treatments (Figure

4.25).
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The terminal inflorescence of E. occidentalis may be dependent upon a floral inductive
pathway that uses an integration system different from EOLFY, and the most likely
candidate is the EOAPI pathway. Ordidge et al. (2005) suggested similar mechanisms
in Impatiens balsamina. The API homologue (/MP-SQUA) in Impatiens 1s up-
regulated on transfer to inductive conditions, and expression of IMP-SQUA stops during
the reversion process (Pouteau et al., 1997), suggesting an involvement in the control of
terminal flowering and the requirement for a leaf-derived signal. In Arabidopsis the
perception of a daylength signal leads to the activation of CO (Suarez-Lopez et al.,
2001). Intum CO is involved in the up-regulation of FT (Kardailsky et al., 1999;
Kobayashi et al., 1999; Samach et al., 2000), which is suggested to promote flowering
via API rather than LFY (Ruiz-Garcia et al., 1997; Nilsson et al., 1998). Thus, it could
be speculated that in E. occidentalis the daylength pathway could be the contributing
pathway for floral transition by a leaf-derived signal. This could be operating directly
from FT to API rather than through LFY as depicted in Figure 1.2 and hence higher
levels of EOAPI were observed compared to the EOLFY during the floral transition.

Based on these results, the hypothesis that EOTFL I will be expressed more in single
stem plants compared to their free branching counterparts, has not been supported.
However, the second part of the hypothesis that EOLFY and EOAPI will be expressed

at higher levels in free branching plants has been supported.
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Chapter 5
Effect of environment and shoot architecture on floral
transition and gene expression in Eucalyptus

occidentalis

5.1 Introduction

Eucalyptus occidentalis ecotype 13648 expressed significant differences in the timing
of vegetative phase change and floral transition in response to architectural
modifications (Chapters 2 to 4). This was further investigated by growing single stem
and free branching plants in greenhouses maintained under different environmental
conditions which were effectively either warm long days or ambient temperature and

daylength.

Based on the information available on floral induction in Eucalyptus and other members
of the Myrtaceae and the data obtained in Chapters 2 to 4, it was anticipated that a long
photoperiod would promote floral induction in E. occidentalis, but that the complexity
of shoot architecture would have an over-riding effect on floral induction. It was
expected that under inductive environmental conditions (long days) together with shoot
complexity, the floral meristem identity genes FOLFY and EOAPI would be up-
regulated. In Chapter 4 it had already been established that flowering was considerably
delayed by single stem architecture. In this Chapter single stem plants were allowed to
branch after 45 nodes to establish if flowering would commence once complexity was

obtained. A similar treatment was also applied to M. excelsa (Chapter 6).

5.2 Materials and Methods

5.2.1 Plant material

Seeds of Eucalyptus occidentalis of the ecotype 13648 were obtained from the
Australian Tree Seed Centre, CSIRO, Australia. Seeds were germinated at room

temperature during January/ February 2005 and seedlings were transferred to small pots
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and finally to 10 1 pots. The potting medium was prepared as described in Section
2.2.1. Plants were grown in greenhouses at the Massey University Plant Growth Unit
(Palmerston North), New Zealand.

In this experiment, two environmental conditions were applied. Temperature and
photoperiod were controlled in one greenhouse (Warm/LD) with a warm temperature
regime (24/17°C) (day/night) and maintenance of a 16 h photoperiod. Photoperiod was
extended using 100 W incandescent lamps (10 pmol m?s™). In the second greenhouse
(Ambient), conditions reflected the ambient temperature and ambient photoperiod.
Mean ambient day/night temperatures during mid-winter were 13/8°C rising to 25/17°C
in mid-summer. Photoperiod declined to 9 h at mid-winter and rose to 16 h in mid-
summer. All plants were watered twice daily to container capacity using an automatic

irrigation system.

The plants were subjected to two architectural treatments: half the plants were grown to
obtain the single stem architecture by repeatedly removing the axillary buds when the
plants were 300 mm tall and there after the reminder were not pruned to obtain the free
branching architecture, as described in Section 2.2.1. During flowering, care was taken
to retain floral buds on single stem plants as well as maintaining the single stem
architecture. However, the single stem plants were allowed to branch freely at nodes
distal to node 45 on the main stem to attain complexity in the crown at higher node
positions. This treatment is termed in this thesis as single stem-free branching (SsFb).
Typical plant architectures are shown in Figure 5.1. Forty replicate plants for each
treatment (Warm/LD free branching, Warm/LD SsFb, Ambient free branching and
Ambient SsFb) were maintained for 16 months (from January/February 2005 to May
2006).

5.2.2 Plant growth and flowering

During January 2006, 12 months after sowing plant growth and flowering
measurements were made across the four treatments (two environments and two
architectures). These measurements included the total number of nodes on the main
stem, and the first floral node on the main stem, the total number of branches per plant,
the number of floral branches, the average number of floral buds per branch and the

ratio between floral branches to total branches. The observations were recorded in 15
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randomly selected plants of the 40 replicates per treatment. Mean and standard error

were calculated for each parameter.

5.2.3 Bud collections

Axillary buds were collected from the node just below the apical bud as demonstrated in
Figure 4.1, from 40 plants in each of the four experimental treatments from August
2005 to May 2006 at regular intervals for the analysis of expression of selected
meristem identity genes. Twelve samples were obtained for each treatment between
nodes 16 and 60 in free branching plants and between 16 and 77 in SsFb plants from the
Warm/LD greenhouse. Further samples were obtained between nodes 15 and 58 in free
branching plants and betweenl5 and 69 in SsFb plants from the Ambient greenhouse.
Bud removal for sampling did not influence the branching architecture in free branching
plants as shown in Figure 5.3. Visual observation of the parallel-paired bud was carried
out for each bud sample collected to determine the potential number of floral buds
present in each sample as described in Section 4.2.1. Total number of floral buds was

converted to percentage number and termed as percent floral score in each sampling.

5.2.4 Statistical analysis
Statistical analysis was carried out by using SAS as recorded in Section 2.2.4 for

morphological observations.

5.2.5 Temporal expression of meristem identity genes

5.2.5.1 Total RNA extractions

Total RNA was extracted from the 48 bud samples by using a QIAGEN RNeasy plant
mini kit as described in Section 4.2.2. Each bud sample was extracted twice to increase

the efficiency of the total RNA obtained.

5.2.5.2 cDNA preparations

cDNA was prepared from the 48 bud samples by using ThermoScript™ (Invitrogen) as
described in Section 4.2.5. A total of 144 cDNA preparations were obtained including

three replicates for each bud sample.

5.2.5.3 Quantification of EOLFY, EOAPI and EOTFLI
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Quantification was carried out by using real-time PCR. The methodology was carried
out as described in Section 4.2.14.

. y 4
LA

Figure 5.1 Eucalyptus occidentalis ecotype 13648 plants grown with free
branching (A) and single stem-free branching architectures (B).
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5.3 Results

5.3.1 Plant growth and flowering

Measurements were carried out in SsFb plants (after allowing free branching) and free
branching plants of E. occidentalis grown in the Warmy/LD and Ambient conditions. To
measure the growth performance of these plants, the total number of nodes on the main
stem was measured and the mean values were plotted. The statistical analysis using
ANOV A showed that the main effect, architecture, was highly significant (p<0.0001).
Further, a significant (p< 0.05) interaction between environment and architecture was
also observed (Appendix 1, Table 7). Overall there were more nodes on the main stem
of SsFb plants than on the free branching plants irrespective of environment: SsFb

plants under Warm/LD conditions attained the most nodes (Figure 5.2A).

To estimate the density of flowering, the average number of floral buds per branch was
calculated. The main effects, environment and architecture, and the interaction of
environment and architecture were highly significant (p<0.0001) (Appendix 1, Table 7)
with the most dense flowering occuring on SsFb plants under the Warm/LD
environment (Figure 5.2B). For the node number to first floral bud measurements
(Figure 5.2C), the effect of architecture was highly significant (p <0.0001) (Appendix 1,

Table 8). There was no interaction effect.

Further, to estimate the extent of flowering, the ratio between number of flowering
branches and total number of branches was calculated. The main effects were
significant, with architecture being highly significant (p<0.0001) and environment
significant (p<0.05) (Appendix 1, Table 7). The SsFb plants under the Warm/LD
environment showed the highest ratio (0.95) compared to other treatments (Figure

5.2D).
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Figure 5.2A-D Plant growth and flowering pattern in E. occidentalis grown in
Warm/long day and Ambient treatments. Please refer to Section 5.2.1 for details of
treatments. A, Total node number on main stem; B, Average number of floral buds per
branch displayed by plants; C, First flowering node on the main stem; D, The ratio
between flowering branches to total number of branches. FB: free branching plants,
SsFb: single stem-free branching plants. Each bar represents at least 15 replicates +
S.E. Measurements were carried out during January 2006 after allowing free
branching in SsFb plants.
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5.3.2 Floral score and meristem identity gene expression

5.3.2.1 Floral score

The percent floral scores of paired axillary buds in E. occidentalis grown under different
environmental and architectural conditions are depicted in Figure 5.3. In Ambient
conditions free branching plants first showed floral buds at node 26 reaching a
maximum floral bud score by node 42. The SsFb counterparts displayed floral buds at
node 38, reaching maximum floral bud score after node 61. The free branching plants
grown under Warm/LD first showed floral buds at node 24 and reaching maximum
flowering by node 39 (Figure 5.3). By contrast, Warm/LD SsFb plants first showed
floral buds at node 39 reaching maximum flowering after node 64. In general,
irrespective of environmental condition, free branching plants reached maximum
flowering some 20 nodes earlier than SsFb plants, displaying the overriding effect of

architecture (Figure 5.3).

5.3.2.2 Expression of meristem identity genes

The observed relative expression levels of the meristem identity genes EOAPI, EOLFY,
and EOTFLI from plants from the four treatments were plotted (Figures 5.4 and 5.5).
During the gene expression study from (August 2005 to May 2006), plant growth as
height was greater in SsFb plants in both environments compared to their corresponding
free branching counterparts. Consequently, the 12 buds collected from each treatment
were from slightly different nodes as described in Section 5.2.3. SsFb plants were
allowed to branch freely at nodes distal to node 45 to attain complexity to crown at
higher node positions and to investigate the effect of shoot complexity on expression of

floral meristem identity genes (EOLFY and EOAPI).

Generally there was a similar pattern of gene expression observed in buds from both
Wamv/LD and Ambient environments. The main differences observed were between
architectures. An over-riding effect of architecture similar to the observations made on
nodes to first floral bud in both environments was observed (Figures 5.4 and 5.5).
Irrespective of the treatment, EOLFY levels were higher than EOTFL] and EOAP]I at
nodes 15 and 16 in both Ambient and Warm/LD conditions, respectively (Figures 5.4
and 5.5). As development progressed, differences in flowering and, in turn, differences
in meristem identity gene expression were observed between architectures. As

flowering started, as observed through the paired bud observations (Figure 5.3), EOLFY
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and EOAPI levels started to increase (Figures 5.4 and 5.5). These floral meristem
identity genes showed an expression pattern that was positively correlated with the
flowering pattern depicted in Figure 5.3 in all four treatments. However, a second spell
of elevated levels of EOAPI was also observed in free branching plants at nodes 40 to

48.

In Warm/LD conditions, the free branching plants showed an increase in EOLFY
expression at node 24 and EOAP expression at node 31 (Figure 5.4A), which was
earlier than in the corresponding SsFb plants (node 39, Figure 5.4B). By node 34,
EOLFY was at its maximum and EOAP/ showed its highest peak at node 48 in free
branching plants (Figure 5.4A), whereas the peak expression of EOLFY occurred at
node 44 and at node 60 for EOAPI in SsFb plants (Figure 5.4B). Expression levels of
EOTFLI were low in most of the samples during the study period. However,
expression of this gene started to increase at node 58 in free branching plants and at
node 72 in SsFb plants (Figure 5.4 lower panels) by which time the appearance of floral
buds had decreased (Figure 5.3).

In Ambient conditions, the gene expression pattern was similar to that observed in
Wam/LD conditions (Figure 5.5A and B). In free branching plants FOLFY expression
started to increase at node 15 and EOAPI at node 24(Figure 5.5A). In the
corresponding SsFb plants expression of EOLFY and EOAPI also increased (Figure
5.5B). By node 42 EOLFY was at its maximum, EOAP] showed this peaks of
expression at nodes 40 and node 44 in free branching plants (Figure 5.5A). In SsFb
plants peak expression occurred at node 48 for EOLFY and at node 52 for EOAP!
(Figure 5.5B). Expression levels of EOTFLI were at base level in most of the samples
during the study period as observed in Wamy/LD conditions.
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Figure 5.3 Percent floral scores of paired axillary buds on plants grown in different
environments with different architectures. AM-FB, free branching plants grown in
Ambient conditions; AM-SsFb, SsFb plants grown in Ambient conditions; Warm/LD-FB,
free branching plants grown in Warm/LD condition; Warm/LD-SsFb, SsFb plants grown
in Warm/LD condition.
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5.4 Discussion

The effect of environment (Warm/LD and Ambient) and shoot architecture on floral
transition and expression of meristem identity genes in E. occidentalis was monitored.
The over-riding effect of increased shoot complexity on the first node to flower
indicates that architecture had a more significant effect on promoting the floral
transition in this species than either of the environmental parameters. The single stem-
free branching (SsFb) plants grew taller and faster than free branching plants. The
appearance of first floral buds at earlier nodes on free branching plants than their
corresponding SsFb plants in both the environments indicate that growth in terms of
shoot complexity rather than height has contributed to the rate of floral transition in this
species as described in Chapter 4. In addition, more floral branches were obtained when
the SsFb plants were allowed to branch freely at nodes distal to node 45. These
observations showed that the complexity of crown architecture has a significant role in
flowering in E. occidentalis, supporting the suggestions by Sismilich et al. (2002) that
juvenile plants and plantlets of M. excelsa must attain a certain size and/or structural

complexity before passing to the adult state.

In an earlier investigation, Bolotin (1975) used four ecotypes (Acre, Gilat, Kattaning
and Ongerup) of E. occidentalis to demonstrate the effect of long day conditions (16 h
photoperiod) on flowering. Out of four ecotypes, Gilat and Acre showed 68% and 51%
flowering at the end of 21 weeks. None of the control seedlings raised under natural
daylengths (15 h photoperiod) initiated floral buds during that time. The day
temperatures adopted by the author were 21+ 5°C and the night temperatures were 15+
5°in both long day and control environments (Bolotin, 1975). In this thesis, Warm/LD
floral observations support the above study. However, plants displayed floral buds in
the Ambient environment also. This could be due to cool mid-winter day/night
temperatures (13/8 °C) and short days (9 h photoperiod) followed by increases in
day/night temperature(25/17°C) and daylength (16 h) during mid-summer in the
Ambient greenhouse. Moncur (1992) suggested that under natural environments, floral
buds of many Fucalyptus species develop during stem elongation which is active in
spring when temperature, daylength and solar radiation are increasing following the less

favourable growing conditions of winter. The present study suggests that flowering in
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Warn/LD environment plants might be independent of temperature effect as a result of
longer daylength. On the other hand, flowering in Ambient environment plants might
be as a result of a combination of temperature and endogenous factors (a period of
moderate stress followed by favourable conditions). A combination of lower
temperatures and short photoperiods are also important for floral induction in a number
of temperate and tropical species within Myrtaceae (Henriod, 2001). The observation
that there were more floral buds per branch in E. occidentalis Warm/LD SsFb plants
after being allowed to branch freely as compared to free branching plants showed that
complexity of shoot architecture along with Warm/LD conditions together

synergistically promoted a greater number of floral buds per branch.

The lower levels of EOTFLI expression in all four treatments leads to the suggestion
that this could have contributed to the precocious flowering of this species as observed
in Chapter 4. Southerton (2007) suggested that competence to flower early is a general
characteristic of E. occidentalis. In Citrus TFL (CsTFL), Pillitteri et al. (2004) reported

higher levels of CsTFL accumulation in juvenile stem tissue as compared to adult tissue.

An increase in expression of the floral meristem identity gene, EOLFY occurred prior to
the marked increase of EOAPI. Not unexpectedly there was a positive correlation
between increased expression of EOAPI and percent floral score supporting the use of
EOAP] as a marker of floral transition (Hempel et al., 1997). Increased expression of
both genes supports their involvement in the vegetative to reproductive transition.
Irrespective of environment, free branching plants showed an earlier increase in EOAPI
expression as compared to SsFb plants demonstrating that shoot architecture
manipulation contributed to changes in floral meristem identity gene expression patterns
and, in turn, floral transition. Further, floral marker EOAPI expression was up-
regulated in SsFb plants along with the production of higher number of floral buds after
node 45 during which the shoot architecture changed from single stem to free
branching. This again supports the suggestion that shoot complexity has a significant

role in enhancing the floral transition.

Thus, the higher levels of EOAPI are correlated with shoot complexity in both
architecture treatments (free branching and SsFb plants). From the present study, it

could be speculated that shoot complexity in free branching and SsFb plants after
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allowing free branching and more leaf area. This could lead to more leaf derived signal
and in turn to more EOAP] in floral buds. Pouteau et al. (1997) reported that the AP/
homologue (/MP-SQUA) in Impatiens was up-regulated on transfer to inductive
conditions and expression of /MP-SQUA stopped during the reversion process. The
authors suggested an involvement of /MP-SQUA 1n the control of terminal flowering
and the requirement for a leaf-derived signal (Pouteau et al., 1997). Similarly, Ordidge
et al. (2005) hypothesised that in /mpatiens, the terminal inflorescence may be
dependent upon a floral inductive pathway which uses a different integration system to
IbLFY, the most likely candidate being the AP/ pathway through FT integration shown
in Figurel.l. Higher levels of EOAPI than EOLFY during the floral transition lend
support to the existence of the F7to API pathway in this species.

The results demonstrate that the Warm/LD environment enhanced the growth of free
branching and SsFb plants in terms of mean node number achieved compared to the
Ambient environment. Further, the earliest floral buds were observed in both the
environments with concomitant elevated levels of EO4P] demonstrating floral
induction has taken place in the longer photoperiod as well as ambient photoperiods.
The hypothesis that long day treatment will promote flowering together with increased
expression of floral meristem identity genes faster than the Ambient environment has
not been supported completely. The anticipation that complexity of shoot architecture
has an important role in floral transition has been supported, as an over-riding effect of
architecture was observed in both environments. In addition, when the SsFb plants
were allowed to branch freely at node 45, again the over-riding effect of shoot

complexity was observed.
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Chapter 6
Effect of environment and shoot architecture on
gene expression in relation to phase change and

floral transition in Metrosideros excelsa

6.1 Introduction

In this Chapter, the effect of environment, shoot architecture manipulation and meristem

identity gene expression studies were extended to Metrosideros excelsa. Metrosideros

excelsa exhibits the following major differences in relation to phase change and floral

transition compared to E. occidentalis:

e M excelsa takes a longer time to flower, and passes through a homoblastic
vegetative phase change.

e The inflorescence terminates with a vegetative bud not a terminal flower.

e An inflorescence reversion mechanism exists in which an inflorescence meristem
reverses to vegetative development.

It has been demonstrated that rapid plant growth with respect to height by growing

plants with single stem architecture accelerated the rate of vegetative phase change

(Clemens et al., 1999). It was expected that both size (height) and complexity of

branching would affect the attainment of reproductive competence in M. excelsa, as it

has been suggested that reproductive competence was a consequence of the plant

reaching a certain degree of branching complexity (Clemens et al., 2002; Sismilich et

al., 2003).

The current genetic models for flowering (involving the inflorescence and floral
meristem identity genes TFL/, LFY and AP! from the annual plants Arabidopsis and
Antirrhinum) have been shown to apply to M. excelsa (Sreekantan et al., 2004). The
present study was carried out to determine whether different environmental and shoot
architecture treatments led to differences in expression of key meristem identity genes.

The hypothesis that floral inductive environmental treatments as determined by Henriod
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et al., (2000) would promote higher expression levels of the floral meristem identity

genes MEL and MESAP I, has been tested.

6.2 Materials and Methods

6.2.1 Plant material and growth conditions

Seedlings of approximately five node stage of Metrosideros excelsa were transplanted
to10 | pots containing commercial potting soil supplemented with slow-release fertiliser
in June 2003. All axillary buds were removed at the time of transplanting and thereafter
when they appeared in order to maintain the single stem architecture shown previously
to accelerate vegetative phase change (Clemens et al. 1999). Single stem plants were
allowed to branching freely distal to node 50 to attain complexity in the crown. These
plants are referred to below as single stem-free branching (SsFb) plants. For a further
20 plants, axillary buds were not removed allowing free branching from the beginning.

These plants are referred as free branching.

Plants were grown in a greenhouse under natural illumination at the Massey University
Plant Growth Unit (Palmerston North, New Zealand, latitude 40° 37'S longitude 175°
61'E). Plants were watered daily and fertilised monthly during the summer, and as
needed for the remainder of the year. The experimental population consisted of 20
plants. From June 2003 to June 2004 the plants were grown under Ambient daylength
in a temperature controlled greenhouse (25/15°C) (day/night). From June 2004 to mid-
January 2005, the period preceeding the inductive treatments, all the plants were grown
under Ambient daylength and temperature conditions. For convenience, the period of
plant growth from June 2003 to mid-January 2005 is referred to below as the first

growing season.

In mid-January 2005, 10 SsFb plants (which were allowed free branching distal to node
50 on the main stem) and 10 free branching plants were transferred to a Warm long day
(Warm/LD) greenhouse. Temperature and photoperiod were applied in Warm/LD
greenhouse as warm temperature regime (24/17°C) (day/night) and maintenance of 16
hour photoperiod. Photoperiod was increased using 100 W incandescent lights (10 pumol

m™s™). Another equal set of plants was transferred to a greenhouse maintained at
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Ambient photoperiod and temperature (Ambient) conditions, except that heating was
provided to avoid frosts. Mean Ambient day/night temperatures during mid-winter
were 13/8 °C rising to 25/17°C in mid-summer. Ambient photoperiod declined through
mid-winter to 9 h, and extended to 16 h in mid-summer. Plants were maintained in the
two different environments until November 2005. For convenience the period of the
plant growth from mid-January 2005 to November 2005 is referred to below as the

second growing season.

6.2.2 Leaf anatomy

Leaves for anatomical observations were collected from SsFb plants in the first growing
season. To examine leaf anatomy, juvenile (node 20), transitional (nodes 40 and 55),
and adult (node 75) leaves were removed and cut into small rectangular pieces, avoiding
the midrib; one leaf of each stage was sampled from each of five different plants. Dr
David Kubien measured the stomatal density of leaves by making impressions of both
surfaces with clear acrylic nail polish by sampling one leaf from each of five different
plants. Impressions were mounted on a microscope slide, and the number of stomata
was counted in a 0.145 mm? field of view. I sampled the leaves for anatomical
measurements which were opposite to those used for stomatal density determination.
Excised leaf pieces were fixed for four days in FAA (18: 1 : 1 [v /v /v] 70% ethanol,
glacial acetic acid, 40% [w /v] formalin). The processing of fixed specimens,
microscopy and image processing was done as described in Section 3.2.3. From each
leaf, two sections were used to determine the thickness of different cell layers (upper
and lower epidermis, palisade and spongy mesophyll) and the proportion of intercellular
air space area. The data from each section were averaged to provide one estimate for

the corresponding leaf.

6.2.3 Bud collection and cymule scale scar count

During the second growing season, the distal axillary buds were collected on three
occasions, quarterly (30 March, 16 June, and 21 September 2005) for analysis of
meristem identity gene expression. For analysis of gene expression, distal axillary buds
were excised and immediately transferred into liquid nitrogen, then stored at -80°C. In
October 2005, the cymule scale scars (scars left by deciduous scales subtending

cymules in the inflorescence Figure 6.1) were counted for each plant at the distal end of
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branches from each treatment. A total of eight cymule scale scar counts /plant and in all
the plants of four treatments was measured. Buds with 2-3 pairs of scale scars (4-6

scars) were regarded as vegetative (Henriod et al., 2001).

Figure 6.1 Schematic diagram of the inflorescence and one cymule of M.
excelsa (Sreekantan et al., 2001). BE, deciduous bracteoles subtending lateral
flowers; BR, one of a pair of deciduous bracts subtending each group of three
flowers; CY, one of a number of three-flowered cymules that terminate secondary
axes in the inflorescence; LF, lateral flower; S, scale subtending each cymule; TB,
terminal bud to the primary axis; TF, terminal flower.
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6.2.4 Statistical analysis
Two-way ANOVA was performed to determine the effect of environment and
architecture and their interaction on cymule scale scar counts. Statistical analyses were

carried out using SAS (version 9) as recorded in Section 2.2.4.

6.2.5 Total RNA extractions
Total RNA was extracted from bud samples by using QTAGEN R Neasy plant mini kit

as described for Eucalyptus in Section 4.2.2.2. Two sets of extractions were carried out
for each bud sample to increase the efficiency of total RNA obtained. A total of 24
extractions were carried out from two environments, two architectures, three sampling

times and two replicates.

6.2.6 cDNA preparations

cDNA was prepared from all samples by using ThermoScript™ (Invitrogen) as
described in Section 4.2.5. Three replicate cDNA preparations were carried out for each

bud sample collection of each treatment and a total of 36 were obtained.

6.2.7 Isolation and quantification of MEL, MESAPI and METFLI
The partial homologues of LFY (MEL), AP1 (MESAPI) and TFL1 (METFLI) were

isolated by Sreekantan (2002). Quantification was carried out by using real-time PCR.
The methodology was carried out as described in Section 4.2.14. The reference gene, f3-

ACTIN was used for relative quantification. The primers used for quantification are

shown in Table 6.1.
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Table 6.1 Primers used for real-time quantitative RT-PCR of Metrosideros excelsa.

Gene

Sequence (5" > 3)

MEL

MESAPI

METFLI

B-ACTIN

Forward Primer:
SAGGAGGAAGTGGAGGAGATGAGGA 3’
Reverse Primer:

5'AGGCGTAGCAGTGGACGTAGTG 3’
Forward Primer:

S'"CAAGCTTGAAGAGGATAGA 3’
Reverse Primer:

5'GCTTAAGAGCAGTATCAAGCTG 3’

Forward Primer:
S'GGTTATGACAGACCCAGATGT 3’
Reverse Primer:
S'CGAACCTGTGGATACCAATG 3’

Forward Primer:

5'GCGAATTCTTCACCACYACHGCYGARCG 3’
Reverse Primer:

5'GCGGATCCCCRATCCARACACTGTAYTTCC 3’
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6.3 Results

6.3.1 Leaf anatomy

The typical anatomy of leaves at nodes 20, 40 and 55 and 75 in juvenile, transitional
and adult leaves from SsFb plants is shown in Figure 6.2. In contrast to the transverse
sections at nodes 20 and 40, the traverse sections of leaves sampled at nodes 55 and 75
displayed adaxial epidermal hairs. On a similar note, the thickness of the abaxial and
adaxial epidermis significantly (p<0.05) increased at nodes 55 and 75 as compared to
leaves sampled at nodes 20 and 40 (Table 6.2). The depth of the palisade and
mesophyll started to increase from juvenile to mature leaves from nodes 20 to 75 and
the differences were statistically significant (p<0.01). The proportion of air space per
unit area also showed an increasing trend up to node 55 and then dropped, but the

differences were not significant (Table 6.2).

6.3.2 Bud scale scar counts
To understand the floral pattern in Ambient and Warm/LD environments of SsFb and

free branching plants, the bud scale scar numbers were counted and plotted (Figure 6.3).
The greatest number of bud scale scar pairs at the distal node was observed in SsFb
plants grown in Ambient greenhouse. These plants had significantly (p<0.001) more
bud scale scars than Ambient free branching plants. SsFb plants grown under
Warm/LD had marginally more bud scale scars than corresponding free branching
plants (p<0.05) (Appendix 1, Table 8), although the effect was not as marked as in

Ambient conditions.

6.3.3 Quantification of meristem identity genes

Relative quantification of the expression of meristem identity genes showed a
consistently low level of expression of METFLI, MEL and MESAP! in buds derived
from plants grown under three of the treatment combinations (Ambient free branching,
Warm/LD SsFb and Warm/LD free branching) (Figure 6.4). Only in Ambient SsFb
plants during March were higher levels of MESAPI and MEL and, to a lesser extent,
METFLI observed. In these plants, MEL levels were higher than MESAP! and
METFLI. During June, the expression levels of all three genes dropped. In September,
MEL levels started to increase as did MESAPI. The METFLI level was lower than
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MELFY and MESAPI. In the other three treatments, in general no consistent pattern in

gene expression was observed above base levels.

The ratios of MEL to METFL1 and MESAPI to METFLI showed that there was a
difference in meristem identity gene expression in buds from free branching and SsFb
plants (Figure 6.5). The MEL to METFLI ratio was higher as compared to MESAP] to
METFLI ratios in Ambient SsFb plants. SsFb plants grown under Warm/LD started
with a high MELFYto METFL] ratio, but in June and September the values were low.
In Ambient free branching plants, during September the ratio of MESAPI to METFL]
was higher as compared to corresponding SsFb plants, but this trend was not observed
with MEL to METFLI ratio. In Warm/LD SsFb and free branching plants, very low
levels of MESAPI to METFLI ratios were observed.

Table 6.2 Anatomical parameters of Metrosideros excelsa leaves collected

from SsFKb plants. L2

Node Palisade Spongy depth  Air space (%) Epidermis (um)
depth (um) (um) abaxial adaxial
20 123*+6.4 144* +3.9 9.9°+20 19°+0.4 18°+0.38
40 148* + 8.9 130*+ 6.7 9.9°+3.0 13*+08 15°+0.7
55 263°+256  221°+11.3 146°+04 33°+07 38°+15
75 258°+ 123  212°+12.8  106°+13 38°+3.0 31°+25

'Each value represents the mean (£ S.E.) of leaves from five different plants. Values
with different superscripts in the same column are significantly different (p<0.05,
Tukey).

*These data are published in Kubien et al. (2007).
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Node 55

Figure 6.2 Typical leaf sections (200 X) of M. excelsa at node 20,
40, 55 and 75 on the main stem of SsFb plants. While preparing
sections the midrib was avoided. For more details on section
preparations please refer to Section 6.2.2.
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Figure 6.3 Number of bud scale scar pairs at distal ends of branches of plants
grown under different environments with architecture modification. Warm/LD-
FB, Warm long day free branching plants; Warm/LD-SsFb, Warm long day single
stem-free branching plants; Ambient-FB, Ambient free branching plants; Ambient-SsFb,
Ambient single stem-free branching plants. Bars with different letters are
significantly different (p<0.05).
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Figure 6.4 Relative quantification of meristem identity gene expression on three
occasions in M. excelsa plants grown under different environmental and architecture
treatments. AM-FB, Ambient free branching plants; AM-SsFb, Ambient single stem-free
branching plants; Warm/LD-FB, Warm/LD free branching plants; Warm/LD-SsFb,
Warm/LD single stem-free branching plants; Each gene expression value represents at least
three replicates (+ S.E.).
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Figure 6.5 A-D Plots showing the expression ratios of MEL/METFLI and
MESAPI/METFLI on three occasions in plants grown under Ambient and
Warm/LD environments with architecture modification. A, MEL/METFL]
ratio in Ambient environment; B, MEL/METFLI ratio in Warm/LD
environment; C, MESAPI/METFL ] ratio in Ambient environment;
MESAPI/METFLI ratio in Warm/LD environment; FB, free branching plants
and SsFb, single stem-free branching plants.
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6.4 Discussion

6.4.1 Leaf anatomy

Earlier studies showed homoblastic behaviour of M. excelsa during phase change using
several optical and dimensional leaf parameters and reported that adult leaves had more
mealiness or whiteness and roundness than the juvenile leaves (Clemens et al., 1999).
In this thesis the detailed anatomical measurements showed that adult leaves resembled
sun leaves by having deeper palisade and spongy mesophyll layers than juvenile or
transitional foliage (Figure 6.2; Kubien et al., 2007). The increase in the depth of the
mesophyll layer in adult leaves as compared to juvenile may serve to reduce the
penetration of light through the leaf and hence prevent high light-induced damage
(Kubien et al., 2007). There was an increase in the size of the abaxial and adaxial
epidermis from juvenile to adult leaves. These epidermal changes were coincident with
changes in leaf pubescence. The leaf pubescence began to appear on foliage produced
at nodes 30-35, but fully pubescent foliage was produced at around node 55. These
anatomical observations support the suggestion that there is a smooth transition from
juvenile to adult foliage in M. excelsa with the eventual attainment of fully pubescent
adult leaves. In addition, this study confirms the earlier observations that single stem
architectural modification accelerates phase change in terms of leaf anatomy as well as

morphology (Clemens et al., 1999).

6.4.2 Floral transition and expression of meristem identity genes

During the study period, no flowers were observed on M. excelsa plants, irrespective of
environmental or architectural treatment, indicating that these factors alone were not
sufficient to cause flowering in M. excelsa. Numbers of cymule scale scar pairs were
counted as evidence of inflorescence formation and reflected the number of cymules
that had developed in the resting buds at the distal end of branches. While studying bud
size and flowering in Metrosideros, Henriod et al. (2000) considered that the presence
of two to three pairs of bud scar pairs on resting distal buds as indicative of a vegetative
state, more than three pairs of scars as indicative of the floral state. Single stem-free
branching (SsFb) plants grown under Ambient conditions showed more pairs of bud
scale scars indicating that floral initiation had occurred over the previous winter.

However, flowers had not developed due to inflorescence reversion, a mechanism
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previously considered to occur in M. excelsa (Sreekantan et al., 2001). Sreekantan et al.
(2001) suggested that this might be a result of not receiving a sufficiently strong
inductive signal from the leaf subtending the inflorescence or from the scale leaves
protecting the resting terminal bud. In addition, endogenous factors such as an over-
riding effect of leaf development and terminal shoot expansion might have contributed
to the incomplete floral development. Such incomplete floral developmental cycles

were recorded in M. excelsa trees studied over two seasons (Sreekantan et al., 2001).

Manipulation of temperature and/or photoperiod has been successful in promoting
flowering in Eucalyptus (Bolotin, 1975; Moncur, 1992), Hypocalymma (Day et al.,
1994), Pimelea (King et al., 1996), and Hardenbergia (King, 1998). By contrast, in M.
excelsa Ambient daylength /Ambient temperature conditions and not Warm/LD
conditions produced a higher proportion of buds with potential inflorescences based on
bud scale scar data. Cymules apparently did not differentiate due to unsuitable
conditions. The inductive effect of ambient winter conditions (shortdays and cold
temperatures) in M. excelsa was also reported by Henriod et al. (2000). These authors
also showed that Ambient daylength in winter, but warm winter conditions could result

in fewer flowers reaching anthesis.

The gene expression studies in M. excelsa showed that, during inflorescence meristem
initiation in March (autumn), the Ambient SsFb plants recorded higher levels of MEL
and MESAPI showing floral determination and floral commitment in this treatment. By
contrast, in single stem plants of E. occidentalis showed delayed EOLFY and EOAPI
response (Chapter 4). Bud scale scars data shows a greater degree of floral
development to be associated with elevated levels of MEL and MESAPI. METFLI
levels were also moderate in this treatment showing the importance of inflorescence
meristem identity genes during March (inflorescence meristem initiation). There was a
significant drop in gene expression levels during June which was also reported by
Sreekantan et al. (2004). These findings of Ambient SsFb plants support the bimodal

pattern of meristem identity gene expression during floral transition of M. excelsa.

The expression of MEL and MESAP] started to increase in September in Ambient SsFb

plants, but the levels were apparently not sufficient for the continuation of floral
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development or inflorescence reversion could have played a role and no flowers were
formed. This low level of MEL expression may be insufficient either to activate or to
repress the M. excelsa homologues of AG or AGL24. It was reported that these genes
have a role in floral meristem determinacy in Arabidopsis, and that a low level of LFY

expression is key to a number of instances of reversion (Tooke et al., 2005).

The free branching plants in either Ambient or Warm/LD environments displayed a
base level of MEL and MESAPI expression, showing that no floral transition had
happened in these plants. Hence Ambient SsFb plants as compared to free branching
plants had contributed to the rate of floral transition in M. excelsa plants. The SsFb
plants in Warm/LD environment have shown lower levels of floral meristem identity
gene expression and no bimodal pattern of gene expression as compared to their
Ambient environment counterparts. Hence environment has a significant role in the
floral transition in M. excelsa. Based on these results, in M. excelsa, the hypothesis that
floral inductive environmental treatments such as Ambient temperature and Ambient
photoperiod, promote higher expression levels of floral meristem identity genes MEL

and MESAPI, has been supported.

The successful method of shortening the juvenile period (accelerating phase change)
was achieved by growing the M. excelsa plants with single stem architecture and it was
proposed that this occurred because of greater linear distance between roots and shoot
apex (Clemens et al, 1999). In M. excelsa under an inductive Ambient environment,
SsFb architectural modification (plants displayed adult foliage) influenced the rate of
floral transition although floral buds did not fully develop. These observations support
the suggestion that both height and complexity of branching would affect the attainment
of reproductive competence in M. excelsa, as reported by Clemens et al. (2002) and
Sismilich et al. (2003) and reinforces the observation that in M. excelsa vegetative phase
change and the floral transition process appear to be co-ordinated and floral transition

appears dependent on phase change.
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Chapter 7

Final Discussion

According to Poethig (1990), the shoot apex of higher plants passes through three
distinct phases during its post-embryonic development: a juvenile vegetative phase, an
adult vegetative phase and a reproductive phase. Lawson and Poethig (1995) suggested
that these developmental phases may be regulated independently of each other, or they
may be co-ordinatedly expressed, with the expression of one phase dependent on the
manifestation of the other. In this thesis, morphological, physiological, and molecular
studies were carried out in E. occidentalis and M. excelsa to investigate the progress and

regulation of phase change and the floral transition.

In M. excelsa phase change has been characterised by several optical and dimensional
leaf parameters (Clemens et al., 1999) and gas exchange measurements (Kubien et al.,
2007). Leaf anatomical measurements made during this thesis also showed a smooth
transition from juvenile to adult foliage in architecturally manipulated single stem
plants. These morphological and anatomical studies indicate that phase change in M.
excelsa i1s accelerated in single stem plants, suggesting that plant height (i.e. a greater
distance between the shoot apex and roots) accelerates phase change in this species as
concluded by Clemens et al. (1999). However, both height and complexity of
branching would appear to be involved in the attainment of reproductive competence in
M. excelsa, supporting the mathematical studies that indicated that reproductive
competence was a consequence of the plant reaching a certain degree of branching

complexity (Clemens et al., 2002; Sismilich et al., 2003).

Inflorescence development occurs in distal axillary buds in M. excelsa (Sreekantan et
al., 2001) and, generally, M. excelsa takes several years for seedlings and over three
years for plantlets rejuvenated by micropropagation to flower (Clemens et al., 1999).
Henriod et al. (2000) suggested that M. excelsa responded as a facultative short day
plant with maximum flowering exhibited after a 15 week cool (mean 15°C) short day

(10 h) inductive treatment. During the period of this study, M. excelsa did not produce
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flowers that reached anthesis. However, floral initiation occurred as determined by the
number of bud scale scar pairs reflecting inflorescence formation in single stem plants
allowed to branch freely (SsFb) grown under Ambient conditions. However, in
completely free branching plants grown under the same conditions there was no
evidence that floral initiation had occurred. Moreover, phase change, as expressed in
leaf morphological characters, occurred in SsFb plants before they were allowed to
branch, and this did not occur in free branching plants. It appears that phase change and
floral transition are accelerated only when height and complexity are combined in SsFb
plants in M. excelsa. In addition, Warm/LD SsFb plants of M. excelsa, which were
displaying adult foliage, did not show any inflorescence initiation. This suggests that an

inductive environment is also playing a role in floral transition in M. excelsa.

In stark contrast, in E. occidentalis, increased shoot complexity rather than height has
contributed the significant dominant effect on the rate of phase change. Ecotype 13648
grown as free branching plants attained lanceolate leaf morphology, isobilateral leaf

anatomy, and lower photosynthetic rates earlier than single stem plants.

Moreover, floral transition occurred irrespective of shoot architecture and ecotype
(except ecotype 15395) in E. occidentalis showing independent regulation of
developmental phases. Flowering was observed on shoots showing either juvenile or
transitional leaf attributes in plants grown with either single stem or free branching
architecture. These observations confirm that attaining adult shoot phenology is not
necessarily a requirement for vegetative to reproductive transition. Independent
regulation of vegetative and reproductive transition was observed in E. risdonni and E.
tenuiramis and the authors suggested that these phases were under separate genetic
control (Wiltshire et al., 1998). Lawson and Poethig (1995) suggested that independent
regulation would allow greater plasticity of interactions between phases and new
structures, or adaptive traits could be produced by novel overlaps between programmes

that were previously separated.

Further, in this thesis, E. occidentalis displayed neoteny and precocious flowering.
Bolotin (1975) and Southerton (2007) also observed precocious flowering in this
Eucalyptus species. In contrast, M. excelsa exhibited a longer time to flower and passed

through a long homoblastic vegetative phase change (Clemens et al., 1999).
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Inflorescence reversion reported by Sreekantan et al. (2001) in M. excelsa was also
recorded in this thesis as observed by the number of cymule scale scars. Asa
consequence the shoot apical meristem reverts to vegetative development, which
provides a mechanism for ensuring a polycarpic perennial life-history in this species

(Sreekantan et al., 2001).

Irrespective of environmental conditions, E. occidentalis showed an over-riding effect
of shoot architecture on rate of floral transition. It would appear that free branching
plants of M. excelsa which had not attained adult shoot phenology could not respond to
floral inductive treatment. This indicates that attaining adult shoot phenology appears
to be necessary for floral transition and that developmental phases are regulated co-
ordinately in M. excelsa. Eucalyptus occidentalis exhibited neoteny and dissociation
between phase change and floral transition, whereas M. excelsa exhibited homoblasty,

and sequential phase change and floral transition.

As discussed in Chapter 4, the isolated gene sequences of EOLFY, EOAPI and EOTFLI
are the homologues of Arabidopsis LFY, AP1 and TFL 1, respectively. Shoot
architectural manipulation of free branching and single stem plants affected the timing
in peak expression of EOLFY and EOAPI during ontogeny in E. occidentalis.

Increased expression of EOLFY and EOAPI was observed earlier in free branching
plants, which correlated with changes taking place in the morphological and
physiological characteristics. By contrast, in M. excelsa, only the Ambient SsFb plants
recorded elevated levels of MEL and MESAPI and only during inflorescence meristem

initiation (during March).

Eucalyptus occidentalis displayed lower relative expression levels (less than one fold)
of EOTFLI as compared to FEOLFY and EOAP]I in both single stem (showing juvenile
leaf morphology) and free branching plants (showing transitional to adult leaf
morphology) during the sampling period. This suggests that lower levels of EOTFL1
are perhaps contributing to precocious flowering of this species. In contrast with E.
occidentalis, the relative expression levels of METFL] relative to MEL and MESAPI in

M. excelsa were higher (ranging approximately from one to eight-fold).
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EOAPI was found to be a reliable marker of floral commitment in E. occidentalis.
However, in M. excelsa no such conclusions could be reached for MESAPI as flowering
did not occur during the study period, possibly as a result of inflorescence reversion. In
E. occidentalis, it could be speculated that the photoperiod pathway is independent of
LFY (Figure 1.1).

In M. excelsa, MEL and MESAP expression indicated that floral determination in
Ambient SsFb plants had occurred in those buds sampled during March (autumn) but
possibly due to, or as a consequence of, inflorescence reversion, significant increases in
the expression of MEL or MESAPI were not observed in the buds collected in
September (spring). In contrast to E. occidentalis, higher levels of MEL than MESAP!
during the floral transition leads to the suggestion that flowering may have occurred via
the up-regulation of LF'Y in M. excelsa (Figure 1.1). LFY is known to regulate the
transcription of AP/, AP3, and AG and gives floral identity to the shoot apical meristem
(Busch et al., 1999; Wagner et al., 1999; Lamb et al., 2002).

Thus, this study has brought out the importance of shoot architecture in relation to phase
change and floral transition in E. occidentalis and shown that complexity of architecture
contributes to both phase change and floral transition and that these are under strong
genetic control. But for M. excelsa phase change was accelerated in response to growth
in height and floral transition responded to branching complexity. Environmental
signals were also playing an important role for floral induction in M. excelsa. However,

this study is still at an early stage, at the molecular level.

In conclusion, the objectives as initially stated in this thesis and in fulfilment of the sub-
contract of Massey University to the Crop & Food Research Institute were addressed
and achieved successfully. The current thesis, provides a deeper understanding of the
mechanisms underlying phase change and the floral transition in relation to shoot
architecture in E. occidentalis, which in turn enhances our understanding of phase

change mechanisms in M. excelsa.
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Appendix 1

Table 1 p-values generated using three-way ANOVA of leaf morphology attributes
in E. occidentalis.

Parameter/ Ecotype Architect

N © e N* E*N*A
Treatment (E) Redl0)) ure (A) 20 . e
Leafarea * %% * %%k * %% * * k% *k %k *%
Leaf * k% * k% * k% NS *k %k * %k * %
perimeter
Leaf * k% *k %k * k% *% *k %k *k %k NS
roundness
Leaf length * k% * k% * %k * *kx *% NS
LeafWIdth *k %k * k% * k% *% *% * % *
Leaf ) * Kk Kk * k% *x% * kK * * k% *k*k
length/width
PetiOIe * Kk Kk * Kk Kk * kK NS * k% NS NS
length

*** p<0.0001; **p<0.001; *p<0.05; NS = non-significant
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Table 2 p-values generated using either three-way or four-way ANOVA of gas exchange estimates Vemax and Jmax in E.

occidentalis.

Experime  Paramet Ecoty Architectu Fertiliser =~ Node E*A  E*F E*N A*F A*N  F*N E*A* E*A*N E*F*N  A*F*N  E*A*F*
nt er pe(E) re(A) (F) (N) F N
Before
fertiliser Ve max NS *Ex - NS NS = NS = NS g - NS - - .
treatment

Jmax v e i - NS o - NS - NS - - NS - - -
Following
suppleme
ntary Ve inax * *Hk * NS NS NS NS NS NS NS NS NS NS NS NS
fertiliser
treatment

Jinax g s X NS NS NS NS w NS NS NS NS NS NS NS

%% <0.0001; **p<0.001; *p<0.05
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Table 3 p-values derived from three-way ANOVA of leaf anatomy characteristics in E. occidentalis.

Parameter Ecotype (E) Node (N) Architecture (A) E*N E*A N*A E*N*A
Number of NS R ErE & NS o NS
palisade layers

Number of cell rE* e W *Ak & NS NS
layers

Leaf thickness NS NS = NS NS NS *
Mesophyll NS NS g NS NS NS &
thickness

Adaxial L NS & NS e NS NS
epidermis

thickness

Adaxial palisade = *** NS NS = NS NS NS
thickness

Abaxial NS NS NS NS NS NS &
epidermis

thickness

Abaxial palisade NS o NS NS & NS 4
thickness

Air space (%) NS NS ot NS & NS NS

**% p<0.0001; **p<0.001; *p<0.05; NS, non-significant
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Table 4 p-values obtained after three-way or four-way ANOVA of LMA (g m™) data in E. occidentalis.

Experime
nt

Ecoty
pe (E)

Archit  Fertilis Node E*A E*F

ecture

(A)

er(F) (N)

E*N

A*F

A*N

F*N

E*A*

E*A*  E*F*
N N

A*F*
N

E*A*F*N

Before
suppleme
ntary
fertiliser
treatment

NS

NS

NS

NS -

Followig
suppleme
ntary
fertiliser
treatment

NS

NS NS NS NS

NS

NS

NS

NS

NS NS

NS

NS

€81

*p<0.05; NS, non-significant



Table S p-values obtained after three-way ANOVA for E. occidentalis leaf mineral concentrations analysed before supplemental fertiliser
treatment in March 2004.

Mineral Ecotype (E)  Architecture  Node (N) E*A E*N A*N E*A*N
(A)

N *kok * ok ok * * NS NS *
P % %k % % %k %k % %k % NS * * %*
K % & NS NS & NS NS
S Kok * ok K * % TT NS * NS
Ca NS L & NS NS NS NS
Mg NS L & NS NS & NS
Na *kok * %k *okok *kok * * *
Fe RS NS NS NS NS NS NS
Mn & S L2 NS NS NS NS
Zn NS & & NS NS NS NS
CU % %k % %%k % %k %k * NS NS NS
B NS R W NS NS NS NS

*** p<0.0001; **p<0.001; *p<0.05; NS, non-significant
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Table 6 p-values obtained after ANOVA for E .occidentalis leaf mineral concentrations after supplemental fertiliser treatment in April
2004.

Mineral Ecotype (E) Architecture (A) Fertiliser (F) E*A E*F A*F E*A*F
N NS K b NS NS NS NS
P e NS NS NS NS NS NS
K NS NS NS NS NS NS NS
S >k * kK * * NS NS NS
Ca NS Wi NS NS NS NS NS
Mg NS e NS NS NS NS NS
Na NS & NS NS NS NS NS
Fe & NS * NS & NS e
Mn Lx NS NS NS NS NS NS
Zn NS & e NS NS NS e
Cu i ks NS v NS NS NS
B NS NS NS NS NS NS NS

**% p<0.0001; **p<0.001; *p<0.05; NS, non-significant
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Table 7 p-values derived from ANOVA of morphological parameters of environmental and architectural treatments

Parameter Environment Architecture Environ x Archi
Flowering node NS onk NS

Total nodes NS A *

Buds per branch L *oAx ok

Flowering branches/total branches s i NS

**% p<0.0001; **p<0.001; *p<0.05; NS, non-significant

Table 8 p-values derived from ANOVA of bud scale scars of environmental and architectural treatments of M. excelsa

Parameter Environment Architecture Environ x Archi

Bud scale scars Kok K ok A

**% p<0.0001.
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1 0.754860 0.748878 0.019907 0.569814

2 0.320645 0.280577 0.041517 0.102813

3 0.273289 0.263864 0.042818 0.074687

4 0.184466 0.175929 0.044700 0.034028

5 0.028659 -.042828 0.046236 0.000821
Test of HO: The canonical correlations in

eigenvalues of Inv(E)*H

variable Label
cans

Area Area
0.098169

Length Length
0.314740

width width
0.223887

Petiole Petiole
0.308162

Lwratio Lwratio
0.193709

Roundness Roundness
0.187286

Perimeter Perimeter
0.069768

variable Label
cans

Area Area
0.006079

Length Length
0.031862

width width
0.010775

1 1.3246 1.2100 0.
2 0.1146 0.0339
3 0.0807 0.0455
4 0.0352 0.0344
5 0.0008 0.0005

o O o o

=0

0.
il

canRsqg/(1-canRsq)

.0001
.0001
.0001
.0001

AAAA

Pr > F

.0001
.0001
.0001
.0001

AAAA

the current row and all
that follow are zero

Likelihood Approximate

Ratio F value Num DF Den DF Pr > F
8513 0.8513 0.34469521  15.81 35 1920.6 <.0001
0737 0.9250 0.80127074 4.36 24 1595.5 <.0001
0519 0.9768 0.89309248 3.53 15 1264.7 <.0001
0226 0.9995 0.96517877 2.05 8 918 0.0380
0000 0.99917866 0.13 3 460 0.9447
20:23 Thursday, September 8, 2005 35
The CANDISC Procedure
Total Canonical Structure
Canl can2 can3 Can4
.545279 -0.550342 0.295250 -0.457615
.203292 -0.393840 0.676957 -0.431685 =
.762541 -0.436707 0.052418 -0.318451
.372040 0.361072 0.575632 -0.471695 =
.857117 0.251449 0.308059 0.033627 -
763267 0.248293 0.391343 0.196431 -
.445480 -0.463351 0.555515 -0.435252 =
Between Canonical Structure
Canl can2 can3 Ccan4
.889343 -0.381277 0.174340 -0.182390
.542059 -0.446071 0.653496 -0.281283 =
.966584 -0.235139 0.024055 -0.098644
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Petiole
0.025013
Lwratio
0.008444
Roundness
0.009059
Perimeter
0.004928

variable
can5

Area
0.110699
Length
0.328031
width
0.278579
Petiole
0.329242
Lwratio
0.256982
Roundness
0.232397
Perimeter
0.076304

2005 36

variable
can5

Area
0.01890882
Length
8.03914012
width
3.58008113
Petiole
0.02635150
Lwratio
1.12085482
Roundness
1.00175175
Perimeter
10.23580067

variable
can5

Area
0.016852176
Length
7.751870519
width
2.891567249
Petiole
0.024787256
Lwratio
0.849096466
Roundness
0.811322760
Perimeter
9.405733822

variable
cans

Area
0.000929430
Length
3.013965390

Petiole
Lwratio
Roundness

Perimeter

Label

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

Label

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

0.795378
-0.984076
-0.972391

0.828724

Pooled within

canl

.403453
.139024
.622570
.260814
.746102
.621453
0.319686

o O © o o o

Total-Sample Standardized Canonical Coefficients

Canl

-0.94532677
1.13592858

1.50983091
0.61100241

-2.69010763

1.68004240
-1.34917091

0.327895
0.122630
0.134365
-0.366142

Can2

-0.588058
-0.388958
-0.514906
0.365552
0.316097
0.291951
-0.480196

The SAS System

can2

-2.38317073
-1.68250701
1.16672546
1.02270206
1.25336811
-0.74161212
1.97451598

0.445538
0.128049
0.180500
0.374139

canonical Structure

can3

0.320391
0.678963
0.062766
0.591839
0.393285
0.467311
0.584665

20:23 Thursday,

The CANDISC Procedure

Ccan3

0.38113433
-4.47428279
-4.28750097

0.29782072
-1.90454469

1.34918065

7.31283228

-0.246431
0.009435
0.061154

-0.197867

Can4

-0.507374
-0.442374
-0.389602
-0.495516

0.043863

0.239660
-0.468047

can4

0.84756470
0.22227137

-1.31962235
-0.34908636
-4.78266578

4.22181535

-0.55701895

Pooled within-Class Standardized Canonical Coefficients

Label

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

Label

Area

Length

canl

-0.842507166
1.095337450
1.219463319
0.574732937

-2.037873991
1.360673073

-1.239760605

Raw

Canl

-0.046465874
0.425872589

can2

-2.123962290
-1.622384521
0.942343207
0.961993853
0.949481072
-0.600634626
1.814393654

can3

0.339679795

-4.314399341
-3.462937554

0.280141906

-1.442775762

1.092706819
6.719802013

Canonical Coefficients

can2

-0.117140563
-0.630791082

can3

0.018733987
-1.677459687

Ccan4

.755378302
.214328751
il
-0.
5]
.419265171
.511847793

065835276
328364381
623078155

can4

.041660551
.083332073

September 8,
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width
1.696206990
Petiole
0.040774180
Lwratio
1.039616277
Roundness
2.038256101
Perimeter
1.584652005

eco
cans

3634
.002098938

3636
.003926771

3644
.011953895

3648
.002067880

5395
.055801202

5416
.03910857

O O o o o o

width

Petiole

Lwratio

Roundness

Perimeter

canl

.524866406
.341681554
.296703573
.424670977
.588627658
.750637002

0.715342936
0.945415842
-2.495131067
3.418368536
-0.208871436

0.552782971
1.582446681
1.162525127
-1.508952110
0.305684022

-2.031375506
0.460823765
-1.766505016
2.745166845
1.132133647

Class Means on Canonical variables

can2

0.393067946
0.081930054
-0.871454983
0.035211824
-0.114508254
0.036282849

can3

388429990
.005681635
.374597617
.050730509
.275791052
.328757541

o o o o

-0.625224001
-0.540148073
-4.436022493

8.590093171
-0.086234700

can4

.117881648
.430602852
.033535475
.030550891
.106701365
.081544700
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The SAS System

20

30
19
27

19.
35.
19.

12
0

27.

22

29.

21

05 38

From
archi

1
.60950
2
.01921
.91615
4
18975
5
36687
6
66457
7
.62201
8

38161
10
.11193
29974
12
.98146

O W v N O Ww

30.

w o H» B

Appendix 3

20:23 Thursday, September 8, 2005 37

The CANDISC Procedure

Observations 468 DF Total 467
variables 7 DF within Classes 456
Classes 12 DF Between Classes 11

Class Level Information

variable

archi Name Frequency weight Proportion
1 21 48 48.0000 0.102564
2 _2 48 48.0000 0.102564
3 _3 36 36.0000 0.076923
4 _4 36 36.0000 0.076923
5 =5 24 24.0000 0.051282
6 _6 24 24.0000 0.051282
7 _7 42 42.0000 0.089744
8 _8 42 42.0000 0.089744
9 -9 36 36.0000 0.076923
10 _10 36 36.0000 0.076923
11 11 48 48.0000 0.102564
12 12 48 48.0000 0.102564

The SAS System 20:23 Thursday, September 8,

The CANDISC Procedure
Pairwise Squared Distances Between Groups
2 - 1| S
D (ilj) = (X -X)D)'cov (X-X)
1 ] 1 ]

Squared Distance to archi

1 2 3 4 5 6
0 3.23287 0.80790 2.81306 5.00140 3.95780 9
.23287 0 4.14562 0.65005 12.13512 1.42411 4
.80790 4.14562 0 2.69330 3.78389 3.91534 9
.81306 0.65005 2.69330 0 10.51170 1.43601 3
.00140 12.13512 3.78389 10.51170 0 11.33483  15.
.95780 1.42411 3.91534 1.43601 11.33483 0 4
.95116 4.61539 9.27603 3.60362 15.30443 4.59337

60950 19.01991 27.91615 19.18975 35.36687 19.66457 12
.57604 5.43143 0.40312 3.73692 3.98161 4.06940 10.
.09729 0.75661 4.68925 1.56774 13.56069 0.91944 6
.80958 3.82203 0.30933 2.75904 5.29057 3.42272 10.
.47315 0.93222 3.71762 1.24616 12.43708 0.59153 6

From archi 9 10 11 12

1 1.57604 4.09729 0.80958 3.47315

2 5.43143 0.75661 3.82203 0.93222

3 0.40312 4.68925 0.30933 3.71762

4 3.73692 1.56774 2.75904 1.24616

5 3.98161 13.56069 5.29057 12.43708

6 4.06940 0.91944 3.42272 0.59153

7 10.17614 6.86077 10.39183 6.68756

8 27.38161 22.11193 29.29974 21.98146

9 0 5.71764 0.73848 4.29811

10 5.71764 0 3.70501 0.25048

alil 0.73848 3.70501 0 2.99347

.95116
.61539
.27603
.60362

30443

.59337

.62201

17614

.86077

39183

.68756
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2005 39

From
archi

1
96.66158
60.062%7
76.28988
52.44121
76.14837
42.33988
37.367;9

8

9
74.82830

10
60.42735
92.52550
69.41512

2005 40

From
archi

<.0001
<.0001
<.0001
<.0001
<.0001
<. 0001
<. 0001
1.0000

9
<.0001

0 N O UV AW N

<.0001

10.
.34300
.15818
11.
.92738
31.
96.
.57069
11.
.73917
11.

0

93828

28136

42470
66158

88257

75127

12

4.

29811

0.25048

The SAS System

2.99347

The CANDISC Procedure

0

F Statistics, NDF=7, DDF=450 for Squared Distance to archi

10.

12

12

93828

.02274
.88523
227( o
.21229
14.
60.
15
.19426
.93169
.15414

From archi

.0000
.0001
.0234
.0001
.0001
.0001
.0001
.0001
.0001
.0001

OWoONOUVHAWNE

10

1

Pro

2

b

37245

57492
06287
75172

CCOOHUVIA

> Mahalanobis Distance for Squared Distance

.0001
.0000
.0001
.0702
.0001
.0025
.0001
.0001
.0001
.0337

12

.57069
.75172
.02297
.48279
.08296
.26119
.80928
.82830

0
.50904
.14168
.46498

.34300
.02274

.83449
.68158
.94843
.34947
.28908
.02297
.89941
.89709
.78149

8.15818
1.88523
6.83449

21.33953
2.91520
9.84794

52.44161

.48279

.97828

.00152

.61400

10

11.88257
2.19426
11.89941
3.97828
27.52923
1.86652
18.74906
60.42735
14.50904

10.74492
0.72642

The SAS System

11.28136
27.37245

7.68158
21.33953

19.17547
32.95212
76.14877

8.08296
27.52923
11.93362
28.05357

11

2.73917
12.93169
0.89709
8.00152
11.93362
7.72042
32.81630
92.52550
2.14168
10.74492

0
10.12829

The CANDISC Procedure

.0234
.0001
.0000
.0001
.0001
.0001
.0001
.0001
.4141
.0001

<.0001
0.0702
<.0001
1.0000
<.0001
0.0054
<.0001
<.0001
<.0001
0.0003

<.0001
<.0001
<.0001
<.0001
1.0000
<.0001
<.0001
<.0001
<.0001
<.0001

N N W oo

42.

R N B

.92738  31.
.21229  14.
.94843  25.
.91520 9.
191,

17547 32

.89003

33998 37.
.26119  27.
.86652  18.
.72042 32
.33428  21.

12
11.75127
3.15414
10.78149
3.61400
28.05357
1.33428
21.11860
69.41512
12.46498
0.72642
10.12829

to archi

.0001
.0025
.0001
.0054
.0001
.0000
.0001
.0001

.0001 <t
.0733 <.

42470
57492
34947
84794

.95212
.89003

36779
80928
74906

.81630

11860

.0001
.0001
.0001
.0001
.0001
.0001
.0000
.0001
0001
0001

20:23 Thursday, September 8,

20:23 Thursday, September 8,
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11 0.0086 <.0001 0.5085 <.0001 <.0001 <.0001 <.0001
<.0001
12 <.0001 0.0029 <.0001 0.0008 <.0001 0.2321 <.0001
<.0001
From archi 9 10 11 12
1 <.0001 <.0001 0.0086 <.0001
2 <.0001 0.0337 <.0001 0.0029
3 0.4141 <.0001 0.5085 <.0001
4 <.0001 0.0003 <.0001 0.0008
3 <.0001 <.0001 <.0001 <.0001
6 <.0001 0.0733 <.0001 0.2321
7 <.0001 <.0001 <.0001 <.0001
8 <.0001 <.0001 <.0001 <.0001
9 1.0000 <.0001 0.0383 <.0001
10 <.0001 1.0000 <.0001 0.6497
11 0.0383 <.0001 1.0000 <.0001
12 <.0001 0.6497 <.0001 1.0000
The SAS System 20:23 Thursday, September 8,
2005 41
The CANDISC Procedure
Univariate Test Statistics
F Statistics, Num DF=11, Den DF=456
Total Pooled Between
Standard Standard Standard R-Square
variable Label Deviation Deviation Deviation R-Square / (1-RSq) F Vvalue
Pr > F
Area Area 20.3445 13.3968 16.1181 0.5766 1.3618 56.45
<.0001
Length Length 2.6673 2.1496 1.6832 0.3658 0.5768 23.91
<.0001
width width 2.1106 1.3229 1.7290 0.6164 1.6071 66.62
<.0001
Petiole Petiole 0.6463 0.5758 0.3199 0.2250 0.2904 12.04
<.0001
Lwratio Lwratio 1.0781 0.7752 0.7916 0.4952 0.9810 40.67
<.0001
Roundness Roundness 0.4915 0.3810 0.3296 0.4132 0.7040 29.18
<.0001
Perimeter Perimeter 6.4593 4.5145 4.8740 0.5230 1.0966 45.46
<.0001
Average R-Square
Unweighted 0.4593239
weighted by variance 0.568416
Multivariate Statistics and F Approximations
s=7 M=1.5 N=224
Statistic value F value Num DF Den DF Pr > F
wilks' Lambda 0.10724841 15.85 77 2704 <.0001
Pillai's Trace 1.55563696 11.84 77 3192 <.0001
Hotelling-Lawley Trace 3.62816207 21.13 77 1845.5 <.0001
Roy's Greatest Root 2.40617357 99.75 11 456 <.0001
NOTE: F Statistic for Roy's Greatest Root is an upper bound.
The SAS System 20:23 Thursday, September 8,
2005 42

NV D WN

Canonical
Correlation

[elelolololole]

.840485
.642824
.473179
.306119
.278553
.165888
.115245

The CANDISC Procedure

Adjusted
Canonical
Correlation

0.834280
0.628276
0.451453

Approximate
Standard

[eleofelolole o]

Error

.013585
.027153
.035914
.041938
.042684
.045001
.045660

Ca
corr

0
0
0
0.
0
0
0

Squared
nonical
elation

.706415
.413222
.223898
093709
.077592
.027519
.013281
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correlations

in

Eigenvalues of Inv(E)*H
= CanRsq/(1-CanRsq)

Eigenvalue Difference Proportion Cumulative

DF Pr > F

2704 <.5001
2368 <.6001
2025 <.8001
1672.2 1.0001
1304.2 2.0001
910 0.0814
456 0.2;50

2005 43

variable
can4

Area
0.035523
Length
0.238558
width
0.187378
Petiole
0.693771
Lwratio
0.388421
Roundness
0.482248
Perimeter
0.120430

variable
can4

Area
0.014321
Length
0.120742
width
0.073058
Petiole
0.447702
Lwratio
0.168966
Roundness
0.229671
Perimeter
0.050975

2.4062
0.7042
0.2885
0.1034
0.0841
0.0283
0.0135

o O O o o

Label

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

variable
Area
Length
width
Petiole
Lwratio

Roundness
Perimeter

Label

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

variable

Area

.7020
.4157
.1851
.0193
.0558
.0148

0.6632
0.1941
0.0795
0.0285
0.0232
0.0078
0.0037

The SAS System

H O O O O O o

.6632
.8573
.9368
.9653
.9885
.9963
.0000

Test of HO: The canonical

Likelihood

Ratio
.10724841
.36530669
.62256405
.80216801
.88511094
.95956520
.98671867

o O O o o o o

The CANDISC Procedure

Total Canonical Structure

Canl

.757980
.496093
.877146
.464861
-0.792516
-0.718666

0.713371

can2

.641951
.541743
.383823
.082192
.194110
.171794
.581667

o O O O o o o

Total Canonical Structure

cans

0.014513
-0.088162
0.084253
0.300106
0.085169
-0.014871
-0.022695

Between Canonical

Canl

.838978
.689391
.938987
.823636
-0.946549
-0.939728

0.829047

Between Canonical

can$s
0.005324

cané
-0.103991
-0.234172
0.047165
-0.381245
-0.050907
0.043259
-0.082415
Structure

can2

.543447
.575781
.314253
.111380
.177314
.171808
.517011

o O O O O o o

Structure
can6
-0.022718

the current row and all

that follow are zero

Approximate
F value Num DF Den

1

o O O O o o o

o O O O o o o

5.85
8.36
.03
.22
.70
.58
.23

R B N W W

can3

.004151
.527961
.190361
.245447
.299382
.231952
.311299

can7

.032576
.249288
.051217
.013227
.289645
.406877
.184521

[elolololole )]

Ccan3

.002587
.413047
.114726
.244830
.201306
.170753
.203674

can?

0.004944

77
60
45
32
21
12

5

20:23 Thursday, September 8,
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variable
can4

Area
0.051972
Length
0.285180
width
0.288026
Petiole
0.750251
Lwratio
0.520453
Roundness
0.599296
Perimeter
0.166007

2005 45

variable
can4

Area
1.41588650
Length
2.71370740
width
2.74228956
Petiole
0.98363734
Lwratio
2.62410543
Roundness
2.54279261
Perimeter
2.76006005

variable
cand

Length
width
Petiole
Lwratio
Roundness
Perimeter

Label

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

variable

Area
Length
width
Petiole
Lwratio
Roundness
Perimeter

Total-Sample

Label

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

Total-Sample Standardized

variable

Area
Length
width
Petiole
Lwratio
Roundness
Perimeter

-0.040604
0.029892
0.176224
0.033713

-0.006445

-0.008741

The SAS System

-0.064228
0.009965
-0.133322 =
-0.012000
0.011164
-0.018904

The CANDISC Procedure

Pooled within Canonical Structure

Ccanl

0.631173
0.337536
0.767393
0.286119
-0.604393
-0.508312
0.559680

Pooled within Canonical Structure

cans

0.021422
-0.106325
0.130654
0.327411
0.115130
-0.018645
-0.031561

The SAS System

.047500
.007518
.003213
.047434
.072951
.029404

[=lelolelole)

can2 can3
0.755724 0.005620
0.521099 0.584051
0.474730 -0.270780
0.071520 0.245625
0.209280 0.371219
0.171783 0.266744
0.645162 0.397095
cané can7
-0.157601 0.049730
-0.289979 0.310949
0.075101 0.082147
-0.427073 -0.014925
-0.070658 0.404955
0.055687 0.527590
-0.117681 0.265400

The CANDISC Procedure

Canl

-1.49264792
0.17294902
0.97290288
0.47488925

-1.77644547
0.63484670
1.18250001

cans

-3.06402950
-1.57613989
3.27343277
0.62841193
5.36195877
-3.88614020
1.95912401

Pooled within-Class Standardized Canonical Coeffici

Label

Canl

Standardized Canonical Coefficients

can2 can3
3.24556815 -2.82337886
-2.15342640 -1.53152429
-2.09394197 -1.36424954
-0.38531475 -0.26238798
1.07851293 2.17368741
-0.27269001 -2.74335437
1.79822555 5.56455445
Ccanonical Coefficients
cané can?
-1.85152789 -2.58856624
-7.29123621 5.43852541
-2.99605599 5.85580127
-0.30371440 -0.34740549
-0.25976288 0.03596538
0.23779926 1.48154560
10.87057308 -6.47292401
ents
can2 can3

20:23 Thursday, September 8,
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Area
0.932353122
Length
2.187000268
width
1.718740212
Petiole
0.876302814
Lwratio
1.886742339
Roundness
1.971286750
Perimeter
1.929021027

2005 46

variable
can4

Area
0.069595409
Length
1.017399878
width
1.299269643
Petiole
1.522001086
Lwratio
2.433912640
Roundness
5.173799329
Perimeter
0.427297759

archi

=
RPOWNOUVAWNE

ju—y
N

Area
Length
width
Petiole
Lwratio
Roundness

Perimeter

-0.982900079
0.139381113
0.609770510
0.423069323

-1.277271423
0.492161604
0.826455710

2.137187973
-1.735464966
-1.312385937
-0.343269196

0.775455124
-0.211401516

1.256789648

-1.859178748
-1.234268677
-0.855048485
-0.233756199

1.562889974
-2.126771214

3.889097468

Pooled within-Class Standardized Canonical Coefficients

variable can5s cané can?
Area -2.017645814 -1.219220474 -1.704555989
Length -1.270224776 -5.876070339 4.382954673
width 2.051636197 -1.877789266 3.670145283
Petiole 0.559839603 -0.270573082 -0.309496598
Lwratio 3.855269887 ~-0.186770552 0.025859256
Roundness -3.012709985 0.184352636 1.148560526
Perimeter 1.369242460 7.597502841 -4.523961909
The SAS System 20:23 Thursday, September 8,
The CANDISC Procedure
Raw Canonical Coefficients
Label Canl can2 can3
Area -0.073368482 0.159530191 -0.138778219
Length 0.064840562 -0.807344137 -0.574185938 -
width 0.460951753 -0.992088971 -0.646367922 -
Petiole 0.734805319 -0.596204966 -0.405997999
Lwratio -1.647690306 1.000343285 2.016140511 -
Roundness 1.291717390 -0.554840142 -5.581880708
Perimeter 0.183068338 0.278391678 0.861474607
Raw Canonical Coefficients
variable can5s cané can?
Area -0.150606978 -0.091008595 -0.127236418
Length -0.590912836 -2.733567678 2.038965250
width 1.550920035 -1.419501663 2.774420659
Petiole 0.972353928 -0.469943173 -0.537547240
Lwratio 4.973328851 -0.240935499 0.033358646
Roundness -7.907097685 0.483848200 3.014488725
Perimeter 0.303301118 1.682924080 -1.002103532
Class Means on Canonical variables
Canl can2 can3 Can4
1.299277252 0.156646241 0.051512947 0.478613085
-0.189342001 -0.794764018 0.071690303 0.521213043
1.117638163 0.599056734 -0.097492978 -0.078232870
-0.078774611 -0.429743830 0.287517897 0.062420010
1.562259539 2.078775712 0.386296809 0.220003357
-0.101021502 -0.647223880 0.008834754 -0.559271560
-1.415227904 -0.003132273 1.449053475 -0.238922370
-4.116384283 0.913123810 -0.640008839 0.106898746
1.066790742 0.819189722 -0.340444804 -0.466354627
0.061014361 -1.173395408 -0.295993182 0.010115584
1.229340281 0.232533188 -0.350556861 -0.128938784
0.145264620 -0.967764335 -0.343316427 -0.231693644
Class Means on Canonical variables
archi cans cané can7
1 0.122045827 0.295058814 0.061736414
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-0.024984592

0.
0.

Class Means on Canonical variables

-0.
-0.
.057843787
.017648117
.215030577
-0.
0.214724921

243438754
427683037

The SAS System

0.
-0.
-0.

010093991
161664689
164205278

The CANDISC Procedure

can5

792664262
388534485

352542889
187449308

can6

.152678298
.253518381
.004065642
.014748692
.214570361
.183770735
.190750660
.040018026

-0.
=(0),
=0,

019852436
091781960
130435019

can7

.085030246
.158261443
.044044693
.016953332
.084242852
.076503097
.215187041
.174592339
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