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Abstract

Belmonte, Mark Findlay. PhD, The University of Manitoba, September, 2007.
Glutathione modulation of in vilro organized development in canola microspore derived
and spruce somatic embryos. Major Professor; Dr. Claudio Stasolla.

The production of good quality microspore derived embryos (MDEs) of Brassica

napus cv.Topaz (canola) and somatic embryos of spruce including Picea glauca and P.

abies (white spruce and Norway spr.trce, respectively) are of great importance for

developmental and applied studies. One of the obstacles encountered during the culfure

process is the lack of organized development, especially within the shoot apical meristem

(SAM). In the last few years, glutathione and its association in the ascorbate-glutathione

cycle has been viewed as rational modulator of embryo development in vivo and in vitro.

It is apparent that glutathione plays a fundamental role during embryogeny of both canola

and spruce and that the ratio between the reduced (GSH) and oxidized (GSSG) forms of

this redox compound have profound effects on development. Applications of buthionine

sulfoximine (BSO), a specific glutathione biosynthesis inhibitor, to MDEs of B. napus

shifts the glutathione redox status, i.e. GSH/(GSH+GSSG) in favour of an oxidized state

and significantly enhances the quality of embryos through alterations in hormone

rnetabolism and gene expression. Improved development is accompanied by rnajor

changes in the ascorbate-glutathione redox system. Like canola, spruce somatic embryos

cultured in the presence of BSO are depleted of GSH which creates a forced shift in the

glutathione redox ratio towards a more oxidized status. This shift is necessary to :

maintain structural integrity of the shoot apex and to prevent deterioration of the sub-

apical cells. To examine whether altered embryonic development affects the glutathione

redox status, the function of a class I homeobox of lcnox gene, HBK3, was charactenzed

from the conifer P. abies (L.) Karst. HBK3 is necessary for improved somatic embryo

development in the promotion of a more stable SAM through alterations in PgAGO gene

expression, a specifrc meristem marker. Cells down-regulating HBK3 failed to develop

into sornatic embryos. Furthermore, glutathione metabolism in embryos down regulating

HBK3 failed to shift the GSH/GSH+GSSG ratio necessary for transdifferentiation of

t1l



somatic embryos. Overall, the findings emerging from this thesis represent a solid

contribution to the improvement of canola and spruce embryos produced in culture.

IV



Acknowledgements

I would frrst like to thank my supervisor, Dr. Claudio Stasolla for his enduring

work ethic and his philosophies on science. Dr. Stasolla has been an inspiration during

the past four years providing unmistakable wisdom, unreserved guidance and unremitting

support. His continued guidance and quest for knowledge has been instrumental to my

success.

My research would not have been possible without the dedicated and inspiring

work of Dr. Ed Yeung. Dr. Yeung has been a great mentor and astounding colleague and

peer throughout the past six years, his enduring character and wonderful outlook on life

itself have been paramount to my current success and future career.

I would also like to thank past and present members of Dr. Stasolla's laboratory.

First and foremost, I would like to thank Mr. Bert Luit for his sagely advice, masterful

skills and wonderful sense of humour. Dr. Muhamad Tahir is also to be thanked for his

bench skills and all of the undergraduates for their dedication and hard work. I would

also like to thank Dr. Dana Schroeder for opening my mind to the wonderful world of

Arabidopsis.

Sincere thanks go out to the Plant Science Graggies for their enthusiasm and love

of science, without them the past four years would not have been the same.

Finally I wish to thank my parents John and Janette Belmonte, my brother Bruce

and sisters Carol and Rebecca for their love and support over the years.



Table of Contents

Approval Page.......... ................. ii
Abstract ..............,,.. iii
Acknowledgements.... .....,..........v
Table of Contents................ ..... vi
List of Tables ............ ............,... x
List of Figures and Illustrations................ ................... xi
List of Symbols, Abbreviations and Nomenclature............ ......... xiv

CHAPTER l: INTRODUCTION ....,......,....1
The canola system: MDE developrnent.............. .......5

Induction of embryogenesis ...............8
Embryo development and maturation ..................9

Histodifferentiation... ...................9
Storage product deposition ........1 1

Hormonal control of MDE development.............. .........12
Potential use in biotechnology.............. ..............13

The spruce system: somatic embryogenesis........... .............,.....13
Induction and maintenance........ ....,..14
Embryo development and maturation ........,.,.....18
Somatic embryo conversion .............19
Histodifferentiation - structural and developmental processes., ............20
Hormonal control of ernbryogeny........... ...........21

Shoot apical meristem organization............... ..........23
Meristem marker genes........ ..................24
Cellular redox state and the glutathione cycle .........26
Glutathione and plant development.............. ...........29
Aims and purpose of the study ..............32

CHAPTER 2: IMPROVED DEVELOPMENT OF MICROSPORE DERIVED
EMBRYO CULTURES OF BRI^SSICA NAPUS CV TOPAZ FOLLOWING
CHANGES IN GLUTATHIONE METABOLISM........... .....................35

INTRODUCTTON ...............3s
MATERIALS AND METHODS............... ..............37

Plant material isolation and culture ...................,37
Glutathione metabolism measurements........ ......38
Light microscopy ............38
RNA in-situ hybridization........... .....38

Chemical fixation and tissue processing ......38
Probe preparation and hybridization....... .....39

ABA ana1ysis............. .....39
RESULTS .....,....40

MDE conversion .............40
Glutathione metabolism.............. ......40
Growth parameters and structural study of the embryos.... ....................4I



Localization of WUSCHEL......... ......................48
ABA metabolism during embryo development.............. ......53
Effects of combined fluoridone and BSO on embryo deve1opment....,..,.................53

DrscusstoN............ ...,..,..,57

CHAPTER 3: ALTERED GLUTATHIONE METABOLISM AFFECTS THE
CELLULAR REDOX SYSTEM OF DEVELOPING BRASSICA NAPUS
MICROSPORE DERIVED EMBRYOS............... ...............63

TNTRODUCTION ...............63
MATERIALS AND M8THODS................ .............64

Microspore derived embryo culture and seed collection.. .........,............64
Histological preparations.............. ......................66
Glutathione and ascorbate metabolism........... ......................66
Enzyme activity measurements............ ...........,..66
Measurement of NADPH/I{ADP ......67
Statistical analysis ..........68

RESULTS ..........68
Development of canola microspore derived and zygotic embryos ........68
Effect of buthionine sulfoxime and glutathione on MDE production.....................,70
Developmental changes in the glutathione, ascorbate and NADPHA{ADP*

pools .....70
Changes in the activity of the enzymes involved in ascorbate and glutathione

metabolism .............82DrscussloN............ ..........82

CHAPTER 4: APPLICATIONS OF DL-BUTHIONINE-IS,R]- SULFOXIMINE
DEPLETE CELLULAR GLUTATHIONE AND IMPROVE WHITE SPRUCE
(PICEA GLAUCA) SOMATTC EMBRYO DEVELOPMENT ..............86

INTRODUCTION ...............86
MATERTAL AND METHODS............... ................87

Plant material, culture conditions and cell line selection............. ..........87
Light microscopy........ .......,..............88

Quantification of endogenous glutathione and glutathione reductase activity...,.....89
RESULTS ..........89
DISCUSSTON..,........ ..........,99

CHAPTER 5: EFFECT OF GLUTATHIONE DEPLETION AND IMPROVED
EMBRYO MATURATION ON ASCORBATE AND GLUTATHIONE
METABOLISM DURING WHITE SPRUCE (PICEA GLAUCA) SOMATIC
EMBRYO DEVELOPMENT.,.... ...103

INTRODUCTION .............103
MATERTALS AND METHODS............... ............104

Plant Materials, culture conditions and cell line selection............. ......I04
Microscopy............... ....107
Analysis of intracellular ascorbate and glutathione redox pairs...........................,.107
Enzymatic activity ........108
Pyridine nucleotides .....109

v11



Determination of hydrogen peroxide levels .....109
Statistical analysis ........109

RESULTS ........109
Growth parameters and structural study of the embryos.... ........... ......109
Ascorbate and glutathione pools are modulated through development..................113
Developmental changes in pyridine metabolism.............. ....................117

DISCUSSION........... .........r24

CHAPTER 6: OVER-EXPRESSION OF HBK3, A CLASS I KNOX HOMEOBOX
GENE, IMPROVES DEVELOPMENT OF NORWAY SPRUCE (PICEA
ABIES SOMATIC EMBRYOS ............... ........127

INTRODUCTTON .............127
MATERIALS AND METHODS................ ...........129

Production of spruce somatic embryos.... .........129
PCR 129
Spruce Transformation......... ..........129
RNA blot analysis..... ....130
Cell culture composition.,......,.... ....131
Light microscopy...... ....131
Arabidopsis transformation......... ...132
GUS assay ....................132
Statistical analysis ........133

RESULTS ........133
Generation of transformed spruce lines and cell tracking experiments.................133
Morphology and anatomy of developing spruce embryos ...................138
Localization of PgAGO, a root and shoot apical meristem molecular marker

gene.......... ............144
Ectopic expression of HBK3 during Arabidopsis development.............................144

DISCUSSION............ ........150

CHAPTER 7: DOWN-REGULATION OF THE SPRUCE HBK3 GENE AFFECTS
TRANSDIFFERENTIATION OF PICEA ABIES SOMATIC EMBRYOS AND
FAILS TO SWITCH THE GLUTATHIONE REDOX STATUS... .....155

INTRODUCTION .............155
MATERIALS AND M8THODS................ ...........1s6

Production of spruce somatic embryos.... .........156
Glutathione and ascorbate metabolism........... ....................156
Enzyrne activity measurements ............ ............157
Statistical analysis .......,158

RESULTS ........1s8
Effect of HBK3 on growth of Norway spruce somatic embryos .........158
Developmental changes in the ascorbate and glutathione pools ......,...158
Changes in the activity of the enzymes involved in ascorbate and glutathione

metabolism ........,..161
DrscussroN....... .. . ........168

CHAPTER 8:

vl11



IX



List of Tables

Table 4.1. Effect of buthionine sulfoximine (BSO) on the total number of mature
white spruce (P. glauca) somatic embryos produced by 100 mg of tissue at the
end of the maturation period. ............ 90

Table 6.1 . The effect of HBK3 on both cell number and cell size in the tunica region
of shoot apical meristem of Arabidopszs embryos. Cells were counted in both L1
and L2layers. ............,... 147

Table 6.2. Production of shootso in germinating wild type Arabidopsrs embryos and
embryos expressing HBK3. Shoots were counted over a7 day culture period. .... 148

Table 7.1. Percentage composition of Picea abies somatic embryo cell lines
transformed with the spruce HBK3 gene during the proliferation and hormone
free stages of growth. Numbers represent the percent composition of early
somatic embryos formed in relation to pro-embryogenic masses...... ... 159



List of Figures and Illustrations

Figure 1.1. Schematic diagram of microspore derived embryo development in canola.....6

Figure 1.2. Schematic diagram of somatic embryo development in spruce ....16

Figure 1.3. Schematic diagrarn of the ascrobate-glutathione system....... .......28

Figure 2.1 . Percentage of canola MDE conversion ..................... 42

Figure 2.2. Glutathione redox ratios during canola MDE development.............. ............44

Figure 3.3. Dry weight, fresh weight and morphology of developing MDEs ..................46

Figure 2.4. Morphology of mature Brassica napus microspore derived embryos at
day 25 of maturation....,........ ............49

Figure 2.5. Expression pattem of IWSCHEL in the shoot apical meristem of
embryos treated for 25 days in the absence (A) or presence (B) of 0.1 mM
buthionine sulfoximine (BSO). ......... 51

Figure 2.6. Abscisic acid metabolism in developing MDEs.. ......54

Figure 2.7. Percentage of canola MDE conversion ....56

Figure 2. 8. Morphology of mature Brassica napus microspore derived embryos at

day 25 of maturation..........,.. ............ 58

Figure 3.1. Schematic diagram of the ascrobate-glutathione system....... .......65

Figure 3.3. Cortical cell elongation in rnicrospore derived and zygotic embryos of B.

napus .............71

Figure 3.4. Number of mature cotyledonary stage microspore derived embryos
formed in one mL of culture medium. ................72

Figure 3.5. The glutathione system in developing microspore derived and zygotic
embryos of B. napus ........73

Figure 3.6. The glutathione system in developingzygolic embryos of B. napus............74

Figure 3.7. The ascorbate system in developing microspore derived embryos of ,8.

fxapus. .. . .. .... .. . 7 5

Figure 3.8. The ascorbate system in developingzygotic embryos of B. napus...............76

Figure 3.9. Endogenous levels of nicotinamide adenine dinucleotides in developing
microspore derived embryos of B. napus .....,......77

XI



Figure 3.10. Activity of enzymes responsible for the recycling of ascorbate and
glutathione in microspore derived embryos of B. napus ......79

Figure 4.1. Frequency of normal embryos (group A embryos with four or more
cotyledons) and abnormal embryos (group B embryos with three or less

cotyledons) produced by two embryogenic lines [(E)WS I and (E)WS2] and by a
non-embryogenic (NE)WS line. .......... . . . .... 92

Figure 4.2. Morphology of fully developed white spruce somatic embryos. .................. 93

Figure 4.3. Conversion frequency of white spruce somatic embryos. ........... 95

Fipre 4.4. Glutathione metabolism during the 40 days of embryo development......... 96

Figure 4.5. Activity of glutathione reductase (GR) in developing spmce somatic
embryos treated with buthionine sulfoxirnine (BSO). .......... 98

Figure 5.1. Schematic representation of the ascorbate-glutathione cycle in maturing
embryos of white spruce. ................ 106

Figure 5.2. Number of good quality mature cotyledonary stage embryos with four or
more cotyledons produced as a percentage of control........... ...,.,......... 111

Figure 5.3. External morphology of mature white spmce somatic embryo populations 112

Figure 5.4. Dry weight: fresh weight ratio (DW :FW) of developing somatic
embryos matured in the presence of BSO, BSO + GSH or control ......114

Figure 5.5. Glutathione metabolism in developing white spruce somatic embryos.,..., 115

Figure 5.6, Ascorbate metabolism in developing white spn¡ce somatic embryos,......... 116

Figure 5.7. EnzSnne activities of APX, DHAR, AFRR and GR in somatic embryos
treated with either BSO or BSO + GSH. .......... 118

Figure 5.8. Activity of catalase (CAT) in white spnrce somatic embryos at different
stages of development. ..120

Figure 5.9. Endogenous levels of nicotinarnide adenine dinucleotides in developing
embryos of white spruce .................121

Figure 5.10. Effect of BSO or BSO + GSH on levels of HzOz at different stages of
white spruce somatic embryo development.............. ..........I23

Figure 6.1. Screening of positive spruce cells transfonned with HBK3 in antisense
(HBK3-Al'44) and sense (HBK3-S1-S4) orientation........... .............. 134

xll



Figure 6.2. Percentage composition of cell aggregates observed in the control (c)
line, sense lines (HBK3-S) and antisense lines (HBK3-A) during the initial
phases of embryo development....,......... ........... 136

Figure 6. 3. Percentage comparison of fully developed cotyledonary embryos
produced by the control (C) line (100%) and the four lines over-expressing
HBK3 (HBK3-S). ......... 139

Figure ó.4. Embryonic development in the control line (A-H) and in lines over-
expressing HBK3 (l-O). .......,.....,..., 140

Figure 6.5. PgAGO expression in spruce embryos (A-D) and development of
Arabidopsis with ectopic HBK3 expression (E-Q) ............145

Figure 6.6. Screening of positive Arabidopsis lines transformed with HBK3. .............149

Figure 7 .1. Dry weight : fresh weight ratio (DW : FW) of proliferating somatic
embryos of Norway spmce in control, hbk3-S and hblc3-A,S lines.......................... 160

Figure 7.2. Changes in glutathione metabolism in hbk3 transformants....,.....................162

Figure 7.3. Changes in ascorbate metabolism in hbk3 transformants..,.... ....164

Figure 7 .4. Enzyme activities of APX, DHAR, AFRR and GR in somatic embryos of
Norway spruce in either control, hbk3-S or hbk3-AS cell lines ............166

XlII



List of Symbols, Abbreviations and Nomenclature

ABA, abscisic acid

ABA-GE, glucose ester-ABA

AFRR, ascorbate free radical reductase

APX, ascorbate peroxidase

AA, ascorbic acid

AE medium, von Amold and Eriksson medium

ATP, adenosine triphosphate

BA, Àf-benzyladenine

BSO, buthionine sulfoxirnine

C, control

2,4-D, 2,4- dichlorophenoxyacetic acid

d, day(s)

DHA, dehydroascorbate

DHAR, dehydroascorbate reductase

DIG, digoxigenin

DPA, dehydrophaseic acid

DTNB, 5,5'-dithio-bis(2-nitrobenzoic acid)

F, fluridone

FW, fresh weight

GR, glutathione reductase

GSH, reduced glutathione

GSSG, oxidized glutathione

xlv



GUS, B-glucoronidase

LV medium, Litv ay medium

MDE, microspore derived embryo

MS medium, Murashige and Skoog medium

N, no root or shoot development

NADPH, nicotinamide adenine dinucleotide phosphate

PA, phaseic acid

PAS, periodic acid-Schiff s reaction

PEG, polyethylene glycol

PEM, pro-ernbryogenic mass

PDT, partial drying treatment

PgAGO, Picea glauca ARGONAUTE gene

PGR, plant growth regulator (auxin and cytolinin)

PMS F, phenylmethylsulfonyl fl uoride

PVP -40, po I yvinylpolypynolidone-40

R, root growth only

RAM, root apical meristem

R-fS, root and shoot development

S, shoot growth only

SAM, shoot apical meristem

SE, somatic embryo

STM, S H O OTME RISTEMLE S S

TBO, Toluidine blue O

XV



ZE, zygotic embryo

xvl



CHAPTER 1: INTRODUCTION

Recent advances in tissue culture techniques allows for large scale plantlet

production via in vitro embryogenesis. Tissue culture technology, including somatic

embryogenesis and microspore derived embryogenesis are largely based on the

totipotency of plant cells. In addition to being a method for plant propagation, this

technology is also suitable for the study of embryo development as a large number of

embryos can be readily obtained. These embryos, produced asexually in culture, are bi-

polar structures that follow similar developmental pattems to their zygotic counterparts.

When cornbined with breeding programs and molecular techniques, somatic

embryogenesis represents a cost-effective strategy to improving cropping systems.

Although micropropagation of plants via in vitro techniques represents only a small

percentage of total plant production, it is not surprising that a large number of scientists

are now finding ways, both naturally and through genetic engineering, to improve many

economically important species. This will hold especially true with the increase in

demand for high quality genotypes with unique characteristics. Despite recent advances

in plant cell tissue culture technology, the quality of embryos produced in culture can be

poor as optimal tissue culture conditions for the embryogenic process have not been

maximized.

The first reports of plant in vitro embryogenesis by Reinert (1958) were for the

production of embryogenic heads from somatic cells of Daucus carrota. Later, Guha and

Maheshwari (1964,1966) reported that microspores of the flowering plant, Datura, are

also capable of developing into haploid plants. This discovery clearly illustrates the

totipotency of microspores and their developmental potential to switch from

gametophytic to sporoph¡ic developmental programs. Successful generation of

microspore derived embryos has also been reported in a number of econornically

important species including Brassica (especially canola and mustard), wheat, tobacco,

barley and rice. In gymnosperms, the first report of somatic embryogenesis dates back

to tlre late 1970s when Durzan and Chalupa(1916) generated immature somatic embryos

that were unable to complete the developrnental process in Pinus banl<siana and later in

Picea glauca (Durzan,1980). Successful regeneration of mature viable Picea abies
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somatic embryos as well as plantlets was achieved later in 1985 by two independent

groups (Chalupa, 1985; Hakman et al., 1985). Since these initial reports in both

flowering and non-flowering plants, canola microspore derived embryogenesis and

spmce somatic embryogenesis have been used as model systems in the study of

developmental, physiological, and molecular events occurring during embryogeny in

vítro.

Brassica is the most economically important genus in the Brassicaceae famlly.

Among the Brassicd crops, oilseeds have the highest economic importance and are found

collectively within Brassica juncea, Brassica carinata, Brassica rapa and Brassica napus

(Cardoza and Stewart,2004). B. napus is most often referred to as canola and is one of

the most popular oilseed crops. In Canada, oilseed forms of B. napus are grown

extensively and are suitable for human consumption because of modifications in its fatty

acid composition to reduce levels of erucic acid (Downey and Craig, 1964). Millions of

acres are planted in Canada each year with billions of dollars in economic value (Canola

Council of Canada, Manitoba). Conifers such as spruce include Picea glauca (white

spruce) and Picea aóies (Norway spruce) are an important resource in the lumber and

wood pulp industry for both their commercial and ornamental value (Grossnickle, 2000).

Increasing exploitation of softwoods by major industries has led to growing interest in the

scientific community to find ways to re-establish many of the lost stands of this valuable

resource. The use of in vitro technologies such as microspore derived embryogenesis and

somatic embryogenesis in canola and spruce respectively allows for large-scale plantlet

production. The ability to manipulate the culture environment provides information,

concerning the regulation of ernbryo development. However, successful production:

depends on a number of factors and is often achieved through a series of steps requiring

specific culture and media conditions, Optimization of the in vitro culture process is far

from complete for canola and spruce as many of the embryos produced are of poor

quality and fail to convert into viable plantlets. The failure to convert is largely

dependent on un-organized development within the shoot apical meristem (SAM).

Therefore, optimization of the culture conditions is imperative in achieving a good

quality product for successful plant regeneration.
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The SAM, fonned during embryo development, is responsible for its fundamental

architecture and subsequent conversion of the embryo into a plantlet, and is paramount to

the continual success and viability of the plant. The low percentage of conversion

observed is often a result of poor apical meristem development or defects in the meristem

organization during embryogenesis irz vitro. In zygotic embryos, the rneristems, once

formed, remain as "determined structures" with a fixed developmental fate (Steeves and

Sussex, 1989). Determination of the SAM, is dependent on antagonistic processes

between the renewal of the stem cell population and the regulation of cell differentiation

(Lenhard et a1.,2002). Alterations in this balance can lead to abnormal meristem

formation, aberrant phenotypes and decreased somatic embryo production. Ultimately, it

isthestructuralorganizationofthesegIoupSofcellsthatleadstothefailureorthe

success of the somatic embryo derived plantlet. Structural deterioration of the region, via

vacuolation, expansion of meristematic cells leading to the development of intercellular

spaces, and a lack of storage product deposition are common properties of less functional

somatic embryos (Kong and Yeung, 1994).

The intracellular redox state is described as a complex interaction in the relative

concentrations of both reduced and oxidized forms of a variety of molecules (Harvey et

al.,2002). Unfavourable shifts in reduction-oxidation (REDOX) states often leads to

perturbed metabolic activity and unfavourable cellular conditions. Redox compounds

have recently been speculated to be major players in meristem identity (Jiang et al.,

2002). Because of their ubiquitous nature, compounds like ascorbic acid (AA) and

glutathione (GSH) and nicotine adenine nucleotides CNADP+/NIADPH) are not only

involved in physiological reactions, but have also been suggested to play a large role in

the regulation of gene expression (Desikan et a1.,200I; Tron et a1.,2002; Pastori et al.,

2003; Belmonte et a1.,2005). Research related to these redox compounds generally

focuses on AA and its antioxidant function while the role of GSH in plant growth and

development is often neglected. Although AA promotes somatic embryo germination

through meristemoid activation (Stasolla et a1.,2006), it has little effect during embryo

maturation. On the other hand, an increasing number of reports have indicated that the

gIutathione-glutathionedisulfide(GSH-GSSG)redoxpair,andultimatelythe
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GSH/GSSG ratio, may play an important role during embryo maturation (Earnshaw and

Johnson, 1985; 1987; Jain et al., 1988; De Gara, 2003; Stasolla etal.,2003; Belmonte

and Yeung,2004; Belmonte et al., 2005; Belmonte and Stasolla,2007).

Genetic regulation of the shoot apical meristem has been exhaustively

investigated in the angiosperm Arabidopsis (for review see Williams and Fletcher, 2005),

and to a lesser extent in gymnosperms such as spruce (Stasolla et a1.,2003; Stasolla et al.,

2004a; Tahir el a1.,2006). Molecular markers are therefore readily available and serve as

useful tools for the study of stem cell regulation in the shoot meristem. Genes associated

with meristem identity include WTISCHEL (W,(lS) from Arabidopsis and HOMEOBOX of

KNOX (HBK) from the knox (Knotted-like homeobox) family of homeobox genes from

spruce in addition to PgAGO from the ARGONAUTE family. Moreover, certain KNOX

genes have been shown to be preferentially expressed in embryos of improved quality

(Belmonte et aL.,2005). Mutations related to loss and gain of function mutations indicate

that lrnox genes are important regulators of meristem function (Reiser et al., 2000; Barton,

2001; Belmonte et a1.,2007). Although our understanding of the molecular networks

involved in the establishment and continual maintenance of the SAM is well understood

at the zygotic level in angiosperms, little is known about how certain genes interact

during in vitro culturing of either microspore-derived-canola embryos or somatic

embryos of spruce.

The organization and maintenance of the meristem remains as one of the

fundamental questions in plant development. Although much research has been

conducted on the study of genes related to meristem formation (Chan et al., 1998; Takada

and Tasaka ,2002; Carles and Fletcher; 2003), the physiological and molecular

mechanisms regulating meristem maintenance remain unclear, especially during

embryogenesis in vitro. In vitro culímng of somatic or microspore derived embryos

often leads to meristem deterioration (Kong and Yeung, 1994; Yeung et al., 7996).

Recently, the GSH/GSSG redox pair, and more specifically the importance of the

oxidized form, GSSG, has been shown to be paramount in maintaining meristem integrity

in both roots (Sanchez-Fernand ez et al., 1997; Jiang et al, 2003) and shoots (Belmonte et

aL.,2005). Taken together, I propose to test the hypothesis that the glutathione redox pair
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plays a major role during embryogenesis. Two systems will be used in my study to test

this hypothesis: i) the canola system to examine microspore derived embryo (MDE)

development and 2) the spruce system to study somatic embryo (SE) development. Both

canola and spruce are model systems used to investigate angiosperm and gymnosperrn

embryogenesis, respectively. Based on the literature it is apparent that organized

development, especially within the shoot apical meristem, is under similar mechanisms of

control. Understanding these common elements will provide information for improving

the quality of ernbryos produced in vitro.

The canola system: MDE development

Due to the difficulty of isolating and manipulatingzygotic embryos,

investigations on various aspects of embryo development have focused on using embryos

derived from in vitro culture systems. Since the first report of isolated microspore culture

of B. napus (Lichter, 1982), a large number of laboratories have reported the production

of very high frequency embryogenic lines (Fan et al., 1987). This has led to the

utilization of the microspore system in B. napus in developmental, histological,

physiological and molecular studies. It is widely understood that an appropriate stress

treatment is necessary for successful MDE development. An external stimulus often

brings about changes in the developrnental program which ultimately allows for plants to

survive the ever-changing environment. Because of their sessile nature, the ability of a

plant cell to switch its developmental fate is a totipotency characteristic of all plants and

is best exemplified in MDE formation. Figure 1 outlines the process of pollen embryo

developrnent. Under normal conditions, pollen mother cells undergo meiosis which leads

to the formation of haploid, uninucleate microspores. Following a round of mitosis,

microspores undergo a process called microgametogenesis leading to the formation of a

two-celled pollen grain with a vegetative and generative cell (Yeung et al., 1996). In

general, the generative cell divides once more to give rise to two sperm cells and the

development of mature pollen with three nuclei. Interestingly, in many species, through a

mild heat shock, the pollen developmental program can be diverted at the late



Figure 1.1. Schematic diagram of microspore derived embryo development in

canola. Normal pollen development occurs under normal conditions ín vivo. Pollen

mother cells undergo meiosis leading to the formation of a haploid uninucleate

microspore (left grey). Following a round of mitosis, microgametogenesis of the

microspore leads to the formation of a two celled pollen grain with a vegetative and

generative cell. The generative cell then divides once more to give rise to two spenn

cells leading to the development of a rnature pollen grain with three nuclei. Pollen

development is diverted to that of microsporogenesis in culture following abrief 32eC

heat shock treatment for three days which divides the microspore symmetrically. Cells

continue to divide and follow a characteristic angiosperm embryogenic pathway leading

to the formation of a mature cotyledonary embryo (righÐ.
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uninucleate stage to microsporogenesis. The stress treatment therefore acts as a signal to

reset the developmental program into an embryogenic pathway (Touraev et al., 1997).

[nduction of embryo genes is

Induction of MDE formation is a hot topic in today's research (Pauls et a1.,2006;

Malik et al; 2007; Joosen et a1.,2007). Factors that contribute to the embryogenic

response of cultured microspores will ultimately provide insight into understanding cell

development and specifically cell fate. Potential mechanisms that contribute to the

induction of embryogenesis include mRNA biosynthesis (Touraev et al, 7997; Custers et

a1.,2001), protein synthesis (Smykal et al, 2000) and the initiation of syrnmetrical cell

division (Zaki and Dickinson, 1991). The brevity of the induction process (8h in heat

treated B. nøpus; Pechan et al. 1991) suggests that the mechanisms operating during this

period have fast response times. During MDE induction, the existing polarity of the

pollen mother cell is disrupted and a new polarity is established for the continuation of

the embryogenic process. One possible explanation for the observed change in polarity is

through changes in pH observed in embryogenic microspores. For example, changes in

pH that could affect movement of Caz* into and out of the cell may drive downstream

signal transduction cascades including protein phosphorylation events that promote cell

division (Woronuk, 2002).

Another aspect of embryogenic activation, the first mitotic division is considered

to be the completion of the induction process (Pechan and Smykal, 2001). The formation

of a preprophase band within embryogenic microspores divides the cell equally into'two

daughter cells (Yeung et al., 1996; Simmonds and Keller, 1999) (Figure 1). This

formation is absent during normal pollen development and suggests the cytoskeleton and

associated proteins play amajor role in comrnitting the microspore to the sporophytic

pathway (Pauls et a1.,2006). Recently, it was found that plant ROP proteins (analogous

to Rho's in other systems), which are part of the Ras superfamily of GTPases, act as

molecular switches in the organization of the cytoskeleton (Li and Yang, 20Ol; Vernoud

el a1.,2003). Since ROPs are responsible for the organization of the cytoskeleton, and in

turn changes in morphogenic effects, it was possible to isolate and charactenze different
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ROPs expressed between pollen-like and embryogenic cells of B. napus (Pauls et al.,

2006). Differences in Rops expression guides cytoskeleton re-organization, setting the

fate of the pollen cell to either gametogenesis or the embryogenic pathway. Cell sorting

methods reported by Pauls et al. (2006) enable the sorting of embryogenic from non-

embryogenic cells. The use of flow cytometric methods together with sensitive gene

amplihcation and proteomic techniques will continue to provide new insights into

possíble triggers of embryo development in microspore culture (Pauls et al., 2006).

Embryo development and maturation

Histodifferentiation

Histodifferentiation may be defined as the morphological appearance of cells and

their associated components in the development of tissues during embryogenic

development (Steeves and Sussex, 1989). The process of histodifferentiation in zygotic

and MDEs of B. napus has most recently been detailed in works by Yeung et al. (1996)

and Ilic-Grubor et al. (1998). The morphogenic pathway is highly variable and often

occurs under high sucros e (13%) or osmotically stressed (high molecular weight

polyethylene glycol) culture conditions. Microspores increase in size rapidly upon

cultivation and begin to divide within the first day. The first mitotic division results in

the formation of two equally sized daughter cells. Commitment to the embryogenic

pathway is associated with the fonnation of a pre-prophase band which delineates the

future position of the cell wall. Morphological changes, including cell enlargement and

division generally occur within the boundaries of the original pollen wall for the first

week of culture. Early cell division pattern varies and does not follow a strict histogenic

pathway often observed in ovulo in other comparative model systems (Yeung et al.,

1996). Therefore, strict cell division pattems observed during zygotic embryogenesis in

ovulo are not required for histogenesis during rnicrospore development. Oftentimes

during culture, a suspensor develops, much like that observed during zygolic

embryogenesis. Embryos displaying the suspensor-like cell system are also comparable

to their zygotic counterparts in cell division patterns and profiles of the embryo proper.
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Globular embryos can be observed by the tenth day in culture. This is the time

when, the formation of the protoderm begins. Like their zygotic counterparts, tissue

differentiation begins at the late globular stage and continues through to the torpedo stage

of embryogenesis. During this time, the root and shoot apical meristems are fonned in

addition to the establishment of cotyledon primordia, procambium and ground tissue. By

day 15, the embryo has elongated into a torpedo shape.

Despite a large number of structural studies currently available detailing

histogenesis in B. napus, our understanding of the molecular nature of histodifferentiation

of MDEs primarily comes from work done on the model system Arabidopsis (Spencer et

a1.,2007). Formation of the SAM, early in development, is one of the key events in the

histodifferentiation of the embryo. Earlier studies by Ramesar-Fortner and Yeung

(2001), suggest that histodifferentiation of the shoot apex is not a determined event as

once thought. The labile nature of this complex structure was investigated following

treatment with an auxin transport inhibitor, triiodobenzoic acid (TIBA). Following TIBA

treatment, cotyledons failed to separate leading to a cup-shaped or trumpet-like

morphology. These results suggest a positive role for auxin transport in the establishment

of bilateral symmetry and overall quality of embryo structure (Iwanowska et aL., 1997).

Moreover, when TIBA was applied at the globular stage of development, zygotrc

embryos failed to convert (Ramesar-Fortener, 1999). However, when embryos were co-

incubated with TIBA at the heart stage or later, TIBA had little to no effect of meristem

organization suggesting that determination of the shoot apex occurs within a short period

of time between the globular and heart stage of zygotic embryogenesis. During pollen

embryo development, embryos that are cultured for prolonged periods, that is, beyond 30

days, begin to synthesize starch granules within the cells of the sub-apical region of the

SAM,therebylosingtheirmeristematicidentity.Encroaclrmentofstarchandthe

expansion of the sub-apical cells, promotes intercellular space fonnation, indicating that

the SAM is not fully determined when embryos are cultured in vitro (Sharma and

Bhojwani, 1989; Yeung et a1.,1996). Understanding the nature of meristem

determination is therefore one of the fundamental questions that remains to be answered

in plant developrnent. Recent studies by Belmonte et al. (2006), suggest the meristem of
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cultured embryos may be under the control of glutathione. Alterations in glutathione

metabolism skewed towards its oxidized form, following glutathione depletion, improved

meristem organization and function during prolonged culture periods. The data further

supports a notion that the glutathione redox ratio may serve as an upstream physiological

trigger in the hormonal control of embryogenesis required for the proper execution of

histological events.

Since MDEs fail to remain fixed in their developmental pattern during prolonged

culture periods, a number of groups have attempted to improve the chemical environment

in which the embryos develop. Ilic-Grubor et al., have clearly illustrated the importance

of media components on MDE development (llic-Grubor et a7.,1998a,1998b). For

example, attempts were made to mimic the very negative water potential observed in

ovulo (Yeung and Brown, 1982). Inclusions of 22o/o polyethylene glycol and 0.1o/o

sucrose resulted in normal embryo development and I00% germination rates with

morphological patteming and storage product deposition that resembled their zygotic

counterparts (Ilic-Grubor et al., 1998a, 1998b). Other attempts using ABA have also

proved successful in generating good quality MDEs (Taylor et al., 1990; Ramesar Fortner

and Yeung,2001).

Storage product deposition

Seed storage reserves provide essential nutrients for human and livestock

consumption. Therefore it is not surprising that a number of studies have focused on the

physiological, biochemical and molecular nature of storage product deposition within the

maturing embryo to improve overall seed quality. Microspore-derived embryos have

proven to be an exceptional model system in the study of storage product biosynthesis.

In B. napus, media components guide the rate of accumulation and type of storage

product produced. For example, when embryos are cultured using standard Lichter's

mediurn (NLN; Lichter, 1982) with 13% sucrose, the primary storage product found

within the developing embryo is starch (Yeung et al., 1996, Belmonte et a1.,2006).

Starch rnay be detected using a periodic acid Schiff reaction on sectioned rnaterials. In

developing embryos, starch granules are generally absent from the shoot and root apical
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meristems as well as the procambiurn; instead starch reserves preferentially accumulate

in the protoderm, ground tissue and cotyledons especially towards the later stages of

development. Lipid bodies generally accumulate as irregular structures and vary in shape

compared to their zygottc counterparts (Taylor et a1.,7991; Yeung et al., 1996). Despite

the differences in morphological appearences, the overall fatty-acid profile is comparable

between the two systems (Pomeroy et al., 1991;Wilberg et al., 1991). In general, storage

proteins are absent from developing MDEs due to chemical restraints in the culture

medium. Methods to improve the storage protein profile include inclusions of

polyethylene glycol or ABA which have profound effects on the accumulation of proteins

like napin and cruciferin (llic-Grubor et a1.,1998a; Taylor et al., 1990).

Honnonal control of MDE development

Hormones play major roles in the control of embryo development. In recent

years, embryo systems like the canola pollen embryo system have extended our

knowledge and understanding of hormone function during embryogenesis. For example,

auxin levels play key roles in the establishment of bilateral symmetry and serue as signals

in the establishment of the embryonic body plan (Souter and Lindsey, 2001).

Gibberellins appear to be modulators of axis elongation and cotyledon expansion (Hays

et al., 2002). Ethylene has been shown to control cotyledon expansion and clearly

demonstrates its involvement in nonnal MDE development (Hays et a1.,2000). ABA

plays important roles during seed development, especially seed maturation and storage

product deposition. Similar to its action during zygotic embryogenesis, ABA stimulates

storage protein and oil body protein production in MDEs (Taylor et al., 1990). Inclusion

of ABA during early stages of development improves SAM development and function

resulting in stably determined SAMs (Ramesar-Fortner and Yeung, 2001). The large

number of published studies available for MDEs clearly exemplifies the usefulness of this

system in the study of embryogenesis. However, a better understanding of hormone

metabolism, especially that of ABA and how this important regulator of plant

development is orchestrated during embryogeny is still unclear and should provide

insight into the control of pattern fonnation during embryogenesis.
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Potential use in biotechnology

The inaccessibility of the zygolic embryo makes the MDE system of B. napus

ideal for the study of embryogenesis. Moreover, since the amount of tissue derived from

a single harvest is more than sufficient for most physiological, biochemical and

molecular assays, it is surprising that there are few detailed reports of the molecular

regulation of pollen embryo development (for reviews see Maraschin et al.,20Q5; Pauls

et al., 2006). One of the main advantages of using this type of system is that any genetic

variation introduced will permit recovery of haploid mutant/transgenic plants. Following

artificial chromosome doubling with colchicine treatment, diploid homozygous true-

breeding plants may be recovered (Yao et aL.,1997). Different transformation procedures

including microinjection (Jones-Villeneuve et al., 1995), electroporation (Fennell and

Hauptman, 1992), Agrobøcterium mediated (Huang, 1992) and biolistics (Yao et al.,

1997) have all been successful in generating stable transgenic plants.

The spruce system: somatic embryogenesis

Somatic embryogenesis can be defined as the asexual reproduction of somatic

cells that are able to differentiate and develop into a whole plant through characteristic

embryological stages. Conifer somatic embryogenesis has been well described in a

number of species (Attree and Fowke , 1993; Filonova et al. 2000a; Stasolla et al, 2003).

However, when compared to angiosperms, initiation of spruce somatic embryo cultures is

a relatively new biotechnological tool used in the propagation and development of

conifers. For example, the white spruce tissue culture system was one of the first somatic

embryogenic culture systems established for gymnospenns (Durzan, 1980; Lu and

Thorpe, 1987). Spruce proves to be a model system for the study of embryo development

in conifers as a large number of investigations have been conducted on many of the

morphogenic, physiological and biochemical aspects of this coniferous species (for

review see Stasolla et al. 2001; von Arnold et al., 2002; Stasolla and Yeung,2003).

Somatic embryo development is charactenzed by a series of developrnental stages similar

to their zygofic counterparts. Therefore, the rational manipulation of the tissue culture

environment is based in part to re-create ideal conditions normally seen in ovulo.
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Although our understanding of spruce development is becoming clearer, especially with

the advances in molecular biological techniques applied to these systems, many problems

persist. For example, not all tissues have the generative capacity to form good quality SE

lines, and are therefore strongly genotype-sensitive. Transdifferentiation during the early

stages of proliferation from pro-embryogenic masses (PEMs) to early SE is also a

concern. Failure to develop through these early stages often leads to poor output during

the maturation stage of development. This said, proper histodifferentiation of the major

tissue types is also required for vigourous SE-derived plantlets and regenerants. In order

to achieve good quality SE plantlets, embryogenic tissue must undergo a series of steps

that require specific culture and media conditions. Unfortunately, optimization of the

culture conditions and media components continues to hinder the innate ernbryogenic

capacity of each line. Therefore rational manipulations of the culture conditions are

imperative in achieving a superior quality product. Based on the above, somatic

embryogenesis may be divided into three distinct stages: 1. Induction and maintenance of

embryogenic tissue. 2. Embryo maturation. 3. Conversion of mature SEs into viable

plantlets.

Induction and maintenance

Induction of SE from spruce is greatly affected by the choice of explant. In

spruce, the tissue of choice colres from immature zygotic embryos at the club - pre-

cotyledonary stage of development. Other tissues that have also successfully generated

SE include mature cotyledonary embryos (Verhagen et al., 1989), fernale gametophytes

and cotyledons of young plantlets (Krogstrup, 1986; Lelu and Bornman, 1990). Once the

choice explant has been selected, the imrnature zygotrc embryo requires continuous

exposure to auxin (2,4-D) (i0 pM) and the cytokinin Ñ-benzyladenine (BA) (5 frM),

Other factors such as sucrose (I-3 %) are also important to the induction process (for

detailed methods see Chapter 4 and 6). The Litvay media (Litvay et al., 1985) are the

media of choice used for all stages of development; however AE (von Arnold and

Eriksson, 1981) and MS (Murashige and Skoog, 1962) media have also been used

successfully. Embryogenic tissue, if derived from zygotic embryos, generally appears



15

from the hypocotyl region 3-4 weeks after induction. Good quality embryogenic tissues

usually consist of translucent filamentous embryos colnposed of cytoplasmically dense

embryogenic heads and vacuolated suspensor-like tails (Lu and Thorpe, 1987).

Proliferation of Picea abies embryogenic tissue in liquid medium follows three

distinct stages of development (Filonova et a|,2000a) (Figure 2). Under specific culture

conditions, proembryogenic masses (PEMs) are stimulated to transdifferentiate through

three stages (PEM I, PEM II and PEM III) as they undergo cellular division and

expansion of the embryogenic heads and cytoplasmic suspensor-like tails. PEM Is are

simple in structure and are composed of small cytoplasmic cells subtended by one large

vacuolate-elongated suspensor cell. As PEM Is develop into PEM IIs the number of

cytoplasmic head cells increase concomitantly with an increased number of suspensor

tails. PEM IIIs are the final developmental stage observed in the proliferation medium.

These cell aggregates contain many embryogenic heads and suspensor tails which have

the capacity to form early SEs or de-differentiate back to PEM Is before the cycle is

repeated. Time-course trials are often employed to examine the growth potential and

developmental dynamics of a particular line (Filonova et al., 2002). As a result,

understanding growth rates, through the frequency composition of PEMs within the:

culture is imperative for continued maintenance of a highly embryogenic line.

Since the subsequent generation of mature somatic embryos is strictly dependent

upon the availability of proliferating embryogenic tissue, the maintenance of quality
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Figure 1.2. Schematic diagram of somatic embryo development in spruce.

Somatic embryogenesis is divided into three stages. 1. Early somatic embryos

proliferate on media containing the PGRs 2,4-D and BA for seven days. In Norway

spruce, PEMIs are continually formed and develop into PEM IIs and Iils. PEM IIIs can

then either continue to develop into early SEs or divide to form new PEM Is 2. Embryo

maturation is stimulated following the transfer of proliferating tissue to media containing

ABA. In Norway spruce, a seven day PGR-free period is required to improve SE yield.

Embryos develop into cotyledonary stage embryos after forty days on the solid

maturation medium. 3. Finally, embryos are desiccated over a period of ten days before

being placed onto a PGR-free germination medium where they are converted into

plantlets.
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embryogenic cell lines, capable of producing mature cotyledonary embryos, is of primary

impofiance for developmental studies. In my thesis research, the maintenance culture is

also used to study the role of redox compounds on cell proliferation and vice versa since

the culture can be maintained as a liquid suspension. This greatly potentiates the feeding

of different glutathione redox compounds to the culture medium as well as the relative

ease in evaluating the effects.

Embryo development and maturation

To stimulate SE development in P. abies, plant growth regulators are removed

(Figure 2). Media devoid of plant growth regulators is thought to be a trigger in

executing the developmental switch from PEM III to early SE (Filonova et al., 2000a).

The developmental potential of specific cell lines, that is, their ability to differentiate into

normal quality somatic embryos, is dependent on the removal of growth regulators and is

largely genotype specific. Cell lines incapable of producing mature somatic embryos

often abort between the PEM III and early SE stage of development. Abnormal

transdifferentiation is often associated with genomic mutations, altered gene expression

or poor culture conditions (Bozhkov et aL.,2002). Following the hormone-free treatment,

embryos are placed onto LV media (Litvay, 1985) containing ABA to stimulate embryo

development. The level of ABA required to promote embryo development and

maturation is genotype specific. For example, high levels of ABA (a0 ¡rM-60 pM) are

required to promote embryogenesis in P. rubens (Hany and Thorpe, 1991) and P. abies

while other species such as P. mariana are responsive to levels as low as 12 pM (Attree

et al., 1990). Embryo production occurs throughout a four to six week period and is

largely genotype-dependent. Recently the addition of 0.4 o/oPhfiagel instead of purified

agar has been used with great success in the maturation of SEs (Stasolla et a1., 2003).

Phytagel may provide increased osmolarity to the medium by enhancing maturation

pÍocesses without the use of other non-perrneating osmotic agents such as polyethylene

glycol (PEG). The use of PEG to stimulate maturation is well understood and has been

used by a number of groups (Attree et al., 1990; StasolTa et a1.,2003). PEG may also be
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used to restrict water uptake into the embryo, increasing its maturation potential, thereby

preparing the embryo for germination events.

To induce proper germination events, somatic cotyledonary embryos require a

desiccation period that terminates maturation processes and initiates the germination

response (Kermode, 1990). The partial dryrng treatment (PDT) allows for gradual and

lirnited water loss (Roberts et al., 1990). Mature cotyledonary embryos are partially dried

on sterile filter discs in the center wells of a 24-well plate, while the outer wells are filled

with sterile water (Roberts et al., 1990). PDT-treated SEs lose approximately 10 % of

their fresh weight during a 10 d treatment (Kong et al., 1997 ). In P. gløuca, PDT is

necessary in order to maintain a high conversion frequency (Kong and Yeung, 1994).

Somatic embryo conversion

Conversion, defined as the emergence and development of both root and shoot

strucfures, is an indirect assessment of SE normality and a direct assessment of

functionality (Stasolla and Yeung, 1999). Conversion is a better way of assessing the

quality of the embryo as both apical meristems are functional. The term germination

usually refers only to root elongation. In many SEs, root elongation is not necessarily

followed by shoot growth. Thus, one cannot claim successes based on the generation of

bipolar embryo-like structure alone, if conversion rate is low (Yeung and Stasolla, 2000).

The low percentage of conversion observed is often a result of poor SAM development or

defects in meristem organization observed during embryogenesis in vitro. Recently AA,

a redox compound, has been shown to promote shoot growth in P. glauca somatic

embryos during germination and subsequent conversion (Stasolla and Yeung,lggg).

This infonnation alludes to a potential role for redox-mediated growth in plant

development (Stasolla and Yeung, 1999) where conversion may be used to assess

meristem initiation during post-embryonic development (Stasolla et al., 2006).

More work is needed to examine the structural properties of the SAM in parallel

with biochemical and molecular events that lead to a functional and determined shoot

meristem during somatic embryogenesis. As a result, the potential exists for achieving a

more complete understanding of the regulatory mechanisms associated with producing a
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high quality product through in vitro techniques. The relatìonship of certain biochemical,

physiological and molecular pÍocesses to structural architecture, especially with regard to

SAM detennination also remains elusive.

Histodffirentíation - structural and developmental processes

The first sign of histodifferentitation in white spruce somatic embryos occurs at

the early fìlamentous stage with the formation of the protoderm, the outermost layer of

cells of the embryo proper (Kong and Yeung,1992). Morphogenic pathways are variable

under culture conditions. Like canola, alarge number of morphological and anatomical

studies are readily available detailing histogenesis in spruce. However, our knowledge of

the molecular networks responsible to proper morphogenic events is still unclear. The

protoderm of P. glauca forms through anticlinal divisions in the ourtermost layer of the

embryos and is thought to be a major event leading to the formation of morphologically

'normal' embryos since it regulates further embryo growth (Yeung, 1994). Cells of the

embryo proper continue to divide through the early filamentous stage of developemnt,

while suspensor development is less prolific. Differentiation of the root (RAM) and

shoot (SAM) apical meristems starts at the filamentous-club shape stage of embryo

development. The cotyledonary stage of development begins with the emergence of a

series of4-8 cotyledons. Cotyledons develop at the peripheral edge ofthe shoot apex and

emerge from the proximal portion of the embryo proper. Cotyledon number has also been

used as a morphological marker of good quality SEs (Egertsdotter and von Arnold, 1998;

Belmonte and Yeung,2004). Embryos with fewer than four cotyledons convert less

readily, a direct result of poor SAM development. Therefore, proper initiation of the

cotyledons may prove to be an important signal in SAM formation.

Differentiation of the shoot and root apical meristems is crucial for the

establishment of good quality SEs since embryo performance is often dependent on the

proper organization of these structures. For example, during SAM differentiation in P.

glauca, the terminal apical layer of the immature filamentous embryo is densely

cytoplasmic with large pronounced nuclei (Kong et al., 1997). The sub-apical region is

composed of more vacuolated cells charactenzed by heavy accumulation of starch and
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protein. These vacuoles decrease in size as the embryo matures. SAM shape is often

times variable within SE lines and may be either flat or dome-shaped. Compared to their

zygolic counterparts, where the SAM is always dome-shaped and highly organized, the

SAM of spruce SEs often deteriorates through later stages of the maturation process

(Yeung et al., 1998). Such meristems are often poorly developed and are charactenzed

by large intercellular spaces (Kong and Yeung, 1992). Poorly organized SAMs often fail

to re-activate during germination and ultimately fail to produce a good quality shoot

system. Detailed studies on RAM differentiation during spruce SE development are

lacking. In general, the RAM of white spruce SEs follows a similar pattern of

differentiation as its zygotic counterpart with a reduced number of apical initials (Yeung

et al., 1998).

Accumulation of storage products in developing SE of spruce follows a precise

pattern. Starch begins to accumul ate early and is then followed by protein and lipid

deposition (Joy et al., 1991). Starch granules are first observed in the proximal region of

the suspensor at early filamentous stages. Starch reserves are also found within the sub-

apical region of the SAM but preferentially accumulate in the cortical region of the

embryonic axis as the embryo matures (Kong et al., lggg). Lipids and proteins are also

found in abundance within the embryonic axis and cotyledons in cotyledonary stage

embryos where the accumulation of these deposits aids in the preparation of desiccation

tolerance and further germination events.

Hormonal control of embryogeny

The generation of a somatic embryo in culture always requires the addition of

growth regulators to the culture medium. For conifer somatic ernbryogenic systems,

auxin is needed in the initiation and maintenance of the culture, while abscisic acid is

required for the embryo maturation process (Attree and Fowke, 1993). Exogenously

supplied growth regulators play a critical role in facilitating morphogenic processes

required to produce a normal cloned embryo. Although the exact mechanism of how

these growth substances bring about the morphogenetic changes is not known, some of

their actions may be mediated through redox compounds and their associated enzyrnes.
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It is well accepted that auxins promote cell division and expansion during early

embryo development (Kong et al., 1997; Fischer-Iglesias and Neuhaus, 2001). Auxins

such as 2,4-dichlorophenoxy acetic acid (2,4-D) are used to reactivate the cell cycle and

promote transdifferentiation of PEMs during the proliferation phase of the culture. The

general concept of growth and development is often represented through a balance

between stimulatory and inhibitory substances. In general, initiation and maintenance of

embryogenic cultures require continuous exposure to auxin (or other plant growth

regulators) in order to ensure a continual production of embryogenic tissue or embryos.

During zygotic embryo development, the embryo first undergoes tissue 
:

differentiation followed by maturation and developmental arrest leading to seed

desiccation (Kermode, 1990). The maturation stage is characterizedby storage product

deposition and the acquisition of desiccation tolerance (for review see Bewley and Black,

1994). During zygotic embryo development, ABA concentrations rise at the end of

embryogenesis, reach a maximum during the maturation stage and then decrease after the

accumulation of storage reserves and the beginning of desiccation (Rock and Quatrano,

1995). ABA has also been shown to induce genes related to storage products and

desiccation tolerance (Cuming et a1.,7996). It is well accepted that ABA is essential to

zygotic embryo development (Fischer-Iglesias and Neuhaus, 2001). For SE maturation,

ABA has been shown to be essential to maturation processes through the stimulation of

storage product deposition and the prevention of precocious germination.

Recently, information concerning the redox regulation of ABA has been

associated with signal transduction and stress responses in higher plants (Meinhard et al.,

2002; Pastori and Foyer, 2002). ABA has been shown to increase cellular concentrations

of GSH during periods of drought stress through increased generation of reactive

oxidative species (Jiang andZhang,2002). Therefore, in the white spruce embryogenic

system, maturation of embryogenic tissue may require an oxidative signal through ABA

action to ensure proper development. Although there is little information concerning the

relationship between ABA and redox compounds during embryo development, the

addition of oxidized glutathione (GSSG) to the ABA containing maturation medium

appeared to benefit the maturation process of white spruce SEs, by maintaining embryo
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stability and preventing precocious germination (Belmonte and Yeung, 2004). This

observation suggests that GSSG may interact synergistically with ABA resulting in the

formation of a"zygole-1ike" SE. It has been shown that precociously germinated somatic

embryos contained lower levels of ABA than normally germinatingzygotic embryos

(Faure et al., 1998). Altered endogenous hormonal levels within the cultured tissue that

may be a result of an altered redox state might cause the abnormal developmental

features.

I

Shoot apical meristem organization

Regulation of the shoot apical meristem is dependent on a series of antagonistic

forces (feedback signaling loop) between stem cell renewal and differentiation that

maintains the organization of the shoot meristem. The SAM, embryonic in nature, is

formed initially early during embryogenesis in both canola and spruce, as in other

species, and gives rise to all above ground tissues and organs of the plant. Although the

basic molecular mechanisms underlying meristem function appear to be similar in both

angiosperms and conifers, meristem ontogeny and organization are different. Zonation

within the SAM of angiosperms, including the model plant Arabidopsis and canola can

be divided into three distinct zones that are clearly defined based on cytoplasmic density

and cell division rates: the central zone, the peripheral zone and the rib zone (Steeves and

Sussex, 1989). The central zone acts as a reservoir of pluripotent stem cells, dividing

slowly which help to replenish the more quickly dividing peripheral zones. The shoot

meristem of most angiosperms can also be subdivided based on cell lineage into three

separate layers (L1-L3). The outer Ll tunica divides periclinally and gives rise to surface

cells, including the epidermis, while theL2 tunica gives rise to the sub-epidermal and

cortical parenchyna cells. The inner L3 corpus divides in all directions continuously

supplying cells to the rib meristem. By contrast, the shoot meristems of conifers are

classified based on cytohistological zonation due to anticlinal division observed within

the terminal apical layer (Steeves and Sussex, 1989).

One of the main concerns facing ín vitro culture of ernbryos is the lack of shoot

apical meristem identity following prolonged culture periods. During zygotic
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embryogenesis, the meristems remain as fixed structures with a determined cell fate

(Steeves and Sussex, 1989). Cell fate is thought to be determined, in part, on cell

position and is ultimately dependent on the renewal of stem cell initials and the regulation

of cell differentiation (Lenhard et al., 2002). Oftentimes, perlurbations in this balance

results in abnormal meristem ontogeny and aberrant phenotypes, leading to poor post-

ernbryonic perfonnance. It is the anatomy - structural organization * of these diverse

groups of cells that ultimately leads to the success or failure of the somatic embryo

derived plantlet. Following the completion of embryo maturation, structural deterioration

within the apical region via increased vacuolation, expansion of meristematic cells

leading to the development of intercellular spaces, and a lack of storage product

deposition are common properties of less functional embryos (Kong and Yeung, 1994).

More work is needed to examine the anatomic properties of the SAM in parallel

with biochemical and molecular events that lead to a functional (determined) meristem

during in vitro embryogenesis. As a result, the potential exists for achieving a more

complete understanding of the regulatory mechanisms associated with producing a high

quality product.

Meristem marker genes

Apical patteming in Arabidopsis occurs gradually during embryogenesis (Long

and Barton, 1998). Primary organ formation - non-stem cell derived organs -

(cotyledons) appears to be initiated independently of the stem cells (Sussex and

Rosenthal, 1973, Belmonte and Yeung, 2004). This information suggests that although

cotyledons may develop normally, the lack of a stem cell population may lead to aberrant

post-embryonic development. The STM gene does not seem to be required for the

initiation of the stem cell population, but instead for their continual maintenance within

the SAM throughout the development of the plant (Barton and Poethig, 1993; Long and

Barton, 1998). The STM gene encodes a homeodomain protein analogous to the knotted

type found in maize, KNOTTED1 (KNl), and is therefore likely to act as a transcription

factor in regulating SAM developrnent (Long et al., 1996). Both genes are expressed

throughout the shoot apex to keep cells in an undifferentiated state. The mutation of the
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STM gene was found to specifically block the initiation of the SAM without affecting the

growth of other portions of the embryos including the hypocotyl and cotyledons. Thus,

stm fails to organize a histologically recognizable SAM during embryogenesis.

Interactions with other genes, including CLV and IYUS suggest that STM acts

independently of these genes, but all are required for maintaining shoot meristem identity

(Lenhard et a1.,2002).

Unlike the abundance of meristem marker genes charactenzed in angiosperms, in

conifers such as spruce, few genes have been described that correspond to genetic

markers of the shoot apex. Many of the genes that do correspond to meristem identity

belong to the K¡/OX(KNOTTEDl-like horneobox) family that shows homology to the

STM gene in Arabidopsis. The KNOX genes can be divided into two classes. The Class

1 lcnox genes are generally expressed in meristematic tissue, while Class II genes have

more diverse expression patterns. As important factors in meristem organization and

maintenance, the focus of the present study will aim at Class I lcnox genes in spruce. The

latter is of particular interest as only five genes all belonging to the KNOXfamily, have

been charactenzed in gymnosperms. Sundås-Larson et al. (1997) were the first group to

isolate and charactenze a oDNA corresponding to a homeobox gene, HBK| (horneobox

of KNOX class) frorn the conifer P. abíes, a member of the KNOX class i. These results

suggest a possible role in meristem function. Ectopic expression of HBKI in Arabidopsis

caused aberrant leaf morphology similar to those found in other KNOX genes (Sundås-

Larson et al., 1997). Furthermore, examination of phenotype during embryogenesis was

absent from the study.

Expression and characterization of two more KNOX genes, HBK2 and HBK3,

have been described by Hjortswang et al. (2002). Both genes have been shown to be

expressed in vegetative and reproductive tissue as well as during somatic embryogenesis

in a normally developing cell line of Norway spruce. Interestingly, HBK2 was not

expressed in a developmentally arrested line, suggesting a possible role for HBK2 during

somatic embryogenesis of Norway spruce and potentially in other spruce species

(Hjortswang et al., 2002). Although northern hybndization studies show the expression
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of these genes during embryogenesis, the precise cellular localization and transcript

expression levels is still unclear.

In another effort to characterize genes responsible for meristem identity in

conifers, Tahir et aL. (2006) have isolated and charactenzed a member of the

ARGoNAUTEfamiIyinArabidopsís,PgAGo.Membersofthisgenefamilyare

involved in gene silencing and have been shown to be expressed in the shoot apices of

angiosperms. In spruce, PgAGO expression is restricted to meristematic cells of both the

shoot and root apical meristems. Down-regulation of PgAGO produces embryos with

abnormal root and shoot apical meristems during embryogenesis and affects the post-

embryonic performance of both root and shoot systems (Tahir et a1.,2006).

Correct spatial and temporal regulation and control of the mechanisms underlying

shoot meristem fonnation and maintenance, and ultimately its determination, is

paramount in establishing a high quality somatic or microspore-derived embryo systems

for both theoretic and applied studies. The basic and fundamental control of cell

organization within the meristem, leading to its determined state, is instrumental in plant

growth and development.

Cellular redox state and the glutathione cycle

The intracellular redox state may be described as a complex interaction between

the relative concentrations of reduced and oxidized forms of any number of molecules

(Harvey et aL.,2002). Altered reduction-oxidation (REDOX) states of molecules

including nicotinamide adenine nucleotides (NADP*/'NIADPH), ascorbate (ASC/DHA)

and thiols-disulfides (for example, glutathione GSH/GSSG) play profound roles in

metabolism. Redox state - the balance between reduced and oxidized forms of a

particular molecule such as glutathione (GSH/GSH+GSSG) may be significantly

influenced by factors that stimulate the generation of oxidants or that shift the redox state

towards its oxidized fonn. it is important to note however, that shifts in the redox state

that favour oxidation is often necessary in guiding specific signals during development,

especially in the regulation of ernbryogenesis. This occurs with glutathione, where a more
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oxidized glutathione redox state is essential in determining embryo maturation both in

vitro and ín ovulo.

Glutathione is a major information-rich cellular redox-buffer controlling many

physiological and developmental events during embryogenesis. The glutathione redox

potential is dependent on both the GSH/GSSG and absolute glutathione concentration

(Gomez et al.,2004). Maintaining cellular glutathione homeostasis is largely dependent

on other redox couples such as ascorbate/dehydroascorbate and NADPHÆ{ADP* and

their associated recycling enzlrnes. Glutathione's intimate association with ascorbate has

lead to the recognition of a so-called ascorbate-glutathione cycle. The redox states of

these metabolites are in constant flux and undergo continuous oxidation/reduction cycles.

All three redox pairs exist interchangeably with their oxidized forms and are considered

to be major cellular redox buffers that guide morphogenesis, continually oxidizing and

regenerating through a series of enz5rmatic reactions (Figure 3). The first enzyme of the

ASC-GSH cycle, ascorbate peroxidase (APX) is found throughout the cell and oxidizes

ASC to the ascobate free radical while reducing hydrogen peroxìde. APX uses two

molecules of ASC to reduce H2O2 to water, concomitantly generating two molecules of

monodehydroascorbate (MDHA) and the ascorbate free radical (AFR). If MDHA is not

rapidly reduced, the short half-life of this molecule will eventually lead to the

disproportionation to ASC and DHA. The ascorbate free radical (AFR) is further reduced

back to ASC via an NADPH-dependent AFR-reductase (AFRR). The final oxidation

product of ascorbate, dehydroascorbate (DHA), is reduced back to ASC by DHA-

reductase, using GSH as a reductant. Finally, the GSSG produced as a result of the latter

reaction is further reduced to GSH by GSSG-reductase (GR) at the expense of NADPH

which acts as the reducing substrate. Ascorbate and glutathione fail to be consumed

during these series of enzymatic reactions, but participate in a continual transfer of :

reducing equivalents using all of the above mentioned enzyrnes, permitting continual cell

maintenance required for development.
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Figure 1.3. Schematic diagram of the ascrobate-glutathione system.

ASC, reduced ascorbate; AFR, ascorbate free radicals; BSO, buthionine sulfoximine;

CYS, cysteine; DHA, dehydroascorbate; EC; glutamylcysteine; ECS, glutamylcysteine

synthetase; GSase, glutathione synthetase; GLU, glutamate; GLY, glycine; GSH, reduced

glutathione; GSSG, oxidized glutathione; NADP*, nicotinamide adenine dinucleotide

phosphate oxidized form; NADPH, nicotinamide adenine dinucleotide phosphate reduced

form; AFRR, ascorbate free radical reductase; APX, ascorbate peroxidase; DHAR,

dehydroascorbate reductase; GR, glutathione reductase.
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Glutathione (L-y-glutamyl-L-cysteinyl-glycine) is a small peptide that is

synthesized enzymattcally and not as a result of mRNA translation (Alscher, 1989).

Glutathione's biosynthesis appears to be ubiquitous among all organisms; and is

sl,nthesized in two ATP-dependent steps within the chloroplast and cytosol of plants

(Nocter et aI.,2002). The first step, catalyzedby y-glutamylcysteine synthetase (y-ECS)

links the amino acids glutamate and cysteine. The second step, catalyzed by glutathione

synthetase (GSase) completes the tripeptide via the addition of glycine. Glutathione

synthetase may then be blocked by a specific glutathione biosynthesis inhibitor: L*

buthionine sulfoximine (BSO). This is a specific inhibitor of glutathione s¡mthesis

blocking the rate limiting step of the GSHs metabolic pathway; y-ECS (Griffith and

Meister, 1979).

The reduced form of glutathione (GSH) is a tripeptide (L- y-glu-L-cys-gly) that

exists interchangeably with its oxidized disulfide form, GSSG (Nocter and Foyer, 1998).

The reduction of GSSG to GSH, via glutathione reductase (GR), comes at the expense of

NADP(H), which is proposed to be the limiting reagent within the redox cycle. In

addition, GSSG has been shown to regulate glutathione reductase (GR) activity (Potters

el al.,2002), which is one eîzyme responsible for maintaining a reduced cytosolic

environment. Both GSH and GR appear to be ubiquitous in animals, plants, and

microorganisms (Rennenberg, 1982). Detailed studies have resulted in a comprehensive

understanding of the biosynthesis and metabolic fate of the glutathione redox pair (May

et al., 1998; Nocter and Foyer, 1998; Nocter et al,, 1998). However, only recently has the

role of GSH in plant development become clearer.

Glutathione and plant development

Many physiological and developmental processes in plants are driven by redox

reactions. The intracellular redox state is largely governed by extemal signals that

moderate the balance between the reduced and oxidized forms of various redox buffers

within cells (Pastori and Foyer, 2002). The redox state of the glutathione - glutathione

disulfide redox couple (GSH/GSH+GSSG) serves as an important indicator of the cell's

redox environment. Moreover, the glutathione redox couple serves as the most abundant
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redox couple in plant cells (Schafer and Buettner, 2001). This redox pair has been well

studied in plant and animal systems as an antioxidant, where it has been shown to be a

key player in the ability of cells to manage oxidative stress through deactivation of

oxidative molecules (for reviews see May et a1., 1998 and Nocter et a1., 1998; Maughan

and Foyer, 2006).

Besides glutathione's function as an antioxidant, this redox pair has also found to

play arole in developmental processes. Developmental regulation by glutathione in

plants has been suggested in a few earlier reports; however, only recently has this area of

research been more extensively investigated. Sanchez-Fernandez et al. (1997), found an

increase in root growth in mature Arabidopsis plants when treated with GSH. The

promotion of flowerin gin Arabídopsrs (Ogawa et al., 2001) and tracheary element

differentiation (Henmi et al., 2001), have also been speculated to be under the regulation

of this redox pair. GSH also appears to be an important factor in embryo developrnent in

vitro. The manipulation of the tissue culture environment in favour of a more oxidized

environment appears to promote SE maturation in wild carrot suspension culture

(Earnshaw and Johnson, 1985) and Norway Spruce (Jain et al., 1988). Recently, the

intimate relationship between the ascorbate-glutathione system and its importance in

kernel maturation and seed desiccation was investigated in zygotic embryo development,

highlighting the importance of oxidized intermediates like GSSG (De Gara et aL,2003).

Increased concentrations of GSSG were reported at the start of the maturation period,

through to desiccation. The relative oxidized environment would then aid in slowing

down metabolic machinery to ensure proper differentiation and maturation of the kernel,

These studies indicate that the glutathione redox pair has additional roles to play in plant

growth and development besides serving as an antioxidant.

Cell division and cell expansion are two components of plant growth that govern

plant morphogenesis. It appears that there is a strong correlation between glutathione

levels and mitotic activity. Elevated concentrations of endogenous GSH and ultimately a

higher GSH/GSSG ratio are often associated with, andlocahzed to, rapidly growing

tissues including meristematic regions and newly expanding leaves of pea (Bielawski and

Joy, 1986). Furthennore, exogenous application of GSH to carrot suspension cultures
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promotes continued cell proliferation (Earnshaw and Johnson, 1985). A recent study by

Belmonte et al. (2003) used GSH-supplemented proliferation medium to alter purine

nucleotide metabolism and improve growth of SE cultures of P. glauca. It is interesting

to note that all pathways of purine metabolism including de novo, salvage and

degradation, have been shown to be operative during spmce somatic embryogenesis and

appear to be correlated with glutathione activity (Ashihara et a1.,2007; Belmonte et al.,

2003: Belmonte et al., 2005). A number of more recent studies provide strong indications

that there is a direct relationship between GSH and mitotic activity in plants. In

Arabidopsis mature root, GSH treatment in vitro results in an increase in root growth

(Sanchez-Fernandez et al. 1997). High levels of GSH can be found in the epidermal and

cortical initials of Arabidops¿s roots that show high rates of cell division. Additional

information comes from the study by Vemoux et al. (2000) who found GSH to be

necessary for cell division initiation and maintenance of the Arabidopsis root meristem.

The ROOT MERISTEMLES,S / (RMLI) gene, responsible for cell proliferation within the

root tip (Cheng et al., 1995), encodes a GSH precursor (lglutamylcysteine synthetase),

necessary for its biosynthesis. Plants homozygous for the rmll mutalion have

dramatically lower root growth rates in addition to lower endogenous GSH levels.

Moreover, the rmll phenotype can be induced chemically with BSO to lower endogenous

GSH levels causing the cells of the root meristem to stop dividing. It is interesting to

note that in the rmll mulant, the SAM remained functional, producing vegetative

structures. Further evidence comes from the RAM of maize seedlings (Jiang et al.,

2002). Recently, Jiang et al (2002) have effectively dernonstrated the importance of

redox state in the root meristem. Quiescent center integrity of the root meristem is

proposed to be under oxidative control, via redox intermediates such as ascorbate and

glutathione (Jiang et a1.,2002).

The glutathione redox system may play a role in meristem activation during

maturation in vitro by regulating the balance between cellular proliferation and

differentiation. Meristem ontogeny is suggested to be dependent on antagonistic

processes between the renewal of the stem cell population and the regulation of cell

differentiation (Lenhard et al., 2002). Alterations in this balance can lead to aberrant
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phenotypes and decreased production rates. Although glutathione is not required for the

formation and maintenance of the SAM, its activity within this region may serve a

regulatory function in maintaining the region's structural integnty (Belmonte et al.,

2005). The balance between cell proliferation and differentiation within the meristematic

region ultimately governs post embryonic success.

Aims and purpose of the study

The mechanisms underlying organized development in canola MDE and spruce

SE systems are still unknown. Although these two systems are used as model plants from

different taxa, they share common underlying components in their regulatory networks.

The work of this thesis is divided into two main parts, The first part explores the

effects of altered glutathione redox states on embryo development, while the second part

focuses on the effects of altered developmental programs on glutathione metabolism.

The aim of the first part of the study was to understand glutathione's role during canola

MDE and spruce SE development ín vítro. The quality of ernbryos produced in culture

lies mainly with the conditions in which the embryos are produced. Therefore,

optirnization of the tissue culture environment with various glutathione treatments was

examined during the embryogenic process. Particular attention was paid to the

developmental properties imposed by low GSH/GSH+GSSG ratios through applications

of BSO, a specif,rc glutathione biosynthesis inhibitor. Exogenous applications of BSO

were used to shift the glutathione redox state in favour of a more oxidized envirorunent.

The effects of such manipulations in the promotion of superior quality embryos were

tested using maturation and conversion frequencies. The results were further validated

through anatomical observations and SAM molecular marker gene expression pattems of

developing MDEs and SEs. Following the positive results of these initial experiments,

further biochemical analysis was conducted. The effect of altered glutathione redox

states on the cellular ascorbate-glutathione redox cycle was further exarnined through

glutathione depletion with BSO. Components of the ascorbate-glutathione cycle (Figure

3) including their cycling enzymes were detennined spectrophotometrically and allowed
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for the determination of specific enzT,rnatic and non-enzymatic reactions necessary for

optimal culture of embryos produced in vitro.

The aim of the second part of the study was to explore the effect of altered

developmental programmes on glutathione metabolism. To determine how glutathione

metabolism reacts to altered developmental programmes, a biolistic approach was used to

produce spruce SEs with improved or weakened development. Both sense and antisense

constructs containing the spruce HBK3 homeobox gene were bombarded into

embryogenic tissue to produce independent over-expressing and down-regulating lines,

respectively. Since both ascorbate and glutathione contribute to cellular redox

homeostasis and developmental control of embryogenesis, the SE cell lines were used to

examine the glutathione redox status during development. Therefore, the purpose of this

thesis research was to produce superior quality functional embryos by understanding the

role of the tissue culture environment as well as genes regulating organized development

on the endogenous glutathione redox state during embryo development. This purpose

was examined using the following specific objectives as outlined below:

1. To study the effect of in vitro redox culture conditions, via exogenous

applications of GSH, GSSG, BSO and ABA on the development of

canola MDEs (Chapter 2)

2. To evaluate the effect of different glutathione redox states through:

applications of BSO and GSH on the ascorbate-glutathione system in

canola MDEs (Chapter 3).

3. To study the effect of glutathione depletion, through exogenous

applications of BSO, on the maturation and performance of spruce SEs

(Chapter 4).

4. To evaluate the effect of BSO on the endogenous levels and redox

status of the ascorbate-glutathione cycle in spruce SEs (Chapter 5).

5. To generate independent SE lines with improved or decreased

embryogenic potential and using the spruce homeobox gene, HBK3

(Chapter 6).
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To better understand how altered embryogenic prograrns, through over-

expression or down-regulation of the spruce HBK3 gene affects the

ascorbate-glutathione redox cycle during SE development of spruce

(Chapter 7).
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Belmonte MF, Ambrose SJ, Ross ARS, Abrams SR, StasollaC. 2006. Improved
development of microspore derived embryo cultures of Brassica Napus cv Topaz
following changes in glutathione metabolism. Physiologia Plantarum 127,690-700.

*NOTE: ABA METABOLISM WAS CARRIED OUT BY SJA, ARSS AND
SRA AT THE PLANT BIOTECHNOLOGY INSTITUTE, SASKATOON,
SASKATCHEWAN,

CHAPTER 2: IMPROVED DEVELOPMENT OF MICROSPORE DERIVED
EMBRYO CULTURES OF BRASSICA NAPUS CV TOPAZFOLLOWING

CHANGES IN GLUTATHIONE METABOLISM

INTRODUCTION

Over the past few years microspore derived embryo (MDE) cultures of canola

(Brassica napus) have been extensively utilized as a model system to investigate

physiological and biochemical processes regulating embryogenesis (for review see

Yeung, 2002). However, anatomical studies have revealed the existence of major

differences in histodifferentiation patterns between MDEs and their zygotic counterparts.

These differences, which become apparent after the cotyledonary stages of development

and which include severe deterioration in the organization of the shoot apical meristem

(Yeung et al. 1996), clearly indicate that culture conditions are not optimal for proper

MDE development. Methods for optimizing culture conditions have involved the

inclusions of several compounds, such as abscisic acid (ABA) (Rarnesar-Fortner, 1999)

and polyethylene glycol (PEG) (llic-Grubor et al. i 998), into the medium. Microspore-

derived embryos cultured in the presence of ABA accumulate storage product deposition

in a zygotic fashion, develop well organized shoot apical meristems (SAMs), and are able

to regenerate viable plants at a higher frequency (Wilen et al., 1990, Ramesar-Fortner,

1999). These beneficial effects were also reproduced by PEG, a non-plasmolizing

compound which mimics the naturally occurring osmotic stress on (Ilic-Grubor et al.

l 9e8).

Besides honnonal supplementations in the culture medium, another important

factor regulating embryogenesis in both animal and plant systems is the cellular redox

state (Eamshaw and Johnson, 1987; Gardiner et al., 1998; Shi et al.2000; Stasolla et al.,



36

2004; Belmonte at aL.,2005). Alterations of the endogenous glutathione redox status

ldefined as the ratio of the concentration of the reduced form (GSH) to the concentration

of the oxidized plus reduced forms (GSSG + GSH)l delineate specific stages of embryo

development both in vivo and in vitro. The initial phases of embryonic growth generally

occur in a reduced environment, i.e. high redox status, which seems to promote cell

division and proliferation. During the second half of embryogenesis the redox status of

the glutathione pool decreases. This metabolic shift is required for continual embryonic

development and proper accumulation of storage product deposition (Earnshaw and

Johnson, 1987; Arrigoni et al., 7992;De Gara et al., 2003; Stasolla and Yeung 2003;

Belmonte et al 2005). Experimental rnanipulations of the cellular redox status through

exogenous applications of reduced or oxidized forms of glutathione have profound

effects on embryo developrnent. A well documented example is reported during spruce

somatic embryogenesis, where the imposition of a reduced environment, effected by

applications of reduced glutathione (GSH) during the second half of embryo development

results in precocious germination (Belmonte et aL.2004). In the same system, inclusions

of oxidized glutathione (GSSG) in the maturation medium decreased the glutathione

redox status and resulted in pronounced morphological changes which irnproved somatic

embryogenesis (Belmonte and Yeung 2004, Belmonte et al. 2005)

To further understand the role of glutathione metabolism during morphogenesis in

vitro we have investigated the effect of altered glutathione redox state during canola

MDE development. Fluctuations in the cellular redox balance were induced by external

applications of GSH, GSSG, and buthionine sulfoximine (BSO), an inhibitor of

glutathione de novo slmthesis (Griffith and Meister,l979). Results indicate that BSO

treatments lower the cellular glutathione redox state, improve embryo quality, and

enhance conversion frequency. The enhanced post-embryonic performance of ernbryos

cultured with BSO was ascribed to the higher levels of endogenous ABA and to a better

structural organization of the SAM.
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MATERIALS AND METHODS

Plant material isolation and culture

Brassica napus cv Topaz seeds (obtained from the Plant Biotechnology Institute,

Saskatoon, Saskatchewan) were grown alZ\oC dayl I6"C night temperature with a i6 h

photoperiod until the first flower buds appeared (-5 weeks). Plants were then transferred

to l2oC dayl 7"C night temperature cold treatment where they remained for bud

collection. Flower buds (2-3 mm long) were collected from cold-treated plants and

processed according to the methods of Ferrie and Keller (1995). The procedure for

microspore isolation, heat shock treatment and culture has been thoroughly detailed

(Taylor et al., 1990, 7992; Zou et a1., 1995; Ferrie and Keller, 1995). Isolated Brassicq

napus cv Topas microspores suspended in NLN medium (Lichter, 1982) with 13o/o

sucrose (pH 5.8) can develop into ernbryos upon a heat shock treatment o132 'C for 72 h.

The derived haploid embryos are then transferred to a gyratory shaker 10 days after heat

shock treatment and allowed to develop in tlie NLN-13 medium up to 35 days under dark

conditions.

Globular - heart transition stage embryos were treated on day 7 following the heat

shock treatment (7 days in culture) with either GSH (0.1, 1.0 or 2.0 mM), GSSG (0.1,

1.0,2.0 mM), BSO (0.01,0.1, 1 mM), ABA (1OpM), or fluoridone (1O¡rM). Embryos

were harvested at days 15,20,25 and 35 following the heat shock treatment to assess the

optirnal stage for embryo conversion, i.e. the production of functional root and shoot

structures upon transfer to germination medium. Conversion of MDEs was tested on half

strength MS medium (Murashige and Skoog, 1962) supplemented with 2 o/o sucrose, and

0.8 % purified agar pH 5.8.

Since BSO (0.1 mM) and ABA (10 pM) were most successful in achieving the

highest embryo conversion rates, these treatments were used for fuither physiological

analyses.
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Glutalhione metabolism measurements

Microspore derived embryos treated with either BSO (0.1 mM) or ABA (10 pM)

were collected on days 1 5,20 and 25 for GSH and GSSG measurements. Analysis of

these metabolites was carried out using the method reported by Zhang and Kirkham

(1ee6).

Light microscopy

For light microscopy, control embryos and embryos treated with either BSO or

ABA were collected at different days of development, fixed, dehydrated and infiltrated as

described previously (see Yeung, 1999). A Reichert-Jung 2040 Autocut rotary

microtome was used to produce semi-thin (3 ¡¿m) serial sections of MDEs before staining

with periodic acid-Schiff (PAS) reagent for total carbohydrates, and counterstaining with

amido black 108 or toluidine blue O (TBO) for protein and general histological

or ganization respectively (Yeung, 1 9 84).
,

RNA in-situ hybridization

Chemical fixation and tissue processinq

Chemical fixation and tissue processing were performed as described by

Belmonte et al. (2005). Briefly, embryos were fixed in 4o/o (w/v) freshly prepared

paraformaldehyde in PBS pH. 7 .4, vacuum infiltrated for 15 min, and incubated on a

rotator for 3 hours at room temperature. The samples were dehydrated in an ethanol

series (30o/o, 50o/o, 7 0o/o, 95o/o, 700o/o, l00o/o) for 45 min at 4"C and left overnight in 1 00%

ethanol. The samples were treated with increasing concentrations of xylene at room

temperature and incubated ovemight at 42"C in xylene containing a few pellets of

paraffrn. The tissue was then incubated at 60oC and the xylene was slowly replaced with

molten paraffin. After 8 changes with paraffin, blocks were made and the paraffin-

embedded embryos were sectioned at a thickness of 7 pm using disposable blades in a
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Leica (RM 2145) microtome. Prior to hybridization, paraffin was removed with two

changes of xylene for l5 min, and the sections were re-hydrated.

Probe preparation and hybridization

The full length WJSCHELgene from Arabiclopsiswas amplified with primers

containing T7 and T3 sites. The PCR product was then used for in vitro transcription

using digoxigenin-11-UTP, as described in the DIG RNA labeling kit (Roche Molecular

Biochemicals). Sense and antisense probes were hydrolyzed for 40 min at 60'C in the

presence of 60 rnM NazCO¡ and 40 mM NaHCO3 and stored at -80oC prior to

hybridization.

Tissue treatments and pre-hybridization washes were conducted exactly as

described by Canton et al. (1999). Sections were hybridized with equal concentrations

(25 Vgml-l¡ of sense or antisense probe in 1x Denhardt's, 1 mg ml-l tRNA, 10olo dextran

sulfate, 50% formamide, and 1x salts (Regan et al. 1999). Probes were denatured at 65oC

for 5 min and hybridization was carried out at 50"C for 16 hours. Post-hybridization

washes and antibody treatment were performed as described by Regan et al. (1999).

Detection of DlG-labeled probes was carried out using a Wester Blue solution (Promega)

containing I mM Levamisol. Color development occurred between 8-16h.

ABA analysis

Plant material was freeze-dried and hornogenized. Approximately 50 mg of each

sample was weighed out for analysis. Extraction of ABA and related metabolites,

following addition of the appropriate deuterated internal standards, was carried out

according to Feurtado et al. (2004), with an additional cleanup step involving re-

suspension of the initial extract in 1 mL 99ll (vlv) iso-propanol:acetic acid, followed by

vofiexing, centrifugation, collection of the supernatant, and evaporation of the solvent

prior to hexane partitioning. Quantification of ABA and metabolites was performed by

liquid chromatography-tandem mass spectrometry (LC-MS/MS) with multiple reaction

monitoring (MRM), using an AllianceTM 2695 high-performance liquid chromatograph
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coupled to a QuattroTM UltimaTM quadrupole tandem mass spectrometer (Waters,

Milford, MA, USA), as detailed by Feurtado et al. (2004). QuanlynxTM software

(Waters) was then used to process the LC-MS/MS data and quantify each analyte with

reference to the corresponding internal standard.

RESULTS

MDE conversion

Conversion frequency after treatments with ABA, GSH, GSSG, and BSO was

measured in embryos harvested at day 75,20,25, and 35 in maturation (Fig. 2.1).

Conversion rates for embryos collected on day 15 were low, regardless of treatment. The

conversion frequency of control embryos harvested at day 20 was about 30%. Prolonged

maturation, i.e. days 25 and 35, decreased the post-embryonic performance of the

embryos to values lower than 10%. Inclusions of GSH or GSSG did not have any

significant effects on the conversion frequency of the embryos, the only exception was

observed at day 25 for GSSG (lmM). Treatments with either ABA or the glutathione

biosynthesis inhibitor BSO increased the rate of embryo conversion at both days 20 and

25. After 25 days of maturation, the conversion frequencies of embryos treated with

either BSO (0.1 mM) or ABA (10 prM) were 7l o/o and 670/o respectively. Both values

were significantly higher than those observed in control embryos (19%) (Fig. 2.1). Upon

prolonged culture condition, i.e. day 35, the conversion frequency of control embryos

continued to decline, whereas that of ABA and BSO{reated embryos remained high (Fig.

2.1).

G lutathio ne met abo lis m

Glutathione rnetabolism was investigated in both control embryos and embryos

treated with either BSO (0.1 mM) or ABA (10 pM) over the course of development (Fig.

2.2). Endogenous levels of GSH remained high throughout the development of ABA-

treated embryos, whereas it declined in control and especially in BSO-treated embryos

(Fig.2.2A). Compared to their control counterparts, the cellular GSSG content was
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higher in embryos cultured with either BSO or ABA at day 15 and20. Upon further

development, however, no significant differences were observed in GSSG levels among

treatments (Fig.2.2B). As a results of these alterations, the redox status, i.e. the

GSH/(GSSG+GSH) ratio, of BSO-treated embryos was always lower than that of control

embryos and embryos cultured in the presence of ABA (Fig. 2.2).

Growth parameters and structural study of the embryos

Profound changes in structure and growth characteristics were observed between

control and treated embryos. The dry weight (DW):fresh weight (FW) ratio of control

embryos was high atday 15 (0,71) and declined during the successive days in culture.

The DW:FW ratios of embryos treated with either BSO or ABA were always higher than

that of their control counterparts and increased over the course of the experiment (Fig.

2.3^). Applications of BSO or ABA promoted synchronized embryo growth and

inhibited elongation of embryo axis and expansion of cotyledons (Fig. 2.38).
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Figure 2.1. Percentage of canola MDE conversion. Embryos were harvested at day

15,20, and 25 during development and transferred onto gennination medium (see

Material and Methods for details). Embryos were developed in the presence of different

levels of abscisic acid (ABA), reduced glutathione (GSH), oxidized glutathione (GSSG),

and buthionine sulfoximine (BSO). Values are mean + SE of three independent

experiments. * indicate values that are statistically different (p <0.05) from control at the

same day in culture.
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Figure 2.2. Glutathione redox ratios during canola MDE development (A)

Endogenous level of reduced glutathione (GSH) in canola MDEs cultured in the presence

of 10 ¡rM abscisic acid (ABA) and 0.1 mM buthionine sulfoximine (BSO). Embryos

wereharvestedatdayl5,20,and25forGSHanalysis. Valuesaremeans+SEofthree

independent experiments. (B) Endogenous level of oxidized glutathione (GSSG) in

canola MDEs cultured in the presence of 10 ¡-rM abscisic acid (ABA) and 0.1 mM

buthionine sulfoximine (BSO). Embryos were harvested at day 15, 20, and 25 lor GSSG

analysis. Values are means + SE of three independent experiments. (C) Glutathione

redox status in canola MDEs cultured in the presence of 10 pM abscisic acid (ABA) and

0.1 mM buthionine sulfoximine (BSO). Embryos were harvested at day 15, 20, and25

for analysis. * indicate control values that are statistically different (p <0.05) from

control values at the same day in culfure.
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Figure 3.3. Dry weight, fresh weight and morphology of developing MDEs (A) Ratio

of dry weight (DW) and fresh weight (FW) in canola MDEs cultured in the presence of

10 pM abscisic acid (ABA) and 0.1 mM buthionine sulfoximine (BSO). Embryos were

harvested al day 15,20, and 25 for analysis. (B) External morphology of control

embryo (top panel) and embryos treated with 0.1 mM buthionine sulfoximine (BSO)

(bottonpanel)duringdevelopment, Embryoswereharvestedatday'/,15,20,and25.

The morphology of embryos treated with 10 pM abscisic acid (ABA) was very similar to

that of BSO-treated embryos.
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Structural examinations also revealed major differences between embryo types.

At day 25, the shoot apex of control embryos was generally poorly organized and the

sub-apical cells were highly vacuolated and separated by conspicuous air spaces (Fig.

2.4A). These signs of deterioration, which also increased upon the subsequent days in

culture (data not shown), were never observed in the apical regions of embryos treated

with either BSO (Fig. 2.48) or ABA (Fig.z.aq. The shoot apices of these treated

embryos did not have any intercellular spaces and both apical and sub-apical cells did not

contain large vacuoles (Fig. 2.4F., C). In ABA-treated embryos, apical and sub-apical

initials showed early signs of storage product accumulation (Fig. 2.4C). Compared to

control MDEs, the accumulation of storage products was more abundant in embryos

cultured with either BSO or ABA. Cortical cells of control embryos were highly

vacuolated and contained few starch granules (Fig. 2.aD). Accumulation of starch and

protein bodies was always observed in the cortical cells of BSO and ABA-treated

embryos (Fig.2.a D and E). These cells were less vacuolated than their control

counterparts (Fig. 2.4 D-F).

Lo calizatíon o.f IIIUS CH EL

The quality of the shoot meristems of the different embryo types was also

estimated by following the localization pattern of IYUSCHE| a gene involved in the

specification of stem cell fate rn Arabídopsis shoot meristems (Mayer et al., 1998). The

accumulation of WISCHEL mRNAs in control embryos appeared de-localized, as the

expression of this gene also occurred in the peripheral zone of the meristems (Fig. 2.54),

In ABA and BSO-t¡eated embryos WTUSCHEL transcripts were localizedinthe central

zone of the meristems, below the tunica layers (Fig. 2.58), similar to the localization

pattern of this gene in Arabidopsis embryos (Mayer et al., 1998). Control experiments

with sense riboprobes (Fig. 2.5C) confirmed the specificity of the signal.
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Figure 2.4. Morphology of mature Brassica napus microspore derived embryos at

day 25 of maturation. The shoot apices of untreated control embryos (A) were poorly

organized and show signs of cellular deterioration, Meristems of control embryos were

highly vacuolated (arrows) and were characlenzed by the presence of intercellular spaces

within the sub-apical region of the shoot apex (*). The shoot apices of BSO treated

embryos (B) were charactenzed by well organized cellular architecture. The shoot apical

meristems of ABA treated embryos (C) were also tightly packed and well organized,,

The cortical cells of control embryos contained large vacuoles (arrows) and small starch

granules (arrowheads) (D). In BSO-treated embryos vacuolation of the cortical cells was

reduced. These cells accumulated alarge quantity of starch (anows) and protein bodies

(anowheads) (E). A preferential accumulation of starch (arrows) and protein bodies

(arrowheads) was also observed in the cortex of embryos cultured in the presence of

ABA (F). All scale bars : 20 ¡tm.
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Figure 2.5. Expression pattern of I'YUSCHEL in the shoot apical meristem of

embryos treated for 25 days in the absence (A) or presence (B) of 0.1 mM

buthionine sulfoximine (BSO). In BSO-treated embryos WTUSCHEL transcripts were

localized in the central zone of the shoot meristem. The accumulation of I4.(ISCHEL

mRNAs in control embryos was de-localized and occurred in the peripheral zone of the

meristems. (C) Control experiments with sense riboprobes confirmed the specificity of
the signal. The localization of WISCHEL in the meristems of embryos treated

with l0 pM abscisic acid (ABA) was identical to that of BSO-treated embryos
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ABA metabolism duríng embryo development

In both control and BSO-treated embryos the endogenous ABA concentration was

highest at the earlier stages of embryogeny (day 15) (Fig. 2.6). Upon further

development the cellular ABA content subsided markedly al day 20, before increasing

again during the late phases of development. Compared to control embryos, ABA

concentration was always higher in BSO-treated embryos at days 20 and25. A similar

trend was also observed if the ABA content was measured on a dry weight basis (data not

shown).

The concentration of dihydrophaseic acid (DPA), generated from the 8-

hydroxylation of ABA, decreased during development in control embryos, whereas it

increased in embryos cultured with BSO aft.er 20 days in culture (Fig. 2.6). Conversion

of ABA to phaseic acid (PA) was not detected during the early stages of embryogeny

(day 15), but it was apparent at days 20 and 25 in both embryo types. Similar to PA, the

formation of ABA glucose-ester (ABA-GE), through the conjugation of ABA to glucose

was most pronounced in mature embryos (day 25), especially in the presence of BSO

(Fi5.2.6). The other ABA catabolite, 7'OH ABA, was not detected throughout the

maturation period.

Effects of combinedfluoridone and BSO on embryo development

To investigate the relationship between BSO and ABA biosynthesis, embryos

were cultured in the presence of fluoridone (F), an inhibitor of ABA synthesis (Bray and

Beachy, 1985), F+BSO, or F+ABA. Fluoridone was applied at a concentration of 1OmM

which was found optimal, but not toxic, for reducing ABA level during embryogenesis

(Nickle and Yeung 1993; Hays, 1996). Conversion frequency of F-treated embryos never

reached 13o/o at any stage of development (Fig. 2.7), and, was always lower than that of

control embryos (compare Figs. 2. I and 2.7 a). The negative effect of F on embryo

development was solely ascribed to a reduction in ABA level, since this effect was

reversed if F was applied in conjunction with exogenous ABA (Fig. 2.7). Conversion
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Figure 2.6. Abscisic acid metabolism in developing MDEs. Changes in abscisic acid

(ABA), dehydrophaseic acid (DPA), phaseic acid (PA), and glucose ester-ABA (ABA-

GE) in canola MDEs cultured for 15, 20, and 25 days in the absence (control) or presence

of 0.1 mM buthionine sulfoximine (BSO). Data are means + SE of three replicates.
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Figure 2.7. Percentage of canola MDE conversion. Embryos were harvested at day

75,20, and 25 during development and transferred onto germination medium (see

Material and Methods for details). Embryos were developed in the presence of

fluoridone (F), F+BSO, or F*ABA. Values are mean + SE of three independent

experiments. * indicate values that are statistically different (p <0.05) from control at the

same day in culture.
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frequency was significantly increased if embryos were cultured in the presence of both F

and BSO (Fig.2.7). The redox status, i.e. GSH / (GSH+GSSG) of F-treated embryos was

always higher that that of F+ABA and F+BSO treated embryos at any days in culture

(data not shown).

Structural analyses revealed that the shoot apical meristem of F-treated embryos was

generally flat and poorly organized, as revealed by the presence of many vacuolated cells

within the apical and sub-apical layers (Fig. 2.84). On the contrary, the shoot apices of

embryos cultured in the presence of F+BSO or F+ABA were dome-shaped and were

composed of cytoplasmic cells. The organization of these meristems was very similar to

that of ABA- or BSO-treated embryos (compare Figs. 2.48 and C with Fig. 2.88 and C).

Compared to embryos treated with F, accumulation of storage products was more

pronounced in the cortical cells of F+BSO and F+ABA treated embryos. The highest

storage accumulation was observed in the latter embryos (Fig. 2.8)

DISCUSSION

In order to investigate how changes in glutathione metabolism affect the quality

of canola MDEs, we have altered the endogenous glutathione redox state through

exogenous applications of GSH, GSSG, or BSO. Our results indicate that optimal

embryo production can be achieved by maintaining a low endogenous glutathione redox

status, i,e. low GSH(GSH+GSSG) ratio, throughout embryo development. Imposition of

this oxidized environment is best achieved by applications of BSO, which increase

cellular GSSG during the first 20 days of embryo development and decreases the level of

GSH during the successive days in culture (Fig.2.2 A, B). Besides increasing the

conversion frequency of the MDEs at any stage of development, the low glutathione

redox status affected by BSO (applied alone or in conjunction with GSH or GSSG, data

not shown), seems to delay embryo deterioration in culture. As shown in Fig. 2.1,the

post-embryonic performance of control embryos decreases after day 20 whereas it

remains high in BSO-treated embryos. A similar result was also reported during white

spfl;ce somatic embryogenesis, where an increase in the endogenous GSSG pool through

exogenous applications enhances the quality of the embryos and their post-embryonic
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Figure 2. 8. Morphology of mature Brassícø nøpus microspore derived embryos at

day 25 of maturation. The shoot apex of F-treated embryos (A) were flat and

composed by many vacuolated cells. The shoot apices of F+BSO (B) and F+ABA (C)

were dome shaped and were composed by highly cytoplasmic cells, which stained dark

with toluidine blue O. Compared to the cortical cells of F-treated embryos @), which

were highly vacuolated and did not accumulate storage products, deposition of storage

products (arrows) was more pronounced in the cortical cells of embryos treated with

F+BSO (E) or F+ABA (F), All scale bars :20 ¡tm.
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$owth (Belmonte and Yeung 2004, Belmonte et al. 2005). The effect of 1 mM GSSG on

the conversion frequency of canola MDEs is intermediate between that of control

embryos and embryos treated with BSO. This result correlates to the redox status values

of GSSG-treated embryos, which are also intermediate between those of control and BSO

treatments (data not shown).

The improved conversion frequency of MDEs treated with BSO is the result of

profound morphological changes observed during development. Compared to their

control counterparts, BSO-treated embryos are smaller in size and develop in a

synchronous and homogenous fashion. These observations are possibly due to the

inhibitory effect on cell expansion and cell division associated with a low glutathione

redox status. The imposition of a low GSH/(GSH+GSSG) ratio reduced the expansion of

white spruce cells (Belmonte et al. 2005) and blocked cell cycle activity at the G1-S

transition in both animals and plants (Russo et al. 1995; Vernoux et al. 2000). In tobacco

BY-2 cells the arrest of cell division as a result of GSH depletion was ascribed to the

down-regulation of two different A-type cyclins (Vernoux et al. 2000). The slow growth

observed in the presence of BSO may be required for the proper execution of

developmental events, which include the fonnation of organized SAMs and the

accumulation of storage product deposition.

Proper development of the SAM is an important prerogative for successful plant

regeneration (reviewed by Yeung and Stasolla 2000). In canola zygotic embryos the

mature SAM has a dome-shaped appearance and is composed by a well defined tunica

and corpus layers with preferential planes of cell divisions (Yeung et al. 1996). This

organized architecture is difficult to obtain in culture. During MDE development several

structural abnormalities are visible within the SAM, including the formation of

intercellular spaces and the vacuolation of the meristematic cells (Fig. 2.aA). Physical

separation of the sub-apical cells of the SAM, a common event observed in culture in

both angiosperrn and gymnosperm species (see Yeung and Stasolla 2000, Stasolla and

Yeung 2003), is the result of uncontrolled cellular expansion caused by the accumulation

of ethylene (Belmonte et al., 2005). The disruption of SAM architecture through the

formation of intercellular spaces is often accompanied by the loss of meristematic
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identity, i.e. the differentiation of the stem cells into parenchyrna cells, as revealed by the

formation of large vacuoles (Fig.2.aÐ. These events, which became more apparent

upon prolonged culture and resulted in the abortion of the SAM and in a low embryo

conversion frequency, were not visible in MDEs treated with BSO. The SAMs of these

embryos appear well organized and closely resemble those of their zygotic counterparts

(Fig. 2.aB). The improved structural organization of SAMs in BSO-treated embryos is

retained over a prolonged culture period (data not shown) and ensures a high conversion

frequency (Fig, 2,1). Meristem identity between control and BSO-treated embryos was

also examined by monitoring the expression pattern of I4TUSCHEL, a homeobox gene

which specifies stern cell fate in Arabidopsis SAMs (Mayer et al. 1998) and which is

required for proper balance of cell division and differentiation of the meristematic cells

(Schoof et al. 2000). Similar to the localization pattern observed in Arabidopsrs embryos

(Mayer et al. 1998) the accumulation of WISCHEL transcripts in BSO-treated embryos

is restricted to the central zone of the meristems (Fig. 2.5), therefore denoting a proper

position of the stem cells within the SAM. The delocalized IVUSCHEL signal to the

peripheral zone in the SAMs of control embryos is a clear indication of poor meristem

functionality. A miss-expression of this gene, similar to the one reported in this study,

was also observed in those Arabiopsis meristems unable to perpetuate a stem cell

population (Schoof et al. 2000). Therefore it appears that the alterations in glutathione

metabolism, effected by BSO, improve SAM development, possibly by regulating the

expression pattern of key meristem genes.

Another important developmental factor affected by inclusions of BSO in the

culture medium is the accumulation of storage product deposition. During zygotic

embryo development accumulation of storage products follows a precise pattern, i,e.

starch first followed by protein bodies and lipids (Taylor et al. 1990). This progression is

not executed properly in many control MDEs, since starch remains the prominent product

accumulated throughout the maturation period. Many cortical cells of these embryos fail

to accumulate substantial storage products and become highly vacuolated (Fig.2.Ð.

Compared to their control counterparts, the deposition of storage products in BSO-treated

embryos was more pronounced and consisted mainly of starch, protein bodies, and to a
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lesser extent lipids as revealed by the vesicular nature of the cytoplasm (data not shown).

These qualitative and quantitative differences in storage product deposition between

control and BSO-treated embryos, which were also reflected in the higher DW:FW ratio

observed in the latter, denote differences in the level of maturation reached by the two

embryo types. Based on these findings it appears that BSO-treated embryos acquire a

higher degree of physiological maturation then their control counterparts. This may

explain the higher conversion frequency observed in the presence of BSO (Fig. 2.1).,

The beneficial effect of a low glutathione redox status, effected by inclusions of

BSo,onembryodevelopmentandconversionmaybeduetochangesinABA

metabolism. It is well established in literature that ABA plays an important role during

embryogenesis, where it regulates early differentiation processes, the accumulation of

storage products, and acquisìtion of desiccation tolerance (Bewley and Black, 1994).

During in vitro development of both carrot and canola embryos, inhibition of ABA

biosynthesis, effected by low levels (5-10 pM) of fluoridone, results in abnonnal embryo

formation and reduced conversion frequency (Nickle and Yeung 1993, Hays 1996).

Compared to control embryos the biosynthesis of ABA, its degradation to PA and DPA

via the 8'hydroxylation pathway (reviewed by Cutler and Krochko 1999), as well as its

conjugation to sugars to form ABA-glucose ester (ABA-GE) was higher in BSO-treated

embryos (F19. 2.6). Although these changes can be attributed to the way in which the

concentration is expressed (i.e. on a FW basis), similar profiles were also obtained on a

DW basis (data not shown). The increase in cellular ABA as a result of the low

glutathione redox state is difficult to explain. However, a recent study by Pastori et al.

(2003) also documented an increase in ABA levels in Arabidopsis mutant plants with low

levels of ascorbic acid, a metabolite which is closely linked to glutathione in the

Halliwell-Asada cycle (see Potters ,2002). The higher availability and turnover of ABA

in BSO-treated embryos may be responsible for the proper execution of all

developmental events resulting in the production of good quality embryos. Supporting

this notion is the observation that many changes induced by BSO, including small

embryo size, proper SAM formation with localized I44ISCHEL expression, and increased

storage product deposition, can be reproduced if MDEs are cultured in the presence of
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exogenous ABA (Fig. 2.3-5) which is rapidly taken up by canola embryos (Zou et aL

1995) . In addition, the high conversion values obtained by BSO treatments are also

reproducible in the presence of ABA (Fig. 2.1). Although ABA mimics the effects of

BSO by improving embryo quality and conversion frequency, the endogenous

glutathione redox state, i.e. GSH(GSSG+GSH) ratio, is higher in ABA-treated embryos

compared to their BSO counterparts (Fig.2.2C). This discrepancy can be reconciled if
the lowering of the glutathione redox state, observed in the presence of BSO, represents a

metabolic switch needed for increasing cellular ABA. This switch would not be required

in those embryos in which the endogenous ABA level is increased through exogenous

applications.

The requirement for ABA during embryogenesis is demonstrated by applications

of F during development. A decrease in ABA biosynthesis results in poor conversion

frequency and has negative effects on meristem quality and accumulation of storage

products. These effects can be rescued if either BSO or ABA are included in the medium

(Figs. 2.7 and 2.8), suggesting that BSO may increase the activity of the ABA

biosynthetic pathway, therefore diluting the inhibitory effect of F.

In conclusion, data presented in this study indicate that a reduction of the

glutathione redox status, effected by inclusions of BSO in the culture medium, improves

the structure of canola MDEs and their ability to convert into viable plants. These :

beneficial effects are possibly due to an increase in the level of endogenous ABA, which

is critical for promoting proper embryo development. Besides shedding light on the role

of glutathione metabolism during embryogenesis, this work provides an effective and

inexpensive method for improving the propagation of B. napus MDEs.
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CHAPTER 3: ALTERED GLUTATHIONE METABOLISM AFFECTS THE
CELLULAR REDOX SYSTEM OF DEVELOPING BRASSICA NAPUS

MICROSPORE DERIVED EMBRYOS

INTRODUCTION

Redox regulation of plant development has gamered a lot of attention over the

past decade (Maughan and Foyer, 2006). Increased interest in the role of various cellular

redox states in the programming of plant development, and in particular embryogenesis

has lead to new and exciting discoveries in the cellular development of plants. Numerous

independent studies have suggested that the redox states ofboth ascorbate and

glutathione, ie. ASC/ASC+DHA+AFR and GSH/GSH+GS SG respectively, have

profound effects on plant growth and development, especially embryogenesis (de Pinto,

1999; De Gara et al, 2003; Potters et al., 2002; Belmonte et al, 2004; Belmonte et al.,

2005a,b; Stasolla et a1.,2006; Belmonte et a1.,2006). For example, high glutathione and

ascorbate redox ratios are observed during the early stages of embryogenesis,

characterized by active cell proliferation and differentiation. As embryos mature the

redox states gradually shift towards their oxidized forms, DHA+AFR and GSSG. Ari

oxidized state is observed towards the completion of embryogenesis where it appears to

be a prerogative in prornoting ernbryo maturation and desiccation tolerance through the

maintenance of metabolic quiescence. In our previous study, we have shown that

glutathione plays a key role during in vitro embryogenesis of ,Brøssica napus cv. Topaz

(Belmonte et aL.,2006). Depletion of glutathione through inclusions of buthionine

sulfoximine (BSO; Griffith and Meister,7979), were found to improve microspore

derived embryo (MDE) development and increase the quality of the embryos produced

(Belmonte et a1.,2006). The promotive effect of BSO was attributed to its ability to :

stimulate the biosynthesis of endogenous abscisic acid (ABA) and improve WTUSCHEL

localization within the shoot apex. These BSO-induced physiological and genetic

improvements lead to increased yields and improved development. Despite these
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findings, it was still uncertain how changes in the glutathione redox ratio affected the

ascorbate-glutathione cycle (Fig. 3. 1).

The aim of this chapter is to examine the effect of altered glutathione redox states

on the glutathione-ascorbate cycle. The endogenous glutathione level was altered

through exogenous applications of GSH or BSO, an inhibitor of GSH synthesis. Both

ASC and GSH exist interchangeably with their oxidized forms (DHA+AFR and GSSG

respectively, see Fig. 3.1) and are considered to be major cellular redox buffers that guide

morphogenesis. Reduced and oxidized forms are linked through a series of enzymatic

reactions (Fig. 3.1). A key enzyme of the ascorbate-glutathione cycle is ascorbate

peroxidase (APX), which oxidizes ASC to AFR while reducing hydrogen peroxide.

Ascorbate free radicals (AFR) can be reduced back to ASC via an NADPH-dependent

AFR-reductase (AFRR). The final oxidation product of ascorbate is dehydroascorbate

(DHA), which can also be reduced back to ASC by DHA-reductase (DHAR) using GSH

as a reductant. Finally, GSSG produced as a result of the later reaction is further reduced

to GSH by glutathione-reductase (GR) at the expense of NADPH which acts as a

reductant (Fig. 3.1). This study explores how experimentally induced changes in the

culture system affects the cellular redox homeostasis as governed by the ascorbate-

glutathione system.

MATERIALS AND METHODS

Microspore derived embryo culture and seed collection

Preparation of microspore derived embryos (MDEs) from,Brassica napus cv.

Topaz was performed according to the methods of Ferrie and Keller (1995) as revised by

Belmonte et al. (2006). Globular - heart transition stage embryos were treated on day 7

following the heat shock treatment with BSO (100 ¡rM), GSH (200¡rM) or BSO (100 ¡rM)

+ GSH (200¡rM). Embryos were collected on days 15,20 and 25 in culture (DIC)

coresponding to mid cotyledonary, late cotyledonary, and fully developed embryos. The

corresponding stages of development in zygotic embryos were collected on days 72,20

and 30 after pollination (DAP).
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Figure 3.1. Schematic diagram of the ascrobate-glutathione system. ASC, reduced

ascorbate; AFR, ascorbate free radicals; DHA, dehydroascorbate; GSH, reduced

glutathione; GSSG, oxidized glutathionel HzO, water; HzOz, hydrogen peroxide; NADP*,

nicotinamide adenine dinucleotide phosphate oxidized form;NADPH, nicotinamide'

adenine dinucleotide phosphate reduced form; AFRR, ascorbate free radical reductase;

APX, ascorbate peroxidase; DHAR, dehydroascorbate reductase; GR, glutathione

reductase.
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His to I o g i ca I p r ep ar ati ons

Both treated and untreated MDEs were collected at 25 DIC since embryos are

fully developed and capable of converting into plantlets. All tissues were prepared, fixed,

dehydrated and infiltrated using Leica Historesin (Leica, Markham, Ontario) as described

by Yeung (1999). A Reichert-Jung 2040 Autocut rotary microtome was used to produce

semi-thin (3 ¡¿m) serial sections of the embryonic axis. Slides were stained with periodic

acid-Schiff (PAS) reagent for total carbohydrates, and counterstained with amido black

108 for protein and general histological organization (Yeung, 1984). At least 50 
:

embryos per treatment were harvested. Median longitudinal sections with respect to the

embryo axis were used for all cell measurements. Cell elongation measurements were

made along the mid-cortical region of the embryo axis. A minimum of l0 median

longitudinal sections were used for each measurement.

Glutathione and as corbate metabo lism

Detemination of reduced and oxidized forms of ascorbate and glutathione was

caried out as reported by Zhang and Kirkham (1996). Enzymatic activity was examined

following the methods of Arrigoni et al (1991) as modified by Belmonte et al. (2005).

Protein content was determined following the Bradford (1976) method using BSA as a

standard. Each extraction was repeated at least three times.

E nzyme ac tiv ity me as ur em ents

Activities of ascorbate peroxidase (APX), ascorbate free radical reductase

(AFRR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR) in

developing embryos were analyzed following homogenization of tissues at 4 "C in

medium containing 50 rnM Tris-HCl, pH7.2,0.3 M mannitol, 1 mM EDTA, 0.1 % BSA,

0.05% cysteine, and 2Yo (w/v) polyvinylpynolidone. The homogenate was then

centrifuged at 4oC for 20 min at 16,000 x g, and the supernatant collected for the analysis

of enzymatic activities as reported by Arrigoni et al. (Arrigonì et a1.,1997).
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APX (EC 1 .I 1 . I .1 1) activity was estimated by measuring the hydrogen peroxide-

dependant oxidation of ASC (extinction coeff,rcient 2.8 mM-rcm-r) following the decrease

in absorbance at 265 nm. Only the cytosolic component of APX activity was measured

since no ASC was added to the grinding medium (Amako et al., 1984). The reaction

mixture contained 50 pM ASC, 90 pM HzOz, and 50 rnM potassiurn phosphate buffer,

pH 6.5. Non-enz)rynatic changes in absorbance were subtracted from the rate observed.

AFRR (EC L6.5.4) activity was rneasured following the rate of NADH oxidation

at340 nm (extinction coefficient 6.0 mM-lcm-l). The reaction mixture contained 0.2 mM

NADH, 1 mM ascorbate, and 0.1 M Tris-HCl, pH 7.2. Thereaction was initiated with

the addition of 0.5 units of ascorbate oxidase (EC 1.10.3.3). Corrections were made by

subtracting non-enzymatic activity from the reaction.

DHAR (EC 1.8.5.1) activity was determined by following the GSH-dependent

production of ascorbate at265 nm (extinction coefficient 6.2 mM-rcm-r). The reaction

mixture contained I mM DHA, 2 mM GSH, and 100 mM potassium phosphate buffer,

pH 6.3. Values were corrected by subtracting changes in absorbance observed in the

absence of the enzyme extract.

GR (EC 1.6.4.2) activity was determined following the NADPH-dependent

oxidation of GSSG at340 nm (extinction coefficient 14 mM-lcm-t). The reaction mixture

contained 0.1 M Tris-HCl, pH 7.8, 2 nM EDTA, and 0.5 mM GSSG. The reaction was

initiated with the addition of 50 ¡rM NADPH. One unit of activity was defined as the

amount of enzme that oxidizes I pmol of substrate per minute under standard conditions.

Measur ement of NAD PH/NAD P*

Single extract determination of NADPH/¡IADP* was carried out according to the

methods of Zhang et al. (Zhang et al. 2000). For each treatment, tissue was ground in

liquid N2 before being processed and compared to a standard curved in the range of 0.02

to 0.4 mM NADPH. At least three replicates \¡/ere nìn for each measurement.
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Statistical analysís

Significant differences between the means were calculated according to the

Student' s t-test (Zar, 1999).

RESULTS

Development of canola microspore derived and zygotic embryos

Embryo rnorphology was investigated at three stages of development (Fig. 3:2A):

at the mid cotyledonary stage (day 15; Fig. 3.24 second from left), at the late

cotyledonary stage (day 20;Fig.32A third from left) and at the mature stage (day 25;

Fig,3.2A fourth from left). Pronounced elongation of the embryonic axis and

cotyledonary expansion were observed over the course of the experiment in control and

GSH-treated MDEs (Fig. 3.24). When embryos were subjected to GSH treatment, the

overall cultures were asynchronous and contained embryos with pronounced elongation

of the embryonic axis and complete expansion of the cotyledons by day 15 compared to

day 25 in control embryos. Precocious elongation of the radicle was also noted.

Inclusions of BSO were found to synchronize embryo populations when compared to

control, GSH or GSH+BSO treatments. Embryos appeared to maintain their bright

yellow colour while elongation and expansion of the embryonic organs was minimal.

Fully developed seeds (day 30 after anthesis) are tightly enclosed by the maternal seed

coat (Fig. 3.24 right), Upon opening the seed coat, the embryo was dark green in colour

and had fully expanded cotyledons with a shorter embryonic axis than its in vitro

counterpart (Fig. 3.24 right).

Structural examinations also revealed major differences in cortex organization

between embryo types (Fig. 3.28-F). Compared to control MDEs (Fig. 3.28), the

accumulation of storage reserves was more pronounced in embryos cultured with BSO

(Fig. 3.2C). Cortical cells of control embryos and those treated with GSH were highly

vacuolated and contained few starch granules (Fig. 3.28 and D). Accumulation of starch

and protein bodies was always observed in the cortical cells of BSO-treated embryos

(Fig. 3 .2C) which resembled cortical cells of zygotic ernbryos (Fig. 3 .2F). These cells
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Figure 3.2. Morphology of developing microspore derived embryos and mature

zygotic embryo of B. nøpus. A. Variations in microspore derived embryos in treated

(BSO or GSH) and untreated (control). Embryos cultured in the presence of BSO (first

three embryos at left) are small in appearanae. Embryos in the control group or those

treated with GSH have expanded cotyledons and long embryonic axis (first five embryos

at left). The zygotic embryo (righÐ is srnall in appearance due to the protective maternal

seed coat. Scale bar : 1mm. B. Median longitudinal section through the cortex of a

control MDE at day 25. C. Embryos treated with BSO contain larger and more abundant

starch and protein bodies. D. When embryos are treated with GSH, cortical cells are

expanded and vaculated and preferentially accumulate starch granules E. Embryos

treated with both GSH and BSO and F. Anatomical section through a mature zygotic

embryo with large amounts of protein bodies and starch granules. Scale bar (B-F) : 30

Fm.
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were less vacuolated than their control counterparts (Fig. 3.28). The storage product

profile of embryos treated with GSH+BSO resembled that of control embryos and

contained more protein bodies (Fig. 3.28).

In control and GSH-treated MDEs axis elongation was accompanied by increased

cell elongation (Fig. 3.3). Cell lengths in BSO-treated embryos were markedly smaller

and more comparable to those observed in zygotic embryos (Fig.3.3). Cell counts

confirmed that the increase in axis length observed in MDEs was a result of cell

expansion and not cell division since the mean number of cells per average axis length

was similar in all treatments.

Effect of buthionine sulfoxime and glutathíone on MDE production

Production of MDEs per ml increased significantly from 18 in control to 25 in

BSO (100 ¡rM) treated cultures (Fig. 3.a). No statistically significant differences were

observed among other treatments.

Developmental changes in the glutathione, ascorbate and NADPH/NADP* pools

The redox level and cellular concentrations of glutathione (Fig. 3.5-6) and

ascorbate (Fig. 3.7-8) were measured during the course of embryo development.

Compared to control embryos, the endogenous levels of reduced glutathione (GSH) were

much lower in embryos treated with BSO. Although GSH levels declined in both control

and BSO treated embryos, the trend was more pronounced in embryos treated with the

glutathione biosynthesis inhibitor (Fig. 3.54). This was in contrast to GSH-treated

embryos where the endogenous GSH level was highest in early cotyledonary embryos

before declining during the following stages of developrnent. The endogenous levels of

GSSG were generally higlier in GSH and BSO-treated embryos compared to control

values, (Fig. 3.54). Compared to other treatments, the glutathione redox state, i.e. the

GSH/GSH+GSSG ratio, of BSO-treated embryos declined markedly over the culture
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Figure 3.3. Cortical cell elongation in microspore derived and zygotic embryos of Ë.

nøpus. MDEs were treated with either BSO (100 ¡rM); GSH (200 ¡rM) or BSO (100

pM) + GSH (200 pM) at 10 days is culture. Cells were measured at the completion of

development (day 25,fiully mature embryos). Values represent the mean of three

independent experirnents. Error bar is + SE. Stars above each bar indicate values are
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Figure 3.4. Number of mature cotyledonary stage microspore derived embryos

formed in one mL of culture medium. MDEs were treated with either BSO (100 ¡rM);

GSH (200 ¡rM) or BSO ( 100 pM) + cSH (200 ¡ti|;4) at I 0 days is culture and cells

measured at the completion of development (day 25,late cotyledonary stage). MDEs
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independent experiments. Error bar is + SE. Stars above each bar indicate values are

significantly different from control values (P <0.05) at the same sampling time.



A

73

3 2û0
l¡.

E,
!1 0
d,E 1ü'0
E

cotìtrol BSO+GSH

rnitlcotyl lafe cotyl tìtalll.e

Figure 3.5. The glutathione system in developing microspore derived and zygotic

embryos of B. nøpus. (A) Contents of reduced GSH, and oxidized GSSG in microspore

derived embryos treated with either BSO; GSH or BSO+GSH (B) Ratio of

GSH/GSH+GSSG in microspore derived embryos treated with either BSO; GSH or

BSO+GSH. Values represent the mean of 3 independent experiments. Error bar is + SE.

Stars above each bar indicate values are significantly different from control values (P <
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Figure 3.9. Endogenous levels of nicotinamide adenine dinucleotides in developing

microspore derived embryos of B. napus. (A) Endogenous levels of reduced NADPH,

and oxidized NAD(P) * in microspore derived embryos treated with either BSO; GSH or

BSO+GSH (B) Ratio of NADPHA{ADPH + NADP" in microspore derived embryos

treated with either BSO; GSH or BSO+GSH. Values represent the mean of 3 independent

experiments. Error bar is + SE. Stars above each bar indicate values are significantly

differentfromcontro1values(P<0'05)attheSameSamplingtime'
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Figure 3.10. Activify of enzymes responsible for the recycling of ascorbate and

glutathione in microspore derived embryos of ,8. napus. Enzpe activities of APX,

AFRR, DHAR and GR in microspore derived embryos treated with either BSO: GSH or

BSO+GSH. APX: 1 unit: 1 nmol ASC oxidized rng-r protein min-r; AFRR: 1 unit:
1 nmol NADH oxidized mg I protein min l; DHAR: 1 unit: I nmol ASC reduced mg-r

protein min-I. Values + S.E. are average of three independent experiments. Error bar is +

SE. Stars above each bar indicate values are significantly different from control values

(P <0.05) at the same sampling time.
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period reaching the lowest value at the completion of the embryonic development (Fig.

3.sB).

The concentration of GSH tended to fluctuate with development during zygolic

embryogenesis, reaching maximum levels at the late cotyledonary stage (Fig. 3.64).

GSSG levels increased over development and this shifted the GSH/GSH+GSSG redox

ratio towards a more oxidized state (Fig. 3.68).

Compared to control treatments, the endogenous ASC level was generally higher

in GSH-treated embryos at all stages of development, especially in mid cotyledonary

embryos (Fig. 3.74). Among all treatments, the lowest values of ASC were observed in

embryos cultured in the presence of BSO. An increasing profile in the endogenous levels

of DHA+AFR was measured in control embryos and embryos treated with GSH. As for

ASC, BSO treatments resulted in a reduction in DHA+AFR content at all stages of

embryo development (Fig. 3.74). These changes had profound effects on the ascorbate

redox state, i.e ASC/ASC+DHA+AFR ratio (Fig. 3.78). Compared to all other

treatments, this ratio was lowest in embryos treated with BSO at all stages of

development (Fig. 3.7lr-).

In seeds the total ascorbate pool, which was larger than that observed in MDE

cultures, reached maximum values in late cotyledonary embryos, before declining during

the following stages (Fig. 3.84). DHA+AFR levels increased transiently through

embryogenesisleadingtoamoreoxidizedASC/ASC+DHA+AFRredoxstatus,

especially towards the completion of development (Fig. 3.88).

The concentrations of NADPH and NADP+ were measured during embryo

development (Fig. 3.9). Levels of NADPH generally declined through the course of

MDE development except in BSO treated embryos, where they remained relatively

constant (Fig. 3.94). Endogenous concentrations of NADP* fluctuated in all treatments

and tended to decrease after day l5 in culture (Fig. 3.94). Similar

NADPHû{ADPH+NADP* ratios were obseled for all treatments (Fig. 3.98)
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Chønges in the activíty of the enzymes involved in ascorbate and glutathione metabolísm

The activity of APX gradually increased through the course of development in

control and the BSO+GSH treatments. Inclusions of BSO resulted in a constant decrease

of APX activity over the course of the experiment (Fig. 3. 1 0).

Reduction of ascorbate free radicals (AFR) to ASC is catalyzed by ascorbate free radical

reductase (AFRR) (Fig. 3.1). The activity of this enz).rne remained relatively constant in

control embryos (Fig. 3.10), whereas it decreased in embryos treated with BSO or

BSO+GSH. The activity of the other ASC recycling enz)ryne, dehydroascorbate

reductase (DHAR; Fig.3.1), sharply declined as embryos developed in all treatments.

Compared to control, DHAR activity was lower in BSO-treated embryos during the

rniddle and late stages of development (Fig. 3.10)

In control embryos the activity of GR, the enzyme responsible for the reduction of

GSSG to GSH (Fig. 3.1), did not change over time. This was in contrast to embryos

cultured in the presence of BSO, where GR activity declined during the middle and late

phases of embyrogenesis (Fig. 3. 1 0)

DISCUSSION

Chapter 2 shows that development of MDEs is accompanied by specific changes

in the glutathione redox status and has profound effects on the development and function

of these embryos. It was unclear however, if changes in the glutathione redox ratio had

any effect on other components of the ascorbate-glutathione cycle (Fig. 3.1). Several

independent studies have reported changes in the glutathione redox state, particularly

during embryogenesis, where low ratios are thought to be good indicators of embryo

maturation (De Gara et al., 2003; Belmonte et aL,2005; Cairns et a1.,2006). However,

their regulation during in vitro embryogenesis is only now becoming clearer (Behnonte et

a1.,2003,2005). The present study shows that BSO does indeed inhibit glutathione

biosynthesis preventing GSH accumulation (Fig. 3.54) and forcing the

GSH/GSH+GSSG ratio in favour of a more oxidized redox state (Fig 3.58). A similar

trend was also observed in seeds and confinns the importance of lower glutathione redox
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ratios for improved embryo developrnent (Fig. 3.6). Shifts in the glutathione redox status

may also operate through the activity of GR (Fig. 3.10) and may serve as a guiding signal

of cellular differentiation during embryogenesis in vitro. Inprevious studies, researchers

utilizing BSO to effectively shift the GSH/GSH+GSSG ratio also noted changes in GR

activity (Kocsy et a1.,2007; Belmonte and Stasoll a,2007). Since GR is necessary to

reduce and recycle oxidized GSSG back to GSH, it is not surprising that BSO treatment

gradually decreases GR activity, maintaining low GSH/GSH+GSSG ratios (Fig. 3.58).

Decreased GR activity ultimately results in the embryo's inability to shift the ratio back

towards a reduced state, guiding development while maintaining embryo stability

towards the completion of the culture period. Since GR activity is dependent on NADPH

electron availability, the decrease in GR activity as a result of BSO treatment may also

operate through the NADP redox pair which favoured a more oxidized state (Fig. 3.98).

The relevance of an oxidized embryonic environment, affected by the glutathione

redox pair, promotes seed like variations in cortical cell storage product deposition (Fig.

3.2). BSO-treated embryos have been shown to preferentially accumulate protein bodies

and to a lesser extent starch (Fig. 3.2C) a trend also observed during zygotic

embryogenesis (Fig. 3.2F). The accumulation and mobilization of storage products is

critical for successful regeneration and conversion into quality plantlets as observed in

Chapter 2. As also reported in this study, distribution and regulation of storage reserves

have been shown to be under the control of the glutathione redox state (Rhazi et al., 2002;

De Gara et al., 2003).

As shown in Fig. 3.74 the endogenous ASC level of BSO treated embryos

dropped dramatically over the course of development, resulting in a shift of the

ASC/ASC+DHA+AFR ratio towards a more oxidized state (Fig. 3.78). It is not

surprising that low GSH levels affects ascorbate metabolism since the ascorbate redox

state is intimately linked to glutathione through the Halliwell-Asada cycle (Foyer and

Halliwell, 1976; Pastori et al., 2003). The oxidizing trend of ASC in MDEs cultured with

BSO was also observed in developing seed highlighting the importance of low ratios

during the later stages of embryo development (Fig. 3.8). Changes in the ratio appear to

be the result of enzyrnes like APX and DHAR which contribute to the operation of the
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ascorbate-glutathione cycle (Fig. 3.1). The initial high activity of APX in BSO-treated

embryos suggests thatH2O2 detoxification requirement is especially necessary at the

beginning of embryo development. This is in agreement with other sfudies, which also

show a high APX activity during the early stages of embryo development, when the body

plan of the embryo is laid down through cell division and tissue differentiation processes

(de Pinto et al., 2000; De Gara et al., 2003).

During later phases of embryo developrnent APX activity declines, and this

coincide with limited cell proliferation and possibly reduced levels of H2O2. During the

late cotyledonary and mature embryo stages, activity of DHAR, the recyclingenzpe

responsible for the reduction of DHA to ASC decreases steadily during all phases of

embryo growth (Fig. 3.10). As shown in Fig. 3.1, DHAR links ascorbate to glutathione

and is dependent on GSH availability to maintain ascorbate redox ratios. Specifically,

DHAR levels decreased almost two-fold near the completion of MDE development,

especially in the presence of BSO. This decrease may be the results of low levels of

GSH, the substrate for this enzyme (Fig. 3.1, 3.54).

In agreement with the present study, low ASC/ASC+DHA+AFR ratios are

observed during the later stages of development and are associated with periods of

cellular differentiation and quiescence in Vicia faba seeds and kernels of Triticum durum

(Arrigoni et al. 1992). More recently, Pastori et al. (2003) demonstrated the importance

of low ASC levels in the regulation of growth and development in a vitamin C defrcient

mutant vtcl . Many of the genes up and down regulated by vtc were the result of low

ASC availability (Pastori et al., 2003). Low ratios are often considered to be detrimental

to cell metabolisrn however, during embryo maturation, one would expect such ratios to

rnaintain cellular integrity by preventing precocious gennination (Belmonte and Yeung,

2004) and potential cellular deterioration (Fig. 3.2D). This statement would appear to

contrast earlier idealogies that high ratios are often required to prevent oxidative damage.

However, in the context of seed development, this oxidized stress helps to maintain

embryo maturation and acquire desiccation tolerance (De Gara et al., 2003). Conversely,

higher ASC/ASC+DHA+AFR ratios observed following GSH treatment are mainly due

to low levels of ASC recycling enz),¡rnes, as also reported by Pastori et al (2003), which



85

further strengthens the intimate relationship observed between ascorbate and glutathione

(Fig.3.1).

In seeds, ASC and DHA pools adjusted according to the stage of development.

High ascorbate redox ratios were observed during periods of intense growth at the mid to

late cotyledonary expansion stages (Fig. 3.8). Following histodifferentiation and nearing

the completion of development the ratio declines far more dramatically when compared

to control MDEs. This phenomenon may be the result of water levels found within the

embryos at the end of maturation and increased desiccation tolerance of zygotic embryos

(Hays, 1996). Past studies suggest that these metabolic adjustments represent a strategy

necessary for surviving the desiccation period in preparation of germination (Stasolla and

Yeung, 2001; DeGara et a1.,2003). Changes in the ASC redox ratio towards the oxidized

state were only observed in embryos culfured in the presence of BSO and marks a strong

physiological similarity in ascorbate metabolism between the in vitro and in vivo embryo

environment.

In conclusion, BSO application improves the production of good quality canola

MDEs through changes in the glutathione redox state. These changes are brought about

through modulations in glutathione bios¡mthesis and GR activity. Moreover, low :

glutathione redox ratios affect ascorbate through increases in APX activity during the

early stage of development followed by decreases in DHAR once embryos had matured.

These changes result in an overall shift of the ascorbate pool towards its oxidized state.

Applications of BSO are instrumental in achieving good quality MDE structure that is

similar to their zygolic counterparts. This is achieved in three ways: 1. by reducing the

size of the MDE 2. by inducing protein body accumulation and 3. by reducing starch

content which improves embryos produced in vitro, making them more homologous to

embryos developed in ovulo.
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Belmonte MF, Stasolla C. 2007. Applications of DL-buthionine-[S,R]-sulfoximrne

deplete cellular glutgathione and improve white spruce (Picea glattca) somatic embryo

development. Plant Cell Reports 26: 577 -523.

CHAPTER 4: APPLICATIONS OF DL-BUTHIONINE-[S,Rì- SULFOXIMINE
DEPLETE CELLULAR GLUTATHIONE AND IMPROVE WHITE SPRUCE

(PICEA GLAUCA\ SOMATIC EMBRYO DEVELOPMENT

INTRODUCTION

In recent years a lot of attention has been focused on the utilization of redox

compounds, including reduced glutathione (GSH) and its oxidized form (GSSG), to

improve embryo development in angiosperrns and conifers (De Gara et al.2003; Yeung

et al. 2005). Independent studies on both angiosperms and gl.rnnosperrns have revealed

that precise alterations of the glutathione redox state, i.e. the GSH/GSH+GSSG ratio,

delineate specific stages of embryo development (De Gara et aI.2003; Belmonte et al.

2006). A high glutathione redox state is observed during the initial phases of

embryogenesis, characterized by active cell proliferation. As ernbryos develop the

glutathione pool is slowly shifted towards its oxidized form, i.e. GSSG, thus resulting in a

low redox state. This observation has recently been applied to improve the somatic

embryogenic system in white spruce. Belmonte et al. (2005) were able to improve yield

and quality of spruce somatic embryos by altering the endogenous glutathione level.

Proliferation of the embryogenic tissue and cleavage polyembryony were promoted

through the imposition of a high glutathione redox sate, effected by applications of GSH

(Sigma, G6013). Under these conditions a large number of filamentous embryos were

produced. The promotive effect of GSH on proliferation was associated to the ability of

the tissue to produce ATP via the salvage pathways of purine nucleotide metabolism

(Belmonte et al. 2003). After a seven day culture period in the presence of GSH the

tissue was transferred onto a medium containing GSSG (Sigma, G9027) in an effort to

switch the endogenous glutathione pool towards its oxidized state. In the presence of

GSSG, embryo development was favored. This two-step treatment increased the number

of rnorphologically normal embryos with four or more cotyledons (group A ernbryos)



87

produced by 100 mg-rtissue of the (E)WSl line (from 24 in control tissue to 66 in treated

tissue) and their conversion frequency (from 160/o to 61%) (Belmonte et al. 2005).

Although very effective, this protocol is both costly, as both GSH and GSSG are

expensive chemicals, and time consuming, as tissue must be transferred after 7 days in

culture from media containing GSH to media containing GSSG. In an effort to reduce

costs and labor we have investigated alternative strategies to manipulate the endogenous

glutathione redox state through a single step. This was achieved with the use of DL-

buthionine-lS,Rl-sulfoximine (BSO), a specific inhibitor of GSH de novo synthesis

(Griffith and Meister,l979). The use of this compound during embryogenesis in conifers

was f,irst described by Jain et al. (1988), who reported that BSO increases the "average

number of embryogenic calli". From that very interesting study, however, a number of

questions remain unanswered. First there are no indications that BSO improves the

embryogenic potential of individual cell lines, as experiments where only conducted

during the induction of embryogenic tissue with no references to the developmental

process. Second, it is not clear if BSO improves only embryo yield and/or embryo

quality that is the ability of the embryos to convert and regenerate viable plants. This is a

key issue as morphologically normal embryos may not be physiologically ready to start

post-embryonic growth. Finally, it is not clear if the beneficial effects of BSO during

embryo development are the result of changes in the endogenous glutathione pool and

redox state. To answer these important questions we have performed a series of

experiments in which embryogenic and non-embryogenic lines of white spruce were

cultured in the presence of BSO. Structural studies, in conjunction with embryo :

developrnent and conversion frequency data were recorded and discussed in relation to

glutathione metabolism.

MATERIAL AND METHODS

Plant material, cuhure conditions and cell line selection

White spmce, Picea glauca (Moench) Voss, embryogenic tissue was produced

from immature zygotic embryos as described in the methods of Lu and Thorpe (1987).
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Immature seeds collected from the campus at the University of Calgary, Calgary, Alberta,

Canada, were sterilizedin20 o/o commercial Javex bleach for 20 min., and rinsed three

times in sterile distilled water. Dissected embryos were cultured on % strength Litvay (Yz

LV, Litvay et al. 1985) induction medium containing 10 pM 2,4-dichlorophenoxyacetic

acid, (2,4-D), 5 pM N6-benzyladenine (BA), 5 o/o sucrose and solidified with 0.8 %

Becton Dickinson purified agar,pH 5.8. The embryos were then kept in the dark at26"

C for 4-6 weeks. Embryogenic tissue generated from the embryos was later transferred

to a solid maintenance medium (y'Lv medium containing 10 pM 2,4-D,2 pt}y'r BA and 3

o/o sucrose) and sub-cultured every 7 days onto fresh medium. For the present

experiments, three cell lines were chosen based on their ability to form somatic embryos:

two relatively successful embryogenic cell lines (E)WS 1 and (E)WS2, as well as a non-

embryogenic cell line (NE)WS which is unable to form mature embryos. Mafuration of

somatic embryos was established by spreading 100 mg of embryogenic tissue directly

onto solid maturation medium (yrLY medium supplemented with 50 pM filter sterilized

abscisic acid (ABA),5 o/o sucrose and solidified with 0.4 % phytagel, pH 5.8; as reported

by Belmonte and Yeung 2004). Various levels of BSO were applied to the cultures (0,

0.01, 0.1 and I mM). Following the 40 day maturation period, embryos were collected,

processed and scored according to the methods of Belmonte and Yeung(200Ð. Mature

white spruce somatic embryos were divided into two groups, based on cotyledon number.

Morphologically normal embryos, designated as group A embryos, had four or more

cotyledons and possessed a higher conversion ability, while group B embryos had three

or less cotyledons and showed poor regeneration frequency. Although embryo number

data were reported for all lines, conversion frequency and measurements of glutathione

metabolism were only presented for the (E)WS I line, since they were very similar to

those obtained for the other embryogenic line (E)WS2. Unless otherwise specified, all

experiments were repeated three times.

Light microscopy

Mature embryos were fixed in2.5o/o glutaraldehyde and I.6Yoparaformaldehyde

buffered with 0.05 M phosphate buffer, pH 6.9, dehydrated with methyl cellosolve
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followed by two changes of absolute ethanol, and then infiltrated and embedded in

Historesin (Leica Canada, Toronto) (Yeung 1999). Serial sections (3 ¡¿m) were produced

using aLeica RM2145 Autocut rotary microtome. These sections were then stained with

periodic acid-Schiff (PAS) for total carbohydrates, and counterstained with amido black

108 for protein or toluidine blue O (TBO) for general histological organization (Yeung

1984). At least 50 embryos were harvested, fixed and processed as outlined above

according to the methods of Yeung (1999).

Quantification of endogenous glutathione and glutathione reductase activity

The 5'-dithio-bis-(-2-nitrobenzoic acid)/GSSG reductase recycling assay was

used to analyze both reduced (GSH) and oxidized (GSSG) glutathione. The activity of

glutathione reductase (EC 1 .6.4.2), the enzyme that catalyzes the reduction of glutathione

disulfide to reduced glutathione, was measured following the decrease in absorbance at

340 nm due to NADPH oxidation. Both assays were performed exactly as described

previously (Zhang and Kirkham, 1996).

RESULTS

Inclusions of the glutathione synthesis inhibitor BSO (0.01mM) increased the

total number of fully developed white spruce somatic embryos produced by the two

embryogenic lines (E)WS1 and (E)WS2. This beneficial effect was restricted to this

BSO level, as higher concentrations of BSO (0.1mM) failed to increase embryo yield

(Table 4.1). No embryos were formed when BSO concentration was elevated to 1mM

(data not shown). Embryo production was almost cornpletely precluded in the non-

embryogenic line (NE)WS cultured in the absence or presence of BSO (Table 4.1).

Within the total embryo population, BSO (0.0lmM) increased the percentage of

morphologically nonnal embryos charactenzed by four or more cotyledons (group A

embryos) from 37o/o to 70Yo in the (E)WS 1 line and ftom 28Yo to 56Yo in the (E)WS2 line

Fig. a.1). This increase was accompanied by a steady decrease in the number of

abnormal embryos with three or less cotyledons (group B ernbryos). Group A embryos

were rarely observed in the non-embryogenic (NE)WS line (Fig. 4.1).
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Table 4.1. Effect of buthionine sulfoximine (BSO) on the total number of mature
white spruce (P. glaucø) somatic embryos produced by 100 mg of tissue at the end of
the maturation period. BSO treatments were tested on two embryogenic lines (E)WS1
and (E)WS2, as well as on a non-embryogenic (NE)WS line. Values +SE are means of at

least three independent experiments.

Cell lines

Treatment (E)wsl (E)ws2 NE(ws)

Control 65+4 59+5 0.5+0

BSO (0.0lmM) 154 +12 130 + 11 I + 0

BSO (0.1mM) 62 +3 57 +3 0.3 + 0
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Anatomical studies revealed remarkable differences between group A control

embryos and embryos treated with the optimal (0.01mM) concentration of BSO.

Although similar in shape, the shoot apical meristems of control embryos were often

characterized by the presence of elongated cells and intercellular spaces which disrupted

the architecfure of the sub-apical domain of the shoot (Fig. 4.2A). Intercellular spaces

were never observed in the meristems of BSO-treated embryos, where the sub-apical

domains were composed by tightly packed cells (Fig. 4.28). Storage product

accumulation patterns were also different between treatments. Starch granules and

protein bodies which were not abundant in the vacuolated cortical cells of control

embryos (Fig. a.2C), accumulated preferentially in the cortex of BSo-treated embryos

@ig. a.2D). In control embryos the root apical meristems were composed by a group of

large initials at the base of the procambial region (Fig. a.2E). The number of initials

increased in the presence of BSO (Fig. a.zF). Larger root apical meristems were also

observed in group B embryos treated with BSO (data not shown).

Differences in conversion frequency were also observed between treatments.

Applications of BSO (0.01mM) increased the percentage of group A embryos able to

regenerated viable roots and shoots Íiom 3 7Yo to 6a% Fig.4.3A). This increase was

accompanied by fewer embryos unable to reactivate the apical poles at germination, i.e.

no roots and no shoots. Higher concentrations of BSO (0.1mM) promoted root

conversions and reduced the percentage of embryos which failed to produce viable roots

and shoots (Fig. a.3A). Improved root conversion was also observed in group B

embryos cultured with BSO (Fig. a.3B).

Metabolic studies conducted on the embryogenic lines revealed that the endogenous

level of GSH increased in control embryos only after day 20 in culture (Fig. a.aA). This

trend was less pronounced in the presence of BSO which depleted GSH levels in a

concentration dependent manner. In the presence of high concentrations of BSO (lmM)

glutathione level was only measured at day 10 and 20 as the treated tissue turned brown

and died without completing the maturation period (Fig. a.aA). No rnajor fluctuations

in endogenous GSSG levels occurred during embryonic development. Overall a slight

but statistically insignificant increase of GSSG was observed in the presence of BSO
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Figure 4.1. Frequency of normal embryos (group A embryos with four or more

cofyledons) and abnormal embryos (group B embryos with three or less cofyledons)

produced by two embryogenic lines t@)WSl and (E)WS2I and by a non-

embryogenic (NE)WS line. Tissue was treated with various concentrations of the

glutathione biosynthesis inhibitor buthionine sulfoximine (BSO). Values + SE are means

of three independent experiments.
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Figure 4.2. Morphology of fully developed white spruce somatic embryos.

Morphology of fully developed group A embryos of control tissue (4, C, and E) and of
tissue treated with BSO (0.01mM) (8, D, and F). The shoot apical meristem of control

embryos was characterized by the presence of intercellular spaces (*) and by elongated

cells (arrows) within the sub-apical region (A). Intercellular spaces were never observed

in meristems of BSO-treated embryos which were composed by tightly packed cells (B).

The cortical cells of control embryos were highly vacuolated (*) and accumulated mainly

granules of starch (arrows) (C). Vacuoles were not conspicuous in the cortex of BSO-

treated embryos which accumulated a large amount of storage products, mainly protein

bodies (D). The root apical meristem of control embryos was composed by a small group

of initials (arrows) subtending the procambial tissue (E). 4 larger group of root initials

(arrows) was always present in embryos treated with BSO. Increased number of initials

was also observed in group B embryos cultured in the presence of BSO (data not shown).

All scale bars : 20 ¡tm.
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following three independent rìeasureûlents. For description of the treatments see

Materials and Methods. C, control embryos.
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Figure 4.4. Glutathione metabolism during the 40 days of embryo development.

Endogenous levels of reduced glutathione (GSH) (A), and oxidized glutathione (GSSG)

(B) in developing embryos treated in the absence (C) or presence of BSO. Glutathione

redox state (GSH/GSH+GSSG) during the culture period (C). Values + SE are average

of three independent experiments.
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(0.01mM) (Fig. a. A). As a result of these metabolic alterations, the glutathione redox

state fdefined as the ratio of the concentration of the reduced form (GSH) to the

concentration of the oxidized plus reduced forms (GSSG + GSH)I was lowered by

applications of BSO at the beginning and at the end of the culture period. These

differences were more pronounced with increasing concentrations of BSO (Fig. a.aB).

The activity of glutathione reductase, the enzyme that catalyzes the reduction of GSSG to

GSH, did not vary significantly during embryonic development; the only exceptions were

the increases in the presence of BSO (0.01mM) at day 20 andwith higher levels of BSO

(0.1mM) at day a0 (Fig. 4.5). Inclusions of BSO in the maturation medium evoked

similar responses in the non-embryogenic line (NE)WS; these included a reduction in

GSH level and a lowered GSH:GSH+GSSG ratio (data not shown).

DISCUSSION

White spmce is an economically important species for the wood pulp and paper

industries of North America (Grossnickle 2000). Regeneration and reforestation

strategies continue to investigate sornatic embryogenesis as a viable technology for

improving the forestry industry. Despite the development of new protocols designed

over the past decade, optimum culture conditions ernploying cost effective chemicals

continue to pose major hindrances. In our lab, improvements of somatic embryogenesis

have involved alterations of the glutathione redox status. We have previously

demonstrated that an increase in spruce embryo number and quality can be obtained

through a two-step process involving an initial application of GSH (Sigrna, 6013), which

promotes cell proliferation and the formation of immature embryos, followed by

applications of GSSG (Sigma, G9027) which shift the total glutathione pool towards its

oxidized state and promote proper embryo developrnent (Belmonte et al. 2005).

Although very effective this protocol is expensive, as both GSH and GSSG must be

supplied, and time consuming, as tissue must be transferred more than once. In an effort

to reproduce the same metabolic changes in a single step, without diminishing the desired

results, we have utilized BSO which inhibits GSH synthesis (Griffith and Meister, 1979).

Applications of BSO are very effective in reducing the endogenous GSH levels through
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the inhibition of its de novo synthesis without affecting glutathione reductase, the GSH-

recycling enzpe (Figs. 4.4A,4.5). These changes result in the imposition of an

oxidized environment, i.e. low GSH/(GSH+GSSG) ratio (Fig. a.aB), which is similar to

that obtained with sequential applications of GSH and GSSG (Belmonte et al.2005). In

both experiments the glutathione redox state increases between days l0 and 20, possibly

due to metabolic changes related to the initial transfer of the tissue onto the ABA-

maturation medium, before declining steadily over the remaining days in culture. Such

alterations enhance both total embryo production (Table 4.1) and embryo quality (Figs.

4.1 and 4.3). These beneficial effects of BSO are only the results of a low

GSH/(GSH+GSSG) ratio, as exogenous GSH reverses the effects of BSO (data not

shown). Compared to previous methods utilizing only GSSG (Belmonte and Yeung

2004) or the sequential application of GSH and GSSG (Behnonte et al. 2005) the present

protocol is more effective in increasing the population of goup A embryos with a

reduction in costs.

Besides increasing the overall productivity of the ernbryo culture, BSO irnproves

the structural organization of the embryos. A well-organized shoot apical meristem (Fig.

4.28) and the extensive deposition of storage products within the cortex of the embryonic

axis (Fig. 4.2D) are good indicators that BSO improves developrnent. For example, in

control embryos large intercellular spaces are prevalent in the sub-apical region of the

shoot apical meristem subtending the terminal apical initials (Fig. a.2A). Such

abnormalities, which are due to pronounced cell expansion and are often observed in

embryos produced in vitro where they lead to embryo abortion (Stasolla and Yeung

2003), may be caused by a reduced cellular environment, such as the high glutathione

redox state (high GSH/GSH+GSSG ratio). Independent sfudies support this notion. In

tobacco BY-z cells cell expansion is promoted by high GSH levels (de Pinto et al. 1999).

A similar result was also observed in white spruce where the imposition of a high

GSH/GSH+GSSG ratio promoted the elongation of cultured cells (Belmonte et al,, 2003).

In BSO-treated embryos the proper organization of the shoot apical meristem which is

devoid of intercellular spaces and composed by tightly packed cells, may be the result of

a low glutathione redox state. Proper organizatton of the shoot apex is thought to be a
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prerogative for rapid cotyledon expansion and foliar growth during post-ernbryonic

developrnent (reviewed by Yeung and Stasolla 2000).

Poor storage product deposition and formation of vacuoles in the cortical cells of

control embryos may also affect post-embryonic performance (Fig. 4.2C). It is well

established that rnature cotyledonary stage embryos must accumulate sufficient storage

products to ensure successful regeneration (Belmonte et al. 2005). Increased protein

body deposition and a discernable lack of vacuolated cells within the cortex region of

BSO-treated ernbryos are reminiscent of their zygoticcounterpart (Yeung et al. 1998).

Besides quantitative differences in storage product accumulation, qualitative differences

between treatments are also apparent. Compared to their control counterparts which

accumulate mainly starch, BSO-treated embryos tend to accumulate protein bodies (Fig.

2D). Preferential deposition of storage products also appears to be directly regulated by

the cellular glutathione redox state, with an oxidative environment favoring protein

accumulation and a reduced environment promoting starch formation. In support of this

notion is the observation that starch bodies deposition increases rnarkedly in embryos

cultured with GSH (Stasolla et aL.2004).

Another important structural event promoted by BSO is the formation of alarger

root apicalmeristem composed of an enlarged group of initials (Fig. a.zB} The

requirement of an oxidized environment for the proper development of root initials and

for the control of cell quiescence and division is well established (Jiang et aL.2002). In

white spruce a low glutathione redox state, affected by BSO, appears to be critical for

proper root meristem formation. Even poorly developed embryos (group B) cultured

with BSO have more initials (data not shown) and are able to produce viable roots at

germination (Fig. 4.38).

Our results indicate that the optimal BSO concentration for inducing rnaximal

ernbryogenic output is 0.01mM, with liigher levels (0,1 and 1 mM) inhibiting the process.

This observation suggests that a rninimal threshold of cellular GSH must be maintained

in order for embryonic development to occur. This requirement was also documented in

other systems, including mouse embryogenesis (Shi et al. 2000). Finally, contrary to its

beneficial effects on the two embryogenic lines, BSO is unable to rescue the non-
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embryogenic line used in this study, despite its ability of create an oxidized environment.

This observation suggests that a low glutathione redox state promotes embryonic

development only in cells pre-detennined to produce embryos but not committed to start

the process.

In conclusion our data reveal that applications of BSO shift the glutathione pool

towards its oxidized state and improve embryo number and quality through major

structural changes which include improved meristematic organization and "zygote-like"

accumulation of storage products. Compared to previous protocols which induce similar

alterations of glutathione metabolism through tedious transfers of tissue from GSH to

GSSG, the single-step application of BSO represents a cost and labor-effective method to

enhance embryogenesis in vitro. Further work will determine if this specific glutathione

biosl'nthesis inhibitor can be use in other culture systems.
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CHAPTER 5: EFFECT OF GLUTATHIONE DEPLETION AND IMPROVED
EMBRYO MATURATION ON ASCORBATE AND GLUTATHIONE

METABOLISM DURING WHITE SPRUCE (PICEA GLAUCA) SOMATIC
EMBRYO DEVELOPMENT

INTRODUCTION

Antioxidant responses of the ascorbate-glutathione redox cycle (Fig. 5.1) have

been described in several embryogenic systems (Earnshaw and Johnson, 1985, 1987; De

Gara et a1.,2003; Belmonte et al., 2005). In these studies, it was shown that the balance

between reduced (GSH) and oxidized (GSSG) glutathione and reduced (ASC) and

oxidized forms of ascorbate (DHA and AFR) have profound effects on development. For

example, higher ratios are common during periods of intense growth and cellular

proliferation, while lower ratios are commonly associated with periods of metabolic

quiescence and dormancy (Tornmasi et al., 2001; De Gara et a1.,2003; Belmonte et al.,

2005). The relative oxidized status of the ascorbate and glutathione redox pairs are

modulated in part by HzOz, which plays an important role during cellular differentiation

(Kairong et al.,1999). These alterations appear to be critical in guiding ernbryo

development, especially in culture (Stasolla et al., 2003).

Glutathione depletion through applications of DL-buthionine-[S,R]-sulfoximine

(BSO), a specific inhibitor of glutathione biosynthesis (Griffith and Meister, 1979) is

recognized as an impoftant process in directing proper embryo development in vitro

(Earnshaw and Johnson, 1987; Jain et al., 1988; Belmonte et a1.,2006; Belmonte and

Stasolla, 2007). During the later stages of embryogeny, embryos often undergo a series

of metabolic shifts which represents an important transition terminating embryo

development and initiating the germination program (Bewley and Black, 1994).

Specifically, cellular antioxidants like ascorbate and glutathione become more oxidized,

thus buffering the cellular environment in favour of an oxidized redox state. Alterations

in the endogenous glutathione redox status (GSH/GSH+GSSG) delineate specific stages

of embryo development both in vitro and in vivo (Behnonte et a1.,2005;2006).
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Although prelirninary studies of Earnshaw and Johnson (1985) and Jain et al. (1988)

successfully ernployed BSO in different embryogenic cultures, it was our previous work

that revealed its significance during the maturation of spruce cultures (Belmonte and

Stasolla, 2007). Glutathione depletion during somatic embryogenesis of spruce was first

utilized to improve embryogenic output in various embryogenic cell lines. In addition,

BSO enhances somatic embryo quality by improving the organization of the shoot apical

meristem and increasing the conversion frequency. Since BSO depletes cellular

glutathione, it is not yet understood whether the beneficial effect of this compound is also

associated with other metabolic changes, including the ascorbate-glutathione system.

As an extension to our previous work and to understand the physiological events

associated with gymnosperrn somatic embryogenesis, it is the aim of this current chapter

to examine how changes in the glutathione redox state, affected by applications of BSO,

regulate embryo production in spruce through specific changes in the ascorbate-

glutathione metabolism. These results provide useful information in the evaluation and

generation of optimal culture conditions for spruce somatic embryo development.

MATERIALS AND METHODS

Plant Materíals, culture conditions and cell line selection
:

Embryogenic tissue of white spruce, Picea glauca (Moench) Voss was induced

and generated as reported by Lu and Thorpe (1987). Seeds were collected from the

campus at the University of Calgary , Calgary,Alberta, Canada,surface sterilized in 20%o

commercial bleach for 20 minutes and rinsed three times in sterile water. Embryos were

dissected and cultured for 4-6 weeks on half-strength Litvay (Litvay, 1985) induction

mediurn supplemented with 10 pM Z,4-dichlorophenoxyacetic acid (2,4-D),5 pM N6-

benzyladenine (BA), 5% (wlv) sucrose and solidified with 0.8% purifi ed agar, pH 5.8. In

this experiment the embryogenic line (E)WS1 was selected based on its ability to form

good quality embryos (Chapter 4).

Maturation of somatic embryos was achieved by spreading 100 mg embryogenic

tissue directly onto solid maturation medium (112LY medium supplernented with 50 pM
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filter-sterilized abscisic acìd (ABA), 50% sucrose and solidified with 0.4% phfiagel, pH

5.8 as described previously by Belmonte and Stasolla, 2001). Changes in the glutathione
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Figure 5.1. Schematic representation of the ascorbate-glutathione cycle in maturing

embryos of white spruce. ASC, reduced ascorbate;AFR, ascorbate free radicals; DHA,

dehydroascorbate; GSH, reduced glutathione; GSSG, oxidized glutathione)HzOz

hydrogen peroxide; 02, ox/gen; NADP*, nicotinamide adenine dinucleotide oxidized

form; NADPH, nicotinamide adenine dinucleotide reduced form; AFRR, ascorbate free
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reductase; GR, glutathione reductase.
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redox state were achieved through applications of 0.01 mM BSO as reported in our

previous study. To reverse the effect of BSO, 0.2 mM GSH was also included in the

maturation medium (Chapter 4). Following a 40-day maturation period, mature good

quality embryos with four or more cotyledons were charactenzed and counted. Unless

otherwise stated, all experiments were done in triplicate.

Microscopy

Mature somatic embryos were fixed in 2.5o/o gluteraldehyde and 7.60/o

paraformaldehyde buffered with 0.05 M phosphate buffer, pH 6.9, rapidly dehydrated

with methyl cellosolve, followed by two changes of absolute ethanol, before being

infiltrated and embedded in Historesin (Leica, Markham, Canada) (Yeung, 1999). Glass

knives were used to cut serial (3 prn) longitudinal sections on a Reichart-Jung2}4}

Autocut microtome. General histological examination was carried out using the periodic

acid-Schiff (PAS) procedure and counterstained with 0.05% (w/v) toluidine blue-O or

amido black 108 for protein (Yeung, 1984). At least 50 median longitudinal sections

were examine for the present experiment and photographed using aLeitz Aristoplan light

microscope.

Analysis of intracellular ascorbate and glutathione redox pairs

Analysis of ascorbate and glutathione was carried out exactly as previously

described by Zhang and Kirkham (1996). Tissues were groundin 5Yo metaphosphoric

acid at 4oC to prevent oxidation and the homogenate centrifuged for 20 minutes at 16,000

X g before analysis. The total ascorbate pool (ASC + DHA) was determined following

the reduction of DHA to AA using dithiothreitol (DTT), while the concentrations of DHA

were determined from the difference between the total ascorbate pool and ASC level.

Glutathione levels were determined using the DTNB - GSSG reductase assay. GSH was

determined as the diffelence between the total glutathione pool and that of GSSG.
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Enzymatic activity

Activities of ascorbate peroxidase (APX), ascorbate free radical reductase

(AFRR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR) in

developing somatic embryos of white spruce were analyzed following homogenization of

tissues at 4"C in medium containing 50 mM Tris-HCl, pH 7 .2,0.3 M mannitol, 1 mM

EDTA, 0.1% BSA , 0.05o/o cysteine, and 2o/o (w/v) polyvinylpyrrolidone. The

homogenate was then centrifuged at 4oC for 20 minutes at 16,000 X g, and the

supernatant collected for the analysis of enzymatic activities as reported by Arrigoni et al.

(1ee7).

APX (EC 1 .1 1.1 .l I ) activity was estimated by measuring the hydrogen peroxide-

dependant oxidation of ASC (extinction coefficient 2.8 mM-rcm-r) following the decrease

in absorbance at265 nm. Only the cytosolic component of APX activity was measured

since no ASC was added to the gnnding medium (Amako et aL.,7984). The reaction

mixture contained 50 pM ASC, 90 pM HzOz, and 50 mM potassium phosphate buffer,

pH 6.5.

AFRR (EC 1 .6.5.4) activity was measured following the rate of NADH oxidation

at340 nm (extinction coefficient 6.0 mM-lcm-r). The reaction mixture contained 0.2 mM

NADH, 1 mM ascorbate, and 0.1 M Tris-HCl, pH 7 .2. The reaction was initiated with

the addition of 0,5 units of ascorbate oxidase (EC L10.3.3).

DHAR (EC 1.8.5.1) activity was determined by following the GSH-dependent

production of ascorbate at265 nm (extinction coefficient 6.2 mM-rcm-r), The reaction

mixture contained 1 mM DHA, 2 mM GSH, and 100 mM potassium phosphate buffer,

pH 6.3.

GR (EC 1.6.4.2) activity was determined following the NADPH-dependent

oxidation of GSSG at340 mn (extinction coefficient 14 mM-rcm-r). The reaction mixture

contained 0.1 M Tris-HCl, pH 7.8, 2 nM EDTA, and 0.5 mM GSSG. The reaction was

initiated with the addition of 50 pM NADPH.

CAT (EC I .1 1.1.ó) activity was determined by following the consumption of

H2O2 (extinction coeffi cient39.4 mM-lcm-r) at240 nm. The reaction mixture contained
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50 mM potassium phosphate buffer, pH 7.0, 10 mM HzOz and 200 p,l enzpe extract in a

3 ml volume.

Protein content for all assays was measured according to the Bradford method

using BSA as a standard (Bradford, 1976).

Pyridine nucleotides

Single extract determination of NADPH/1.{ADP* was carried out according to the

methods of Zhang et al. (2000). For each treatment, tissue was ground in liquid N2

before being processed and compared to a prepared standard curve. At least three

replicates were run for each measurement.

Determination of hydrogen peroxide levels

Hydrogen peroxide was determined spectrophotometrically according to the

methods of Velinov a et al. (2000). Briefly, tissue was homogenized in ice cold 0.1%

(w/v) TCA with a mortar and pestle and then centrifuged at 12,000 X g for 15 minutes.

The supernatant was neutralized in potassiurn phosphate buffer and potassiurn iodide and

the absorbance read at 390 nm. A standard curve in the range of 0-1 mM was prepared.

Statistical analysis

Significant differences between means were calculated according to the Student's t-test.

RESULTS

Growth parameters and structural study of the embryos

The number of mature somatic embryos with four or more cotyledons (group A as

scored by Belmonte and Yeung, 2004) cultured in the presence of BSO increased by

almost 40o/o when compared to untreated control. Applications of BSO+GSH reduced

this number to near control levels (Fig. 5.2). Morphological studies also revealed the

improved quality of BSO-treated embryos which showed symchronous development and
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elongated cotyledons (Fig. 5.38). Structural examinations of mature cotyledonary stage

embryos reveal profound differences in storage product accumulation (Fig. 5.3C and D).

In control embryos, cortical cells of the embryonic axis were vacuolated and

predominantly accumulated starch granules (Fig. 5.3C). When embryos were treated

with BSO, accumulation of starch and protein bodies was always observed in the cortical
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Figure 5.2. Number of good quality mature cotyledonary stage embryos with four

or more cotyledons produced as a percentage of control. Tissue was treated with 0.01

mM BSO, a specific glutathione biosynthesis inhibitor or with both BSO and 0.2 mM

GSH. Values t SE are means of three independent experiments, each with three

replicates. * indicates values thatare significantly different from control (P <0.05)



TT2

Figure 5.3. External morphology of mature white spruce somatic embryo

populations matured on control (A) or BSO-treated rnaturation medium (B). A larger

number of ernbryos with four or more cotyledons are present when somatic embryos are

treated with BSO. The cortical cells of control somatic embryos (C) primarily

accumulate starch granules and are highly vacuolated compared to cells of BSO treated

embryos that accumulate both starch and protein bodies (D). Somatic embryos treated

with BSO are not vacuolated and contain a number of protein bodies, All scale bars : 20

þLm.
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cells (Fig. 5.3D). Inclusions of both BSO + GSH were found to increase both storage

product reseryes (starch and protein), although to a lesser extent to those observed in

BSO-treated embryos.

Growth of embryogenic tissue throughout maturation was more pronounced in

BSO-treated embryos based on the dry weight (DW) : fresh weight (FW) ratio (Fig. 5.a).

The DW : FW ratio of control reached maxirnurn values at the early stages of maturation

(day 10) before declining and maintaining a relatively stable ratio throughout the

progressive stages of development. The DW : FW ratios in BSO and BSO + GSH treated

embryos were always higher than those of control (Fig. 5.a).

Ascorbate and glutathione pools are modulated through development

Pronounced changes in the ascorbate and glutathione pools were observed when

somatic embryos were cultured in the presence or absence of BSO. Compared to control

embryos, those treated with the glutathione biosynthesis inhibitor, had lower levels of

endogenous GSH. In these embryos, GSH content declined transiently during the course

of the experiment (Fig. 5.54). Endogenous levels of GSSG did not fluctuate significantly

during the course of the experiment, regardless of treatment. Compared to control or

embryos treated with BSO + GSH, the GSH/GSH+GSSG ratio of BSO-treated embryos

declined steadily throughout all stages of development reaching a minimum value at day

a0 Gig. s.sB).

The endogenous levels of ASC increased more than two-fold between day l0 and

20 in control embryos reaching a maximum concentration of 110 runoles g-' RW 6ig.

5.64). In the presence of BSO, endogenous ASC levels declined throughout all stages of

development, reaching a minimum value at day a0 (Fig. 5.64). Levels of DHA + AFR in

untreated sorratic embryos increased sharply at day 20 before declining slightly through

the later stages of development (Fig. 5.64). The ASC/ASC+DHA+AFR profile was

lowest in embryos treated with BSO compared to all other treatments (Fig. 5.68).



114

0.9

0.85

0.65

DAY 1O DAY 20 DAY 30 DAY 40

Figure 5.4. Dry weight : fresh weight ratio @W : FW) of developing somatic

embryos matured in the presence of BSO, BSO + GSH or control. Embryos were

collected and dried in an oven for 72 hours every ten days during the forty day maturation

period and compared to the initial fresh weight of the tissue. Values + SE are rneans of

three independent experiments, each with three replicates. * indicates values that are

signifrcantly different from control (P <0.05).
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Figure 5.5. Glutathione metabolism in developing white spruce somatic embryos

(A) Endogenous levels of reduced GSH, and oxidized GSSG in somatic embryos treated

with either BSO or BSO + GSH. (B) Ratio of GSH/GSH+GSSG in somatic embryos

treated with either BSO or BSO + GSH. Embryos were harvested at days 10,20,30 and

40 for analysis. Values are mean + SE of three independent experiments. * indicates

values that are significantly different from control (P <0.05) at the same day in culture.
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Figure 5.6. Ascorbate metabolism in developing white spruce somatic embryos (A)

Endogenous levels of reduced ASC, and oxidized DHA +AFR in sornatic embryos

treated with either BSO or BSO + GSH. (B) Ratio of ASC/ASC+DHA+AFR in somatic

embryos treated with either BSO or BSO + GSH. Embryos were harvested at days 10,

20,30 and 40 for analysis. Values are mean + SE of three independent experiments. *

indicates values that are significantly different from control (P <0.05) at the same day in

culture.
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Changes in the activifii of enzymes itrolved in ascorbate and glutathione metabolism

The activity of APX, an enzyme responsible for converting hydrogen peroxide to

water, declined steadily through the course of the experiment in all treatments. The

activity of this enzyme was highest in BSO-treated embryos at early stages of

developrnent (Fig. 5.7). The activity profile of dehydroascorbate reductase (DHAR), one

enzyme responsible for ASC reduction, declined throughout the course of somatic

ernbryo development in all treatments (Fig. 5.7). Reduction of ascorbate free radicals

(AFR) to ASC is catalyzed by ascorbate free radical reductase (AFRR; Fig. 5.1). The

activity of this enz)¡me declined between days 10 and 20 in all treatments and reached

maximum values in BSO-treated embryos during the second half of the maturation

period.

Compared to control embryos, lower levels of glutathione reductase (GR) activity,

the enzyme responsible for the reduction of GSSG to GSH, were observed in BSO treated

embryos (Fig. 5.7).

Catalase (CAT) was measured in order to obtain information on HzOz

detoxification within developing somatic embryos. Although treatment with BSO

increased levels of CAT during the first half of maturation, a pronounced decrease in

CAT activity (70% decrease) was observed through the last half of the culture process

when compared to control and BSO + GSH values (Fig. 5.8).

Developmental changes ín pyridíne metabolism

Both reduced NADPH and oxidized NADP+ are key regulators of the ascorbate-

glutathione cycle (Fig. 5.1) and were found to fluctuate during somatic embryo

maturation. Concentrations of NADPH declined slightly in the control and BSO-treated

lines during development, while inclusion of both BSO + GSH increased endogenous

levels of this metabolite (Fig. 5.94). Levels of NADP* decreased slowly but steadily in

control somatic embryos throughout the course of the experiment, but concentrations of

this nucleotide were found to be greater when embryos were cultured with BSO (Fig. 5.9)

which resulted in low NADPH/¡{ADPH + NADP+ ratios (Fig. 5.98).
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Figure 5.7. Enzyme activities of APX, DHAR, AFRR and GR in somatic embryos

treated with either BSO or BSO + GSH. APX: I unit: I nmol ASC oxidized mg-r

protein min-r;AFRR: I unit: 1 nmol NADH oxidized mg rprotein min-r;DHAR: I

unit: I nmol ASC reduced mf I protein min-1. Values a S.E. aÍe aveÍage of three

independent experiments as in materials and methods. * indicate values are significantly

different from control values (P <0.05) at the same sampling time.
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Figure 5.8. Activity of catalase (CAT) in white spruce somatic embryos at different

stages of development. 1 unit: 1 nmol H2O2 consumed mg I protein min-I.

Values + S.E. are average of three independent experiments as in materials and methods.

* indicate values are significantly different from control values (P <0.05) at the same

sampling time.
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Figure 5.9. Endogenous levels of nicotinamide adenine dinucleotides in developing

embryos of white spruce (A) Endogenous levels of reduced NADPH, and oxidized

NADP * in somatic embryos treated with either BSO or BSO + GSH. (B) Ratio of

NADPHÆ{ADPH + NADP * in microspore derived embryos treated with either BSO or

BSO + GSH. Values represent the mean of 3 independent experiments as in materials and

methods. Error bar is + SE. * indicate values are significantly different from control

values (P <0.05) at the same sampling time.
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Figure 5.10. Effect of BSO or BSO + GSH on levels of HzOz at different stages of

white spruce somatic embryo development. Values represent the mean of 3

independent experiments as in materials and methods. Error bar is + SE. Stars above

each bar indicate values are significantly different from control values (P <0.05) at the

same sampling time.
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Glulathione depletion stimulates hydrogen peroxide accumulation

In order to determine if glutathione depletion stimulates a general oxidized signal,

intracellular levels of hydrogen peroxide were quantified (Fig. 5.10). As shown in Figure

10, intracellular concentrations of HzOz decreased in control somatic embryos through

the course of development. Inclusions of BSO, which inhibited GSH accumulation,

stimulated H2O2 production, especially during the last twenty days of culture (Fig. 5.10).

DISCUSSION

We used the glutathione biosynthesis inhibitor, BSO to deplete endogenous GSH

levels and promote somatic embryo production in white spruce. Since BSO shifts the

glutathione redox status in favour of an oxidized state, we were interested in how BSO

specifically changes antioxidant responses in the ascorbate-glutathione system following

GSH depletion (Fig. 5.1). Our current study shows that in BSO-treated somatic embryos,

the endogenous glutathione pool transiently shifts in favour of an oxidized state as

development progresses, reaching the lowest GSH/GSH+GSSG ratio at day 40 (Fig.

5.58). The shift in ratio towards the oxidized state is likely due to the activity of GR,

which decreases transiently towards the last days of culture (Fig. 5.7). Low GR activity

may also be the result of low NADPH availability in BSO-treated embryos, where the

NADPH,TINADPH+NADP* ratio favours a more oxidized status (Fig. 5.98). Decreases in

GR activity is also observed during zygotic embryogenesis of P. glauca suggesting that

BSO stimulates seed-like changes in glutathione metabolism (Belmonte et al., 2005).

Moreover, low GR activity has been shown to shift the redox status of ascorbate towards

a more oxidized state (Nocter and Foyer, 1998).

Increases in the GSH/GSH+GSSG ratio often lead to poor conversion frequency

and have negative effects on meristem detennination and accumulation of storage

products (Behnonte and Yeung,2004). These effects can be rescued if BSO is included

in the medium (Fig. 5.3). As shown in Figure 5.3D, the abundance of protein bodies

within the cortical cells of the embryonic axis clearly denotes the better quality of BSO-

treated embryos. When compared to control, these qualitative differences in the

anatomical storage product profile are further reflected in the DW : FW ratio (Fig. 5.4),
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which denotes differences in the levels of maturation reached by the embryos. During

zygotic embryogenesis the storage product profile follows a distinct pattern; starch is

accumulated hrst followed by protein and lipids (Joy et al., 1990). In control embryos,

starch primarily accumulates (Fig. 5.4C) while protein is most abundant in BSO-treated

somatic embryos (Fig. 5.aD). The more pronounced accumulation of protein bodies in

embryos with low GSH/GSH+GSSG ratios may be related to increases in transcript

levels of putative genes responsible for protein synthesis such as late embryogenic

abundant (LEA) proteins or ribosomal proteins (Stasolla et al.,2004). Therefore it

appears that low GSH/GSH+GSSG ratios, induced by BSO, influence the deposition of

storage proteins responsible for embryo development ín vitro. As a result, BSO is now

readily included in maturation culture media of both spruce (Behnonte et aI.,2007) and

canola (Behnonte et al., 2006).

Glutathione is associated with ASC regeneration through the Halliwell-Asada

cycle (Fig. 5.1), and is thought to be involved in regulating HzOz and the overall redox

status of plant cells (Kocsy et al., 2001; Nocter, 2006). It is therefore not surprising that

low levels of ASC were measured in BSO-treated embryos, especially towards the

middle of the maturation process (Fig. 5.64). These metabolic changes shifted the

ascorbate redox status (ASC/ASC+DHA+AFR) towards a ûrore oxidized state (Fig.

5.68). Such alterations, thouglit to be necessary for the progression of embryo

development, are due to the decreased activity of AFRR (Fig. 5.7), the enzyme

converting DHA and AFR to ASC. During the later phases of somatic embryo

development ASC slowly declines while levels of DHA and AFR increase (Fig. 5.68).

Since low AFRR activity can be rescued in BSO+GSH treated embryos, it is speculated

that the BSO-dependent depletion of GSH plays alarge role in controlling the activity of

this important antioxidant enzyrnes. As suggested previously, these redox adjustments

represent a metabolic strategy to maintain appropriate levels of oxidized intermediates

like DHA and AFR which are then reduced to ASC during the early phases of

germination (Arrigoni et al., 1997; Tommasi et al., 2001). Of particular interest is the

rate at which the ASC/ASC+DHA+AFR ratio decreases in BSO-treated embryos

compared to their control counterparts. Lower ratios observed early during maturation
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(Fig. 5.68) may be required to promote differentiation of storage products like protein

bodies necessary to maintain maturation potential (Fig. 5.3D). This may be due in part to

the NADPHÆ{ADPH+NADP* redox status of BSO-treated embryos which is heavily

oxidized during the last twenty days in culture and which is necessary for maintaining

cellular homeostasis in the ascorbate-glutathione cycle. It is during these later stages of

developrrent that embryos also contain the highest levels of H2O2, a well-reco gnized

reactive oxygen species (Fig. 5.10). This is in line with evidence presented by Guo and

Ohta (1993) and Guo et al. (1993) where endogenous HzOz also increased following the

BSO inhibition of glutathione synthesis in cultured carrot cells. Here, BSO, and the

oxidized status of glutathione, appear to suppress the activity of the reactive oxygen

species scavenging enzyme catalase during the later stages of development (Fig. 5.8).

In conclusion, applications of BSO during sorratic embryogenesis of white spruce

induce changes in the ascorbate-glutathione systems necessary for improved

development. In particular glutathione depletion appears to promote changes in three

redox systems: ascorbate, glutathione, and NADP pyridines in favour of a more oxidized

cellular environment, especially nearing the completion of somatic embryo maturation.

This information provides possible physiological mechanisms for the glutathione redox

pair during ín vitro maturation and may prove useful in irnprovin g in vitro maturation

conditions and thus enhancing overall embryogenic output.
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Belmonte MF, Tahir M, Schroeder D, StasollaC. 2007. Over-expression of HBK3, a

class I KNOX homeobox gene, improves the development of Norway spruce (Picea
abies) somatic embryos. Journal of Experimental Botany (in print)

CHAPTER 6: OVER-EXPRESSION OF HBK3, A CLASS I KNOX HOMEOBOX
GENE, IMPROVES DEVELOPMENT OF NORWAY SPRUCE (PICEA ABIEÐ

SOMATIC EMBRYOS

INTRODUCTION

Over the past number of years somatic embryogenesis, the fonnation of embryos

in culture from asexual cells, has been extensively employed to investigate the

physiological and molecular mechanisms governing embryogenesis (reviewed by Thorpe

and Stasolla 2001). Using this process a large number of immature and mature embryos

can be easily obtained for experimental studies which would otherwise be impossible to

perform with seed embryos. The developmental pathway of in vitro embryogenesis has

been well documented in the conifer Norway spruce (Picea abies) (Filonova et al. 2000a

and reviewed by von Arnold et al. 2002). In this system the formation of cotyledonary

embryos passes through a sequence of developrnental stages corresponding to specific

culture treatments (see Filonova et al. 2000a). The embryogenic potential is maintained

through proliferation of the proembryogenic masses (PEMs) which appear as defined

structural aggregates of different complexity. Over theT day proliferation period in the

presence of the plant growth regulators (PGRs) auxin and cytokinin, PEMsI develop into

PEMsIII via the intervening PEMsIL Formation of somatic embryos from PEMsIII is

initiated upon withdrawal of the plant growth regulators (PGRs) auxin and cytokinin, and

completed in the presence of abscisic acid (ABA) (Filonova et al. 2000a). Fully

developed cotyledonary embryos are similar in morphology to their zygotic counterparts

and are characteized by the presence of well developed shoot and root apical meristems

(SAM and RAM respectively). Proper execution of this embryogenic developmental

pathway is often precluded if some physiological parameters are not met (Filonova et al.

2000b, Bozhkov et al. 2002, Smertenko et al. 2003) or in the absence of a defined gene

expression pattern (Stasolla et al.2004).



128

KNOTTED-like homeobox (Kl/O)fl genes are alarge group of transcription factors

that play fundamental roles during different phases of plant growth and development

(Chang et al. 1998). Unique features of these proteins are six conserved regions which

include a long homeobox domain involved in DNA binding as well as the KNOX and

ELK domains, both N-terminal of the homeodomain (lto et aL.2002). Based on their

locaTization pattem and sequence similarity within the homeodomain region, KNOX

genes are grouped into two classes. While class I genes have been shown to play a key

role during plant development where they regulate cell specification and pattern

formation, no specific function has been assigned to members of the class II. A well

studied example of a class I KNOX gene in Arabidopsis is SHOOTMERISTEMLESS

6flvÐ. This gene, which is expressed in the apical pole during embryonic and post-

embryonic development, regulates the architecture of the shoot apical meristem (SAM)

by maintaining a balance between cell division and differentiation (Long et al. 1996).

Loss-of-function mutations of STM result in the degeneration of the embryonic SAM and

culminate in reduced post-embryonic gtowth and in extreme cases, embryo abortion

(Long and Barton 1998).

Unlike their angiosperrn counterparts where a large number of KNOX genes have

been identifred and characterized, only a few KNOX genes have been reported in

gymnosperms (Sundas-Larsson et al. 1998, Hjortswang eI al. 2002, Guillet-Claude et al.

2004) and their functions remain almost cornpletely unknown. In Norway spruce three

class I KNOX genes, HBKI, HBK2, and HBK3 have been described (Hjortswang et al.

2002). While it has been suggested that HBKI is involved in SAM regulation, based on

its localization pattern (Sundas-Larsson et al. 1998, Belmonte et al. 2005), no information

is currently available on the role played by the other two genes.

To further understand the role of KNOX genes in conifers we have investigated the

role of HBK3 during Norway spruce somatic embryogenesis using transformation :

approaches. Analyses of embryogenic lines transformed with HBK3 in sense or antisense

orientation suggest that HBK3 may be involved in transdifferentiation of PEMs into

somatic embryos and in the formation of the embryonic SAM.
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MATERIALS AND METHODS

Production of spruce somatic embryos

The Norway spruce embryogenic line 95:88:22 (kindly provided by Prof. von Arnold)

(Elfstrand et al.2001) was used for all experiments. Maintenance of PEMs and initiation of

embryo development were performed exactly as previously reported (Bozhkov et aL.2002).

Briefly, proliferation of PEMs was stimulated using half-strength LP medium (modified after

Filonova et al. 2000a) supplemented with PGR, auxin (9.0 pM 2, -dichlorophenoxyacetic acid,

2,4-D) and cytokinin(4.4 prM N6-benzyladenine, BA). Formaintenance of embryogenic

potential, PEMs were sub-cultured weekly into fresh PGR-containing medium. Trans-

differentiation of PEMs into somatic embryos was accomplished by transferring cells into half-

strength LP medium devoid of PGR for a week. Continuation of embryo development, i.e.

generation of cotyledonary somatic ernbryos, was carried out by plating small cell aggregates on

solidified halÊstrength LP medium supplemented with 30 pM ABA, Cotyledonary embryos

were harvested after 35 days in culture.

PCR

Total RNA was extracted with an RNeasy Plant mini kit (Qiagen) from Norway

spruce ernbryogenic tissue. cDNA was synthesized using 2 ¡t"gtotal RNA, 500 ng oligo-

dT¡1-adapter primer (5'-GACTCGAGTCGACATCGA(T)r7V-3') and 15 U M-MuLV reverse

transcriptase in a 20 ¡tL reaction. Full length HBK3 (accession number 4F483278) was

arnplified using specific primers (5'-CAGTAAATACAAGGTCTTGAAGAT-3' and 5'-

CCGCCAGTGTGCTGGAATTCGCCC-3'). Amplification by PCR was as follows: 94'C

for 30 s, 55 oC for 30 s,72 "C for 2 min, 30 cycles.

Spruce Transformation

To generate the plasmids for the transformation experiments, the GUS reporter

gene downstream from the maize ubiquitin promoter was cleaved from pUTV45

(Clapham et al. 2000) with SacI and BamHI and replaced with HBK3 in sense or
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antisense orientation. Full length HBK3 was re-amplified by PCR using primers

designed to add Sacl and BamHlrestriction sites to the 5' and 3' ends respectively, and

the amplification products were ligated to the cut pUTV45. The resulting plasmids were

named pUTV45-HBK3 sense and pUTV4S-HBK3 antisense.

Production of transgenic material was carried out exactly as reported by Clapham et

al. (2000). Briefly, Norway spruce embryogenic cells were transformed with a particle

gene gun in which the gold particles were coated with equal amount of pUTV45-HBK3

sense or pUTV45-HBK3 antisense and pUbi-BA.R, in which the BASTA resistance gene

is driven by the ubiquitin promoter (Clapham et al. 2000). Control cells were

transformed with an equimolar mixture of pUTV45 and pUbi-BA.R. Selection of

transformed cells was carried out on proliferation medium containing lmg l-l BASTA,

exactly as reported by Clapham et al. (2000).

Transformed cells were screened by PCR using genomic DNA as a template and a

forward primer annealing to the maize ubiquitin promoter (5'-

GCTTTTTGTTCGCTTGGTTGTG) and Íeverse primers specific to HBK3 (5'-

CCGCCAGTGTGCTGGAATTCGCCC-3' for sense transformants and 5'-

CAGTAAATACAAGGTCTTGAAGAT-3' for antisense transformants).

Embryos from the transformed cells were matured and germinated according to

Bozhkov and von Arnold (1998).

:

kNA blor analysis

Total RNA from transformed cells was isolated using an RNeasy Plant mini kit

(Qiagen). A fifteen microgram aliquot was fractionated on a 1.0o/o (v/v) formaldehyde

agarose gel and transferred to a nylon membrane (Sambrook and Russell 2001).

Duplicate blots were hybridized with the DlG-labeled sense or antisense HBK3 probes

which were prepared using digoxigenin-11-UTP, as described in the DIG RNA labeling

kit (Roche Molecular Biochemicals). Probe hybridization and color development was

carried out exactly as described in tlie DIG Application Manual (Roche). Spruce actin

(Gene Bank # AF172094) probes were also hybridized to verìfy that equal amounts of

RNA were loaded.
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Cell culture composition

Norway spruce suspension cultures were sampled at 7 days in the presence of

PGRs and at days 3 and 7 in the hormone-free treatment (-PGR medium). The

percentage composition of PEMI, PEMII, PEMIII, and somatic embryos from a 1.5 ml

aliquot was determined as reported in the methods of Bozhkov et al. (2002).

RNA-in situ hybrídization of PgAGO, a gene expressed in SAM and RAM of spruce
embryos

Chemical fixation and tissue processing were performed exactly as described by

Tahir et al. (2006). The full length PgAGO gene was amplifred with primers containing

T7 and T3 sites (5'- TAATACGACTCACTATAGGGGCGTTTCTCTGGCTTTGAGG

and 5'- AATTAACCCTCACTAAAGGTTTGGCAATTTCTCGACGAT). The PCR

product was then used for in vitro transcription using digoxigenin-11-UTP, as described

in the DIG RNA labeling kit (Roche Molecular Biochemicals). Sense and antisense

probes were hydrolyzed for 40 min at 60oC in the presence of 60 mM NazCO¡ and 40

mM NaHCO3 and stored at -80oC prior to hybridization.

Tissue treatments and pre-hybridization washes were conducted exactly as

described in Canton et al. (1999). Post-hybridization washes and antibody treatment

were carried out according to Regan et al. (1999).

Light microscopy

Samples were fixed inZ.SYoglutaraldehyde and 7.60/o paraformaldehyde buffered

with 0.05 M phosphate buffer, pH 6.9, dehydrated with methyl cellosolve followed by

two changes of absolute ethanol, and then infiltrated and embedded in Historesin (Leica

Canada, Toronto) (see Yeung,1999). Serial sectioning (3 ¡¿m) was carried out on a

Reichert-Jung2040 Autocut rotary microtome. These sections were stained with

periodic acid-Schiff (PAS) reaction for total carbohydrates, and counterstained with
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amido black l0B for protein or toluidine blue O (TBO) for general histological

organizatton (Yeung, 1 984).

Ar ab idop s is transþ rmatio n

Seeds of the Arabidopsis ecotype Landsberg erecta were obtained frorn the

Arabidopsis Biological Resource Stock Center (Ohio State University, Columbus).

Full length HBK3 cDNA was inserted downstream of the cauliflower mosaic virus

35S promoter of the pCHF3 binary vector, apPZPZI I-based plant expression vector

canying the 35S promoter and a pea ribulose 1,5-bisphosphate carboxylase/oxygenase

terminator (C. Fankhauser, K. Hanson, and J. Chory, unpublished data). The construct

was then introduced into the Agrobacterium tumefaciens strain GV3101 with Ti plasmid

pMP90 by freeze thawing. Agrobacterium cultures were grown for 3 days in the

presence of spectinomycin (selectable antibiotic marker). Positive colonies were

screened by PCR using a forward primer annealing to the 35S promoter (5'-

GATGTGATATCTCCACTGACGTAAGGG-3') and the reverse gene primer (5'-

CCGCCAGTGTGCTGGAATTCGCCC-3' ).

Selected colonies were grown ovemight in YEP rnedium supplemented with

gentamycin (zíp,glml) and spectomycin (zs¡glml). The resulting culture was then spun

down and resuspended to ODsoo:O.8 inlo/o sucrose, 0,05% Silwet L-77 and used to spray

transform wild type Arabídopsis plants via standard Agrobacterium-mediated techniques

(Weigel and Glazebrook, 2002). All plants were grown at22"C under long day

conditions (l6h light and 8 hours dark),

Seeds of transformed plants were plated on 1X MS media supplemented with 1%

sucrose, kanarnycin (100 ug ml-r) and carbenicillum (100 ug ml-l). The resulting

355:HBK3 T2 plants were screened by PCR and RNA blots as indicated above and

examined for morphological analysis.

GUS assay
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The Arabidopsis STM:GUS reporter lines (kindly provided by Prof. Barton) were

transformed with HBK3, as described above. Whole Arabídopsis seeds and dissected

embryos were stained and vacuum infiltrated in a solution containing21 mM phosphate

buffer (pH 7), 0.25% Triton X- 1 00, 1 .25 mM potassium ferricyanid e, 7 .25 mM potassium

ferrocyanide,0.25 mM EDTA, 1 mg/rnl 5 bromo-4 chloro 3 indolyl B-D-glucuronide (X-

Gluc) for 12h at37"C (Weigel and Glazebrook,2002). Tissues were then cleared in a

modified Hoyer's solution according to the methods of Strangeland and Salehian (2002)

and utilized for microscopic observations.

Statistícal analysis

Unless specified, all experiments were perfonned using at least three biological

replicates and the Tukey's Post-Hoc test for multiple variance (Zar,1999) was used to

compare differences between treatments and control,

RESULTS

Generation of transþrmed sprttce lines and cell traclting experiments

After transformation experiments four antisense (HBK3-AI to A4) and four sense

(HBK3-Si to 54) spruce sublines were identified. The former sublines were screened for

the presence of antisense HBK3 by PCR. As expected, no amplification product was

obtained from genomic DNA isolated from control cells (Fig. 6.14). Northern-blot

hybridization analysis using RNA sense probe revealed the presence of antisense HBK3

transcripts in all the transformed sublines, but not in control cells (Fig. 6.14). In all

HBK3-A sublines a reduction of sense HBK3 transcripts was also detected (Fig. 6.14).

Insertion of sense HBK3 in all the HBK3-S sublines was confirmed by PCR (Fig. 6.18).

Compared to their control counterparts all HBK3-S cells showed increased levels of

HBK3 transcripts as revealed by hybridization with antisense probes (Fig. 6.18).

Time lapse tracking experiments were used to follow the dynamics of embryo

production in control and transfonned sublines. At the end (day 7) of the proliferation

treatment in the presence of PGRs a similar embryo composition was observed among all
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Figure 6.1. Screening of positive spruce cells transformed with HBK3 in antisense

(HBK3-AI-44) and sense (HBK3-S1-S4) orientation A. The presence of the

p(JTV45-HBK3-antisenseconstruct in the cultures was verified using ubiquitin/HBK3

primers from genomic DNA (see Materials and Methods for details). Expected amplified

products were observed in the four antisense lines, but not in the control line (top panel).

RNA gel-blot analysis showing the presence of antisense HBK3 transcripts (second

panel) and a reduction of sense llBKi transcripts (third panel) in the HBK3-A lines.

Equal loading was ensured by staining with ethidium bromide before blotting and by re-

probing the same RNAs with spruce actin (fourth panel). B. The presence of pUTV45-

HBK3-sense construct was verif,red in the four sense (HBK3-S) lines (top panel).

Compared to control these lines had increased levels of HBK3 transcripts which were

probed with the HBK3 antisense probe (second panel). Equal loading was ensured by

staining with ethidium bromide before blotting and by re-probing the same RNAs with

spruce actin (fourth panel). :
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Figure 6.2. Percentage composition of cell aggregates observed in the control (c)

line, sense lines (HBK3-S) and antisense lines (HBK3-A) during the initial phases of

embryo development. A. At day 7 in maintenance (+PGR) medium a similar embryo

composition was observed among all lines and the percentage of PEMsIII was

predominant compared to that of other cellular aggregates. B After 3 days in hormone-

free medium (-PGR) the formation of immature sornatic embryos from PEMsIII

increased in the control line and lines over-expressing HBK3 (HBK3-S). No increase

was observed in the lines down-regulating HBK3 (HBK3-A). C Production of somatic

embryos from PEMsIII continued to increase in both control and HBK3-S lines in the

absence of PGRs at day 7 (Fig.3C). This increase was moÍe pronounced in all the four

HBK3-S lines. The percentage of somatic embryos remained low in all HBK3-A lines.

PEM, pro-embryogenic masses. Each value is the average of three independent

replicates. More than 1000 cell structures were counted for each replicate. * Indicate

values that are statistically different (P <0.01) from control values.
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lines (Fig. 6.2A). Overall, the percentage of PEMsllI was predominant compared to

other cellul ar aggregates (Fig. 6.2^). Upon removal of PGRs transdifferentiation of

PEMsIII into somatic embryos increased in the control line and lines over-expressing

HBK3 (HBK3-S) after only 3 days. This transition was precluded in the antisense

HBIC-A lines, where the percentage of embryo composition remained almost unchanged

(Fig. 6.28). Production of somatic embryos from PEMsIII continued to increase in both

control and HBK3-S lines in the absence of PGRs at day 7 (Fig. 6.2C). This increase was

more pronounced in all the four HBK3-S lines. At this day in culture, the percentage of

somatic embryos remained low in all the HBK3-A lines (Fig. 6.2C).

Further embryonic growth was examined by counting the number of fully

developed cotyledonary somatic embryos produced by the different lines. Compared to

control cells, the percentage of embryo yreld in the four HBK3-S lines increased more

than20o/o (Fig. 6.3). Formation of cotyledonary embryos was not observed in the

HBK3-A lines. Both ernbryos produced by control and HBK3-S lines were able to

germinate and convert into viable plants. No differences in morphology and post-

embryonic performance were obserued between these embryos.

Morphology and anatomy of developing spruce embryos

Embryos produced by control cells followed a precise developmental pathway

(described in details by Filonova et al. 2000a). Proernbryogenic masses I (PEMsI) were

characterized by the presence of a small embryogenic head subtended by a long

vacuolated cell (Fig.4A). Formation of additional vacuolated cells delineated the

transition from PEMI to PEMII (Fig. 6.aB). A further increase in size of the

embryogenic head and a change in distribution of the vacuolated cells characterized the

formation of PEMsIII (Fig. 6.aC). Upon removal of PGRs, PEMsIII differentiate into

immature somatic embryos. Both the external (Fig. 6.aD) and internal (Fig. 6.48)

morphology of these embryos revealed the presence of an elongated suspensor tail

subtending the embryo proper which developed a protoderm. Inclusion of ABA triggered

further development. After 20 days in ABA-containing medium the embryo proper
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Figure 6. 3. Percentage comparison of fully developed cofyledonary embryos

produced by the control (C) line (100%) and the four lines over-expressing HBK3

(HBK3-S). Each value is the average of four independent replicates. More than 80

embryos were plated for replicate. x indicates values that are significantly different

from control (P<0.01).
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Figure 6.4. Embryonic development in the control line (A-H) and in lines over-

expressing HBK3 (I-O). A. A control pro-embryogenic mass I (PEMI) characTenzed

by an elongated cell subtending a small cluster of cytoplasmic cells (arrowhead). B.

PEMII with a more elaborated suspensor region composed by vacuolated cells and an

embryo proper (arrowhead) formed by a cluster of cytoplasmic cells. C. PEMIII in

which the vacuolated cells radiate from a central group of cytoplasmic cells. D. External

morphology of an immature control somatic embryo collected in the hormone-free

medium (-PGR). The embryo is composed by a small embryo proper (arrowhead) and an

elongated suspensor region (arrow). E. Internal morphology of an immature control

somatic embryo at a similar stage to that shown in D. A differentiating protoderm

(arrowhead) is visible within the embryo proper. F. After 20 days in the ABA-

containing medium the SAM of control embryos is fully formed and a heavy

accumulation of starch is visible in both apical and sub-apical cells. G. In fully

developed cotyledonary embryos the SAM is generally dome-shaped, although variations

in shape are often observed. Accumulation of starch is prevalent in the sub-apical cells.

H. Starch (arrows) and to a lesser extent protein bodies (arrowheads) are visible in the

cortical cells of fully developed control embryos. I. In HBK3-S lines, the pro-

ernbryogenic masses III (PEMsllI) are composed of a large central group of cy.toplasrnic

cells and a peripheral cluster of vacuolated cells. J. External morphology of an

immature HBK3-S embryo collected in the honnone-free medium (-PGR). The embryo

is charactenzedby an enlarged embryo proper (arrowhead) and an extensive suspensor

tail. K. Internal structure of an embryo similar to that depicted in B, L. Morphology

of control cells (top) and HBK3-S cells (bottom) culfured on solid hormone-free medium

(-PGR) for 3 days. Large immature embryos (arrows) emerge from the HBK3-S

embryogenic tissue. The size of the embryos is much smaller in control cells

(arrowhead). M. The shoot apical meristems of fully developed cotyledonary HBK3-S

embryos are large and composed of defined cytoplasmic apical cells (arrows) and

vacuolated sub-apical cells. N. Both starch (arrows) and protein bodies (arrowheads) are

visible within the cells of the shoot apical meristem. O. Protein bodies (anowheads)
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increased in size and the apical meristems are formed. At this stage the SAM was fully

differentiated and starch accumulated heavily within the sub-apical cells (Fig. 6.4F). In

fully developed cotyledonary embryos the SAM was generally dome-shaped, although

variations were observed. The apical cells became distinguishable from the sub-apical

cells, as they were devoid of starch granules (Fig. 6.aG). Starch and to a lesser extent

protein bodies were the predominant storage products in the cortical cells of cotyledonary

embryos (Fig.6.aH).

The developmental pathway of embryos produced by the HBK3-S lines was

generally similar to that described for control cells, although some differences were

obserued. The PEMsIII varied in shape but were composed of large clusters of

cytoplasmic cells (Fig. 6.41), rarely observed in the control line. Structural deviations

from control embryos became rnore evident upon transfer onto hormone-free (-PGR)

medium. The somatic embryos produced by cells overexpressing HBK3 had a bigger

embryogenic head than their control counterparts and their suspensor-like tails were

enlarged and partially covered the flanks of the embryo proper (Fig. 6.aJ and K). The

appearance of these enlarged embryos emerging from the subtending embryogenic tissue

was more noticeable when cells were cultured on solid medium (arrows in Fig. 6.4L). As

for control, differentiation of the SAM in HBK3-S embryos also occurred around day 20.

The SAMs of HBK3-S embryos were always larger than their control counterpart (Fig.

6.4M) and accumulated both protein bodies and starch in the sub-apical cells (Fig. 6.4N).

Protein, as opposed to starch, was the major storage product in the cortical cells of

HBK3-S embryos (Fig. 6.aO).

Ernbryo development was arrested in the lines down-regulating HBK3 (HBK3-A

lines). The structure of the different PEM aggregates was very similar to that described

for the control line (see Fig. 6.44-C). Although few immature somatic embryos with

similar morphology to those observed in control lines (Fig. 6.4D, E) differentiated from

PEMsIII, they did not increase in size in the presence of ABA and failed to produce fully

developed cotyledonary embryos.
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Localization of PgAGO, a root and shool apical meristem molecular marker gene

Shoot apical meristem identity in the transformed lines was further investigated by

following the localization pattern of PgAGO, a gene with preferential expression in both

root and shoot apical meristems of spruce (Tahir et al. 2006) . Locahzation of PgAGO

transcripts in control cotyledonary embryos was restricted to the apical layer of the shoot

apex (Fig 6.5A.) whereas it was extended into the sub-apical cells of embryos

overexpressing HBK3 (Fig 6.58). Expression of PgAGO in the root meristem \¡/as

similar in both control (Fig. 6.5C) and HBK3-S embryos (Fig. 6.5D). Control

experiments with sense probes confirmed the specificity of the antisense probe (data not

shown).

Ectopic expression of HBK3 during Arabidopsis development

Ectopic expression of HBK3 in Arabidops¿s led to the generation of many

independent transformants, eight of which were selected for further studies. Northem

blot hybridization using DIG-labeled antisense probes revealed intermediate levels of

HBK3 transcripts in four lines (1-4) and high levels of HBK3 transcripts (5-8) in the

remaining lines (Fig. 6.6). In this paper we only present data obtained for line 8 since,

unless specified, no morphological differences were observed among the transformed

lines regardless of the HBK3 expression level.

Arabidopsis early embryogenesis followed a similar developrnental pattern in

both control lines and in the 35S:HBK3 lines (data not shown). However, the SAM of

fully developed control embryos (Fig. 6.5E) was always smaller than that of the

35S:HBK3 embryos (Fig.6.5F). In these latter embryos the SAM was composed of a

larger number of cytoplasmic cells (compare Fig. 6.58 and 6.5F) which contributed to

the increased size of the tunica region (L1 an L2 layers, Table 6.1). Upon gennination,

reactivation of the SAM was more pronounced in embryos over-expressing HBKj (Table

6.2). Anatomical studies revealed that after 2 days in germination the SAM of control

embryos was still quiescent (Fig. 6.5G), whereas leaf primordia appeared in the

355:HBK3 embryos (arrow in Fig. 6.5H). On average primordia inception was observed
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Figure 6.5. PgAGO expression in spruce embryos (A-D) and development of

Arabidopsis with ectopic HBK3 expression (E-Q). A. In shoot apical meristems

(SAM) of control spruce embryos the expression of PgAGO (red color) is restricted to the

apical cells. B. PgAGO expression extends in the sub-apical cells of embryos which

over-express HBK3. C. In control embryos expression of PgAGO is localized in the

cells of the root apical meristem. D. A similar expression pattern was also observed in

embryos over-expressing HBK3. E. SAM of wild+yp e Arabidopszs embryos at the

cotyledonary stage of development. F. The SAMs of Arabidopsis embryos expressing

HBK3 are enlarged and charcctenzed by alarge cluster of cytoplasmic cells. G. After 2

days in germination the SAM of control embryos is still quiescent. H. At the sarne day

primordia inception (anow) was visible in the 355:HBI(3 embryos. I. Primodia

inception (arrow) was observed around day 4 in control embryos. J. At this day

immature leaves (anow) already emerged from the SAM of embryo expressing HBK3.

K. Rosette leaves of wild type Arabidopsis. L. The leaves of plants expressing HBK3

were lobed and had short petioles. M. Compared to wild type (left), plants expressing

HBK3 (right) were shorter and exhibited reduced apical dominance. N. In wild type

cotyledonary embryos of the 35:GUS reporter line GUS staining was restricted to a small

cluster of apical cells. O. The expression of GUS in the embryos of the STM:GUS

repofter line transformed with HBK3 was extended to a larger group of apical and sub-

apical cells. P. GUS expression in wild type STM:GUS plants 10 days after

germination. Q. In STM:GUS plants transformed with HBK3 the expression of GUS

was enlarged as lateral meristems (anows) were produced. Scale bars : l0 ¡-Lm (A'M

and P-Q) and 50 pm (N-O).
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Table 6.1. The effect of HBK3 on both cell number and cell size in the tunica region
of shoot apical meristem of Arabidopsrs embryos. Cells were counted in both Ll and

L2 layers.

Genotype

Wild type

35S:HBK3

Average Ll cell

number

5+0.3

7 +0.5

Average L2 cell Area per L2Area per Ll

cell, pm2

30 * 1.6

38 + 2.58

number cell, ¡an2

5+0.2 31+

7 +0.1 39 + 2.3

ratlo

Shoot apical meristems of mature embryos were sectioned (see materials and methods)

and photographed. Cell number and cell area were measured using ACCESS imaging

software. Perfect median longitudinal sections of at least 20 embryos were used for

analysis in each genotype. Means * SE are shown. All values for areas and cell numbers

obtained in the 35:HBK3 embryos are statistically different from those recorded in

control embryos (P<0.0 1 ).

t.41.31.4
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Table 6.2. Production of shootsn in germinating wild type Arabidopsís embryos and
embryos expressing HBK3. Shoots were counted over a 7 day culture period.

Shoot developme nt ^ (o/o)

Day Wild type 35S: HBK3

1

2

3

4

5

6

7

00
00
15
23 40

38 62

55 79

75 81

u Shoot development was scored as positive based on the emergence of the first leaf pair.

Shoot development percentage was calculated by dividing the number of plants with the

first leaf pair by the number of seeds plated. For each replicate at least 200 seeds were

plated.
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presence of the transgene was detected using the antisense HBK3 probe and conhrmed in

all the transformed lines (1-8) but not in the control wild type line (top panel). Equal

loading was ensured by staining with ethidium brornide before blotting and by re-

probing the same RNAs with spruce actin (second panel).
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around day 4 in control embryos (Fig. 6.51). At this day imrnature leaves akeady emerged

from the SAM of embryo over-expressing HBK3 (Fig. 6.5J).

A variety of phenotypic aberrations were observed during post-ernbryonic growth

of Arabidopsis plants with ectopi c HBK3 expression. Compared to wild type plants (Fig.

6.5K), the rosette leaves of 35S:hbk3 plants were misshapen (spatulate with slight

serrations) and lacked elongated petioles (Fig. 6.5L). The first leaves to appear after

germination had fewer lobes or rumples while those leaves produced later were severely

rumpled and misshapen. Overall 35S:hbk3 plants were dwarfed and showed reduced

apicaldominance(Fig.6'5M).Thisphenotypeweresharedamonga11independent

transformant lines, albeit a less severe phenotype was observed for the transformed lines

1-4, which showed a lower expression of HBK3 (Fig. 6.6).

To further examine the effect of HBK3 on Arabidopsis SAM development we

introduced this gene in a STM:GUS reporter line. GUS expression, which in control

embryos was restricted to a small group of meristematic cells in the apical pole (Fig.

6.5N), was extended to a larger area in embryos expressing HBK3 (Fig, 6.50). This

expression pattern was retained during post-embryonic growth. Compared to control

plants after 10 days in germination (Fig. 6.5P), GUS expression was enlarged in the

apical poles of HBK3 expressing plants (Fig 6.5Q).

DISCUSSION

Class I KNOXgenes are transcription factors which play crucial roles in plant

growth and development. Genetics and molecular analyses have revealed that this class

of genes regulate SAM formation and maintenance by promoting indeterminate growth

of meristematic cells. In maize ectopic expression of htottedl results in the formation of

meristemoids originating from leaf cells, which lose their cell fate and embark on a new

developrnental pathway (Vollbrecht et al. 1991). Similarly STM, another member of the

KNOXfamrly inArabidopsis, promotes meristematic cell identity in the embryonic and

post-ernbryonic SAM (Long et al. 1996). In conifers several class I KNOX genes have

been identified including HBK3 (Hjortswang et al. 2002, Guillet-Claude et al. 2004).

This gene is phylogenetically related to other KNOX members from other species and
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encodes functional domains unique to KNOX proteins (Hjortswang et al. 2002).

Transformation experirnents have revealed that over-expression of I/BKJ encourages the

completion of the embryogenic pathway in spruce as it promotes the formation of

immature somatic embryos from PEMsIII and facilitates their subsequent development.

Differentiation of PEMsIII into early somatic embryos is accelerated in cells over-

expressing HBK3 and inhibited in those with reduced HBK3levels (Fig. 6.2).

Furthermore completion of embryo growth is enhanced in the HBK3-S lines and

precluded in the HBK3-A lines (Fig. 6.3).

One possible way in which over-expression of 118K3 may favor the PEMIII-

somatic embryo transdifferentiation is by increasing the number of cytoplasmic cells of

PEMsIil from which somatic embryos originate. Although difficult to quantify, as they

are disorganized structures, PEMslll tend to be bigger in HBK3-S lines compared to

control (compare Fig. 6.4C and 6.4I). Larger PEMsllI can in turn give rise to an

increased number of somatic embryos which are also larger in size (Fig. 6.aJ and K). As

suggested by Gupta and Pullman (1990) immature somatic embryos with larger

embryogenic heads, such as those observed in lines over-expressing l1BK3, are more

responsive to the maturation conditions imposed by ABA and produce cotyledonary

embryos at higher frequency. This notion which is confirmed by our work (Fig. 6.3) is

also validated by previous studies which showed a positive relation between increased

embryogenic head size, effected by glutathione treatments, and improved embryo yield

(Behnonte et al. 2005). A positive relation between SAM size and embryogenic

competence was also established in Arabidopsis. Production of somatic embryos is

facilitated in prímordia timing zygotic embryos, charactenzed by an enlarged SAM

containing a higher number of uncommitted meristematic cells (Mordhorst et al. 1998).

Cornpared to their control counterparts, fully developed embryos over-expressing

HBK3 have a larger SAM and a different pattern of storage product accumulation, with

protein bodies prevailing over starch granules (compare Fig. 6.4F to 6.4N). Control of

nreristem size by members of KNOX genes was also demonstrated in other systems.

Endnzzi et al. (1996) have shown that in stmmutants the embryonic SAM is either

reduced in size or completely absent. Conversely, meristematic identity is promoted by
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increasing STM levels (Williarns 1998). The larger SAM observed in the HBK3-S lines

may be due to alterations in endogenous hormone levels, especially cytokinins which are

irnplicated in shoot formation (reviewed by Steeves and Sussex 1989). Cytokinin-

autotrophic growth was observed in maize cells with ectopic KNOTTED 1 expression

(Hewelt et al. 2000). Similarly Frugis et al. (2001) reported an accumulation of

isopentenyl-type cltokinins in lettuce leaves overexpressing KNATI. Shoot apical

meristem integnty was also examined by following the expression pattern of PgAGO, a

marker gene which is preferentially expressed in the apical poles of spruce somatic

embryos (Tahir et aL.2006). The expression of this gene which has been previously used

to estimate meristem integrity is enlarged in the shoot apexes of mature HBK3-S

embryos (compare Fig. 6.54 with Fig. 6.58). This observation is indicative of a higher

number of ernbryogenic cells present in the SAM of embryos oveÍ-expressing ,É18K3.

Furthermore, the fact that the expression pattern of PgAGO in the root meristem is

unaltered between control and HBK3-S embryos (Fig 6.5C and D) indicates that the

effect of HBK3 is restricted to the shoot apex and that different regulatory mechanisms

operate in the development of root and shoot meristems in spruce embryos.

The preferential accumulation of protein bodies observed in HBK3-S embryos

is an indication that an up-regulation of this gene promotes a"zygote-like" storage

deposition pattern, which is characterizedby protein bodies prevailing over starch

granules (Yeung et al. 1998). The observation that accumulation of protein bodies is

induced by ABA (reviewed by Stasolla and Yeung 2003) leads to the speculation that the

level of this hormone is increased in HBK3-S embryos. Kusaba et al. (1998) documented

an accumulation of ABA in tobacco plants over-expressing the KNOX gene OSHI

(Kusaba et al. 1998). An increasing level of ABA in HBK3-S lines would also explain

the improvement of embryo yield reported in this study (Fig. 6.3), as ABA is required for

the completion of the embryogenic process. Based on the above evidence, it appears that

over-expression of l/BK-3 is beneficial not only during the early phases of embryogenesis,

but also during the successive stages, possibly by altering the endogenous hormone

levels. Over-expression of IIBKJ does not seem to affect post-embryonic growth. No

differences in morphology and performance were in fact observed between control and
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HBK3-S embryos during germination. Embryos over-expressing HBK3 were able to

generate viable plants with no phenotypic deviations from their control counterparts.

Transition of PEMsIII into somatic embryos was reduced in lines down-regulating

HBK3 (Fig. 6.2) and the few immature embryos produced failed to complete the

mafuration program (data not shown). This developmental arrest, however, is not due to

the changes in morphology as the PEMs III and immature somatic embryos produced by

the HBK3-A lines are similar to those observed in control embryos (data not shown).

The cause of the developmental arrest observed in the HBK3-A lines remains unclear.

One possible explanation is due to the fact that HBK3 shares a high degree of similarity

with other spmce KNOX genes, including HBKI (86% amino acid identity, Hjortswang et

aL.2002). Therefore, it cannot be excluded that the introduction of the antisense HBK3

might have caused the down-regulation of more than one KNOX gene.

To assess the function of HBK3 in cornparison to that of angiosperm KNOX genes,

we have ectopically expressed this gene in Arabidopsrs plants and have analyzed the

phenotypic properties of the resultingtransformant lines in the T2 generation. As

observed for spruce, expression of HBK3 increases the size of the SAM in cotyledonary

Arabidopsis embryos (Fig. 6.58-F) by increasing number and size of the tunica cells (L1

andL2layers) (Table 6.1). However, unlike spruce, HBK3 expression affects post-

embryonic growth. Seeds over-expressing llBK3 reactivate early at germination (Fig.

6.5G-J and Table 6.2), suggesting that the larger SAMs are more responsive to the

germination conditions and are able to form viable shoots at a faster rate. The formation

of "better quality" SAMs in the transformed embryos may be the result of a large

number of meristematic cells present in the apical pole, as estimated by the enlarged STM

expression pattern (Fig. 6.5N, O). Phenotypic deviations from control were observed in

transformed plants during post-embryonic growth. Rosettes of 35S:HBK3 plants had

highly lobed leaves and drastically reduced petioles (Fig. 6.5K, L), common

characteristics of plants over-expressing members of the KNOX gene family, including

the Arabidopsis STM and its Populus ortholog ARBORKNOXI (Groover et al. 2006).

Furthennore, plants over-expressing HBK3 were generally dwarf and had several axes

emerging from the rosette (Fig. 6.5M). These characteristics were ascribed to the
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formation of new meristems forming within the rosette, as also revealed by the enlarged

GUS expression domain (Fig. 6.5P, Q).

From our study it is not clear why the severe post-embryonic changes observed in

Arabidopsis plants ectopically expressing KBK3 are not reproducible in spruce. One

explanation may be in the difference of promoters driving the transgene in the two

systems (ubiquitin in spruce and the 35S promoter in Arabídopsis).

Overall these data show the importance oî HBK3 during embryo development in

spruce. Over-expression of this gene promotes the transdifferentiation of immature

somatic embryos from PEMIIIs and the formation of the embryonic shoot apical

meristem. The function of this gene seems to be retained in Arabidopsis albeit its effect

was also extended during post-ernbryonic growth. Ongoing studies investigating the role

of other KNOX genes during embryogenesis in conifers are being carried out.
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CHAPTER 7: DOWN-REGULATION OF THE SPRUCE HBK3 GENE AFFECTS
TRANSDIFFERENTIATION OF PICEA ABIES SOMATIC EMBRYOS AND

FAILS TO SWITCH THE GLUTATHIONE REDOX STATUS

INTRODUCTION

Norway spruce somatic embryo development is well charactenzed and is used as

a model system to understand embryogenesis in conifers. Under specific culture

conditions, proembryogenic masses (PEMs) are stimulated to transdifferentiate through

PEM I, PEM II and PEM III stages (Chapter I and Chapter 6) undergoing cellular

division and expansion of specific cell aggregates (Filonova et al., 2000a,b).

Development and differentiation of these cell aggregates is achieved following the

removal of plant growth regulators (PGRs), auxin and cytokinin, during a seven day

hormone-free (HF) period. The removal of PGRs acts as a physiological switch that

stops PEM proliferation and triggers somatic embryo development (Bozhkov et al.,

2002). The developmental potential of specific cell lines, i.e, their ability to

transdifferentiate into normal somatic embryos, is dependent upon the removal of PGRs

and is largely genotype specif,rc. Cell lines incapable of producing mature somatic

embryos often abort at the PEM III - early somatic embryo transition. Abnormal

transdifferentiation is often associated with genornic mutations, altered gene expression

or poor culture conditions (Bozhkov et al.,2002). Recently, three KNOTTED-like

homeobox (KNOX) genes from Norway spruce have been identified and found to be

expressed during somatic embryogenesis (Sundas-Larsson et al., 1998; Hjortswang et al.,

2002). In the preceding chapter, it was shown that over-expression of HBK3 improves

somatic embryo development by enhancing early somatic ernbryo production and

irnproving the architecture of SAM. Meanwhile, down-regulation of HBK3 failed to

develop somatic embryos. The physiological mechanisms underlying the

transdifferentiation of early somatic embryos from PEMIII remained unclear.

Antioxidant responses, as outlined in previous chapters, are considered to be

important modulators of embryo development and have been described in many plant and

animal systems (Earnshaw and Johnson,7987; Gardiner et a1.,7998; de Pinto et a1.,1999;
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Dc Gara et all,2003; Potters et a1.,2002; Belmonte et al,2004;2006; Cairns et al., 2006).

Both ascorbate and glutathione have been shown to guide the cell cycle and promote

differentiation based on the redox status of each antioxidant. A switch of the redox status

towards a more reduced environment was observed during the early days in culture in

those spruce lines with high embryogenic potential (Stasolla and Yeung,200I; Belmonte

et a1., 2005). As the embryos mature, however, the redox status slowly become more

oxidized (Behnonte et al.,2005; Belmonte and Stasolla,2007). Since these alterations

appear to be critical for the ernbryogenic process, it is not surprising that non-

embryogenic cell lines that fail to alter their cellular redox state also have low

embryogenic potential (Stasolla et al., 2001).

Based on the above it is the objective of the current study to examine if the role

played by HBK3 during the initial phases of ernbryo differentiation is related to changes

in the glutathione-ascorbate cycle. These results will provide useful information into the

physiological function of this gene for future studies.

MATERIALS AND METHODS

Production of spruce somatic embryos

Three Nor-way spruce somatic embryo cell lines, WT control, hbk3-S and hbk3-

lS, were produced exactly as reported in Chapter 6. The samples used for soluble

antioxidant and enzymatic analysis were collected sequentially at six critical time points:

1, 3 and 7 days following the addition of plant growth regulators (+PGRs); 7,3 and 7

days after the withdrawal of PGRs and called "hormone-free (HF)". The percentage

cornposition of somatic embryos in all three cell lines at all sampling time points was

carried out as described in Chapter 6.

Glutathione and ascorbate metabolism

Determination of the soluble fonns of both reduced and oxidized fonns of

ascorbate and glutathione was carried out as reported by Zhang and Kirkharn (1996).

Enzymatic activity in all three Norway spruce cell lines was examined following the
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methods of Arrigoni et al (1997) as modified by Belmonte et al. (2005). Protein content

was detetmined following the Bradford (1976) method using BSA as a standard. Each

extraction was repeated at least three times.

Enzyme activity measurements

Activities of ascorbate peroxidase (APX), ascorbate free radical reductase

(AFRR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR) in

developing embryos were analyzed following homogenization of tissues at 4 oC in

medium containing 50 mM Tris-HCl, pH7.2,0.3 M mannitol, 1 mM EDTA, 0.1 % BSA,

0.05% cysteine, and2%o (w/v) polyvinylpynolidone. The homogenate was then

centrifuged at 4"C for 20 min at 16,000 x g, and the supernatant collected for the analysis

of enzymatic activities as reported by Arrigoni et al. (Anigoni et a1.,7997).

APX (EC I .1 1 .1 .1 1) activity was estimated by measuring the hydrogen peroxide-

dependant oxidation of ASC (extinction coefficient 2.8 mM-lcm-l¡ following the decrease

in absorbance at265 nm. Only the cytosolic component of APX activity was measured

since no ASC was added to the grinding medium (Amako et al., 1984). The reaction

mixture contained 50 pM ASC, 90 pM HzOz, and 50 mM potassium phosphate buffer,

pH 6.5. Non-enzlrnatic changes in absorbance were subtracted from the rate observed.

AFRR (EC 1 .6.5.4) activity was measured following the rate of NADH oxidation

at340 nm (extinction coefficient 6.0 mM-lcm-l). The reaction mixture contained 0.2 mM

NADH, 1 mM ascorbate, and 0.1 M Tris-HCl, pH 7.2. The reaction was initiated with

the addition of 0.5 units of ascorbate oxidase (EC 1.10.3.3). Corrections were made by

subtracting non-enzymatic activity from the reaction.

DHAR (EC L8.5.1) activity was determined by following the GSH-dependent

production of ascorbate at265 nrn (extinction coefficient6.2 mM-lcm-r). The reaction

mixture contained 1 mM DHA, 2 mM GSH, and 100 mM potassium phosphate buffer,

pH 6.3. Values were corrected by subtracting changes in absorbance observed in the

absence of the enzyme extract.
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GR (EC 1.6.4.2) activity was determined following the NADPH-dependent

oxidation of GSSG at340 run (extinction coefficient 14 mM-lcm-r). The reaction mixture

contained 0.1 M Tris-HCl, pH 7.8, 2 nM EDTA, and 0.5 mM GSSG. The reaction was

initiated with the addition of 50 pM NADPH. One unit of activity was defined as the

amount of enzme that oxidizes 1 pmol of substrate per minute under standard conditions.

Statístical analysis

Significant differences between the means were calculated according to the

Student's t-test (Zar, 1999).

RESULTS

Effect of HBK3 on growth of Norway spruce somatic embryos

Based on Figure 3 from Chapter 6, a simplified table showing the percentage of

early somatic embryos present during the initial developmental phases of the three lines

was generated (Table 7.1). The composition of early somatic embryo formation

increased transiently in the control line once hormones were removed from the culture

medium, i.e. honnone-free (HF) medium. This trend was more pronounced in the hbk3-S

line, where the spruce HBK3 gene is over-expressed. In the Norway spruce line down-

regulating HBK3 the production of early somatic embryos did not increase upon removal

of auxin and cytokinin (Table 7.1). During the proliferation stage of development

(PGR+), the DW:FW ratios were markedly different especially towards the completion of

this culture period. The DW:FW ratio failed to increase in the hbk3-As line compared to

that of control and cells over-expressing HBK3 (Fig. 7.1).

Developmental changes ín the ascorbate and glutathione pools

P. abies transformed with HBK3 in the sense (S) or antisense (AS) orientation

showed remarkable differences in glutathione content (Fig.7.2). In WT cells the cellular

level of reduced glutathione (GSH) declined slowly in PGR+ medium before increasing

in tlre hormone-free (HF) medium. This pattern was also observed in the hbk3-S line
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Table 7.1. Percentage composition of Piceø abíes somatic embryo cell lines
transformed with the spruce HBK3 gene during the proliferation and hormone free

stages of growth. Numbers represent the percent composition of early somatic
embryos formed in relation to pro-embryogenic masses.

* indicates values are significantly different from control values (P <0.05) at the same

sampling time. HF4, day 4 hormone free media (-PGRs); HF7, day 7 hormone free

media (-PGRs). PGRs, play growth regulators (auxin and cytokinin).

Genotype PGR+ day 7 HF day 4 HF day 7

WT control 2 21 3l

IrBK3 (S) t4 * 23 63*

rrBK3 (AS) 4 5x 12*
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although the level of GSH was always higher at any day in culture (Fig. 7.24). No major

fluctuations were observed in the GSH level of the hbk3-AS line. Compared to the

control line, GSH content of the hbk3-As line was much lower at the end of the culture

period. Levels of GSSG were almost similar among the three lines at all stages of

development, with the exception of day 7 PGR+, where the hbk3-S line showed the

highest GSSG content. These changes result in alterations of the GSH/GSH+GSSG ratio

which increased in both control and hblc3-S lines in the HF medium, whereas it remained

constant in the hbk3-As line (Fig. 7 .28).

In control cells and in cells over-expressing llBK3 the level of reduced ascorbate

(ASC) increased during development. Such trend was however more pronounced in the

latter cells. The ASC content did not change in the hbk3-As cells whìch showed the

lowest values at any day in culture (Fig. 7.34). The only differences in the levels of the

oxidized forms of ascorbate (DHA+AFR) were observed at day 7 PGR+ where hbk3-S

and hblc3-A,S cells showed the highest values (Fig. 7.34). Upon removal of plant growth

regulators (PGR-) the ascorbate redox ratio (ASC/ASC+DHA+AFR) increased in both

WT cells and cells over-expressing l/8K3. This increase was not observed in the hbk3-

lS cells (Fig. 7.38).

Changes in the activity of the enzymes involved in ascorbate and glutathione metabolism

The activity of APX, the enzyne responsible for the removal and detoxification

of H2O2, remained steady in the presence of PGRs before declining during the HF-

treatment in WT embryos (Fig.7.Ð. No significant changes were recorded between cell

lines. Changes in the activity of DHAR, the enzyme that catalyzes the reduction of DHA

to ASC, were most prevalent in the hbk3-S line. The activity of this enzyme declined

sharply upon transfer onto the HF medium but increased upon further development.

This increase was not observed in the other two cell types (Fig. 7. A). The activity of

ascorbate free-radical reductase (AFRR) was always highest in the hblc3-S cells,

especially during the initial days in the presence of PGRs and in HF medium. The

activity profile of GR, the enzyne responsible for the reduction of GSSG to reduced

GSH, fluctuated in all cell lines during the one week proliferation period (Fig.7.q.
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Figure 7.2. Changes in glutathione metabolism in ltbk3 transformants (A)

Endogenous levels of reduced glutathione (GSH) and its oxidized fonn (GSSG) in

somatic embryos of Norway spruce in control, hbk3-S and hbk3-A,S cell lines (B) Ratio of

GSH/GSH+GSSG in somatic embryos in either control, hbk3-S or hbk3-AS. Embryos

were harvested at days 3, 4, and 7 in the presence (+) and absence (-) or hormone free

(HF) of plant growth regulators (PGRs). Values are mean + SE of three independent

experiments. * indicates values that are significantly different from control (P <0.05) at

the same day in culture.
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Figure 7.3. Changes in ascorbate metabolism in hbk3 transformants (A) Endogenous

levels of reduced ascorbate (ASC) and its oxidized forms (DHA and AFR) in somatic

embryos of Norway spruce in control, hbk3-S and hbk3-A,S cell lines (B) Ratio of

ASC/ASC+DHA+AFR in somatic embryos in either control, hblt3-S or hbk3-AS.

Embryoswerehatvestedatdays3,4,and7inthepIeSence(+)andabsence(-)or

hormone free (HF) of plant growth regulators (PGRs). Values are ûì.ean + SE of three

independent experiments. x indicates values that are signifrcantly different from control

(P <0.05) at the same day in culfure.
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Figure 7.4. Enzyme activities of APX, DHAR, AFRR and GR in somatic embryos of

Norway spruce in either control, hbk3-S or Itbk3-AS cell lines. APX: 1 unit: I nmol

ASC oxidizedmg t protein min-r; AFRR: I unit: 1 nmol NADH oxidized mg I protein

min-r; DHAR: I unit: 1 nmol ASC reduced mf I protein min-r. Values + S.E. are

average of three independent experiments as in materials and methods. Error bar is + SE.

* indicate values are significantly different from control values (P <0.05) at the same

sampling tirne.
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Small increases in GR activity were observed once the tissue was plated onto HF medium

especially in the hbk3-S line.

DISCUSSION

The transitionary boundary between the PEM and somatic embryo (SE) phase of

Norway spmce somatic embryogenesis is considered to be an important step in the

production of good quality somatic embryos in conifers (Filonova et al., 2000a,b;

Bozhkov et a1.,2002). Removal of PGRs is thought to improve embryo yield through the

depletion of endogenous auxins (2,4-D) and cytokinins (BA) which are used to promote

proliferative growth. In accordance with previous studies, the current results suggest that

this hormone free period is necessary for transdifferentiation of PEMs to early SEs and

may be associated with changes in the ascorbate-glutathione redox cycle. To investigate

the relationship between early embryo transdifferentiation and the glutathione redox

state, three Norways spruce sub-lines with altered HBK3 expression were utilized. In the

previous study it was clear that HBK3 is responsible for improved development of

Norway spruce somatic embryos where it accelerates embryo differentiation and

increases the size of the shoot apical meristem (Chapter 6). Furthermore, as

demonstrated in the first half of this thesis, changes in the glutathione redox ratio are

required for improved embryogenic potential during in vitro culturing of plant embryos.

Yet it remained unclear how different embryogenic potentials affects the glutathione

redox ratio. It is therefore an important question of the second half of the thesis to

determine how changes in ernbryogenic potential of Norway spruce lines over-expressing

or down-regulating HBK3 affect the ascorbate-glutathione redox cycle.

The glutathione redox status was greatly affected by the down-regulation of

HBK3 (Fig. 7.28). Glutathione is well-established as a strong modulator of embryo

development in vitro and in vivo and is intimately linked to ascorbate tluough the

Halliwell-Asada cycle (Foyer and Halliwell,l9T6). The current chapter shows the total

glutathione pool (GSH+GSSG) was always much greater than that of either the control or

hbk3-As line (Fig. 7 .2). Fig.7.28 shows that in hbk3-S embryos and to a lesser extent

control embryos, the endogenous GSH pool transiently shifts towards a more reduced
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state during the hormone-free stage, reaching the highest GSH/GSH+GSSG ratio at day 7

in PGR-free media. The high GSH proportion is maintained through effrcient GR

activity, ensuring the recycling of GSSG in cell metabolism (Fig. I .Ð. The fact that

hbk3-As fails to switch the GSH/GSH+GSSG ratio suggests that PEM to early somatic

embryo differentiation requires this metabolic switch for proper embryo development.

Interestingly, the hbk3-S line resembled white spruce somatic embryos treated with 0.2

mM GSH at a similar stage of development (Belmonte et al., 2005). According to that

study, the increased size of embryogenic heads and suspensor-like tails is the result of

modulations in pyridine metabolism and increased production of ATP required for

bioenergetic processes. This pattern was not observed in cells down-regulating HBK3

with low GSH/GSH+GSSG ratios and may explain the low number of PEMs able to

transdifferentiate into early somatic embryos (Table 7.1). Moreover, Fig. 7.4 suggests

that glutathione utilization is high at HF day 7 in the hbk3-S line due to higher GR

activity and corresponds to previous studies where young tissues (Tommasi et al., 2001)

and proliferating meristems (Bielawski and Joy, 1986) also have high activities of

glutathione redox enz)4rnes like GR to handle periods of intense growth. Thus changes in

the glutathione redox state may act as a trigger to guide embryogenic competence and

development from early proliferative stages through to somatic embryo differentiation.

As shown in Fig. 7.3A, the total ascorbate pool is much larger as a result of high

ASC levels in cells over-expressing llBK3. ASC is much more abundant than its

oxidized forms DHA + AFR, especially during the hormone-free period when ratios

ranged from 0.78 to 0.82 (Fig. 7.38). These results are in support of previous work

where a rnore reduced ascorbate redox state is thought to be a pre-requisite for good

embryogenic growth (Stasolla et al., 2001). The observed transient increase in the

ASC/ASC+DHA+AFR ratio towards a reduced state may be through increases in the

activities of DHAR first followed by AFRR during the hormone free period (Fig. 7 .Ð.

The large availability of total ascorbate during the early stages of growth is required to

support cell division and continued embryonic developrnent. Maximal ASC

accumulation coincides with early proliferative growth of embryos over-expressing

HBK3 (Fig.7.1) and supports the large size of early filamentous somatic embryos when
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compared to either their control or hbk3-A,S counterparts (Chapter 6). In agreement with

the present work the endogenous ASC concentration is high in seeds of Picea glauca

during the early stages of embryo development as well as during proliferative growth of
conifer somatic embryos (Stasolla and Yeung, 2001). It is worth noting that spruce cells

down-regulating HBK3 fail to switch the ASC/ASC+DHA+AFR ratio in the hormone-

free (HF) medium. This observation supports the earlier work of Stasolla and Yeung

(1999,2001) who suggest that high levels of ASC are required for embryogenic

competence.

One possible way in which HBK3 may regulate growth is through changes in cell

cycle activity. The knowledge that lçnox genes influence cell size is well established

(Gregas and Doonan, 2006) and coincides with the proliferative growth results (Fig. 7.1)

as well as the transdifferentiation data (Table 7.1). It is interesting to note however, that

low ASC levels are also implicated in cell cycle control where a cyclin dependent kinase

inhibitor was found to be induced in the Arabidopsis mutant vtcl which contains low

levels of ASC (Pastori et al., 2003). Although this notion is not being tested in the

current study, it may be suggested that ASC and in particular the balance between

reduced and oxidized forms of ascorbate play alargerole in cell cycle control (Pastori et

aL.,2003; Potters et aL.,2004). Future studies using exogenous applications of ASC and

glutathione in the culture medium of cell lines with low embryogenic potentials will
determine the relationship between the spruce HBK3 gene and embryonic ASC

metabolism.

It is still too early to speculate the possible relationship between HBK3 and

antioxidants like ascorbate and glutathiorie since the regulatory mechanisms underlying

early somatic embryo development is complex and under the control of a large gene

network (Stasolla et al.,2004). More work is needed to better understand the signaling

pathway between HBK3 and the antioxidant response system. Understanding this

relationship will provide valuable information for the improvement of somatic embryo

cultures.
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CHAPTER 8: SUMMARY AND CONCLUSIONS

In vitro propagation of plant embryos allows for the generation of many plantlets

in a relatively short period of time. Despite the abundance of culture protocols that exist

to generate economically important species, such as canola and spruce, no infonnation is

available on the role played by the glutathione redox state on embryo quality. One of the

most imporlant factors promoting somatic embryo development in vitro is the regulation

and balance between reduced and oxidized forms of glutathione and ascorbate.

Experimental manipulations of the tissue culture environment in favor of a more reduced

or oxidized state have profound effects on developmental processes. Changes in the

redox states of both glutathione (GSH/GSH+GSSG) and ascorbate

(ASC/ASC+DHA+AFR) are required to accommodate changes in embryonic programs

from early proliferation to maturation and on to post-embryonic germination.

Specifically, higher ratios are required during periods of proliferative growth, while

lower ratios that favor a lrore oxidized redox state generally support embryo maturation.

Thus, it was hypothesized that (1) changes in the glutathione redox status would have

profound effects on the developmental prograrn of embryos produced in culture, and (2)

embryo quality correlates to specific changes in glutathione metabolism

Studies on the effect of glutathione and glutathione depletion on canola

microspore derived embryos reveal that low GSH/GSH+GSSG ratios are necessary for

improved structural and physiological events such as SAM formation and hormone

metabolism (Chapter 2). Specifically, low GSH/GSH+GSSG ratios improve SAM

organizatton and function through localization ol WUSCHEL to the central zone of the

shoot apex. Low ratios also increase endogenous levels of ABA, a phytohonnone

thought to promote embryo maturation. Such events were not observed in control

embryos which developed in a more reduced cellular environment. Therefore, the in

vitro environment appears to alter the overall physiology of embryos, affecting their post-

embryonic performance. Additional studies between the redox environment and embryo

conversion prove that low GSH/GSH+GSSG ratios prevent structural deterioration of

embryos produced in culture. Based on these observations, it was proposed that different
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experimental culture conditions would affect the larger ascorbate-glutathione redox

system and affect the production of MDEs.

As documented in Chapter 3, glutathione depletion during MDE maturation

increases the number of embryos produced in culture by 0.5 fold and improves the

cellular organization of the embryonic axis through deposition of protein bodies and

starch granules. The promotive effect of BSO on embryo maturation is due to profound

changes in glutathione and ascorbate metabolism. Specif,rcally, low activity levels of

glutathione reductase (GR; EC 1.6.4.2) maintained a relatively oxidized

GSH/GSH+GSSG ratio. Changes in ascorbate metabolism towards a more oxidized state

was due to higher ascorbate peroxidase (APX) activity during the early phase of embryo

development followed by lower dehydroascorbate reductase (DHAR; EC 1.8.5.1) activity

which reduced ASC recycling.

The idea that low GSH/GSH+GSSG ratios may regulate the development of

other plant species like spruce was tested in Chapter 4. Again, BSO was used to

specifically inhibit glutathione biosl,nthesis thereby depleting endogenous GSH levels.

The hypothesis was tested in three different somatic embryo cell lines: two embryogenic

and one non-embryogenic. Glutathione depletion increased the number of good quality

somatic embryos in both embryogenic cell lines, but had little, to no effect on the non-

embryogenic line. Such embryos produced in culture showed an improved structural

organization of both the shoot apex and embryonic axis, and also converted at a much

higher rate. It was therefore concluded that low GSH/GSH+GSSG redox ratios observed

during somatic embryo maturation proved beneficial for spruce somatic embryo

production. Despite having low levels of GSH, it was important to ask how these

changes affect the overall ascorbate-glutathione antioxidant system.

The effects of low and high glutathione redox ratios were tested by investigating

the ascorbate-glutathione redox cycle during somatic embryo maturation of spruce.

Changes in the glutathione ratio were the result of glutathione depletion, through BSO

inhibition as well as through the activity of GR. As documented in Chapter 5, embryos

with low GSH/GSH+GSSG ratios also contain low levels of reduced ASC. This was

mainly the result of low ascorbate free radical reductase (EC 1 .6.5.4) activity. The
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promotive effect of BSO in glutathione depletion and ultimately changes in its redox state

proved beneficial to the overall success of somatic embryo mafuration.

The aim of the second half of the thesis was to determine how altered

developmental programs affect glutathione rnetabolism and the endogenous ascorbate-

glutathione redox cycle. As documented in Chapter 6, the spruce class I KNOX gene,

HBK3, was used to produce cell lines with altered developmental potentials. When

HBK3waSover-expressedinthesenseorientation(hbk3-Ð,differentiationofpro-

embryogenic masses (PEM) to somatic embryo was accelerated and alarge number of

rnature cotyledonary embryos were produced. These embryos were larger in size and had

improved shoot apical meristem function with an enlarged PgAGO expression pattern. In

lines with low HBK3levels (hbk3-AÐ the differentiation from PEMs to somatic embryos

was compromised. When HBK3 was ectopically expressed in Arabidopsis, a classic

KNOX expression phenotype was observed and complemented the work done on spruce.

Overall, tlre results attained from this paper highlight the importance of knox genes in

somatic embryo development in spruce.

As reported in Chapter 7, HBK3 improves somatic embryo production and quality

through increased size and production of embryos. Cells down-regulating HBK3 failed to

shift the glutathione redox ratio in favour of a more reduced redox state necessary to for

embryo differentiation. Shifts in the ratio towards a more reduced state in the hbk3-S line

were largely the result of increased DHAR, AFRR and GR activity. Both glutathione and

ascorbate ratios failed to shift in the hbk3-As line due to low enzyme recycling activity.

Imposition of a more reduced redox state represents a key metabolic switch necessary for

the progression and transdifferentiation of spruce somatic embryos. Future studies will

determine how these redox pairs specifically affect HBK3 expression and vice versa.

In conclusion, the findings of this thesis prove that the coordinate timing of

changes in the GSH/GSH+GSSG ratio is necessary for embryo development and post-

embryonic success. The fact that glutathione is a rnultifunctional redox compound

involved in basic cellular function makes the task of identifying its specific mode of

action elusive. This thesis has revealed, as its primary goal, that glutathione and the

balance between its reduced and oxidized forms act as a common component in two
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major economically important species regulating embryo differentiation. In this way we

may increase our understanding of common components and networks that underlie

embryo maturation specifically at the molecular level with the aim of producing a

superior quality product for both theoretical and applied studies.

These findings provide the framework for continued studies to elucidate the

functional significance of specific glutathione redox ratios in embryo formation and

maturation and include the following:

1) It would be interesting to determine how low glutathione ratios prevent

deterioration of the shoot apex at the cellular level. Transmission

electron microscopy detailing the events that lead to structural

deterioration would be a great source of information for further studies.

Along those lines, localization of cytoskeletal elements such as

microtubules and microfilaments within the various layers of the shoot

apical meristem would provide cellular details on the possible function

of glutathione in the ontogeny of the shoot apex.

2) Since the glutathione redox ratio is involved in the control of cell

division processes, it would be useful to determine how different ratios

affects the expression pattem of various cyclins or cyclin inhibitors like

ICKI. To test this hypothesìs, a cell line with controlled cell division

patterns, like tobacco brighryellow BY-2 cells would be uselful.

3) Cloning GSHI, the rate limiting enz)ryne responsible for glutathione

bioslmthesis and its successful transformation into microspore derived

embryos of canola or somatic embryos of spruce would provide the

framework for more detailed functional analysis of glutathione during

embryogeny.
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Finally, since glutathione metabolism is altered ln hbk3 transformants,

identifying signals or triggers that either induce or down-regulate

antioxidant response will provide insight into specific gene networks

that underlie embryo development.
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