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Abstract

Methods were investigated for the transformation of embryo cultures of Oak and
Sitka Spruce with Agrobacterium tumefaciens and for their subsequent maturation to
embryo derived seedlings.

This involved the optimization ofarange ofparameters which are known to have an
effect on the production o ftransformed cells, the determination o f selective conditions for
the removal of Agrobacterium tumefaciens and for the selection of antibiotic resistant
transformed cells, and investigations on the interactions of a wide range of parameters
known to affect maturation ofembryos to seedlings.

The isolation of cultures derived from single cell and small cell aggregates (<14
cells) was also examined as a means to permit all cells to be accessible to Agrobacterium
and reduce the proportion of chimeric cell colonies containing transformed and non-
transformed cells.

Embryogenic cell lines were inoculated with a supervirulent strain of
Agrobacterium tumefaciens LBA4404::pBI121. The latter contained a gene for a visible
selectable marker, (3-glucuronidase and a marker gene for antibiotic resistance, npt Il gene.
Transient gene expression was determined histochemically by recording the number of
distinct areas of p-glucuronidase (GUS) activity. Experiments to optimize the
transformation parameters (bacterial dilution, incubation time, co-cultivation time and
acetosyringone concentration) were carried out. Maximum expression of the GUS gene
was achieved with a bacterial suspension Wi.th an OD600 of 0.8-1.1 (c.a. 109 cells cm'-3)
diluted with an equal volume of MS or Sitka Spruce embryogenesis initiation medium for
Oak and Sitka Spruce respectively, inoculation of cells with bacteria for 180 min and 60

min for Oak and Sitka Spruce respectively with a 72 h co-cultivation period and exposure



of Agrobacterium and plant cells to 25 fiM acetosyringone. Cefotaxime is the most
commonly used antibiotic for the elimination of residual Agrobacterium following
transformation. The growth of Oak and Sitka Spruce embryogenic suspension cultures in
liguid medium containing the antibiotic cefotaxime was investigated. Agrobacterium was
eliminated from cultures following co-cultivation with 500 mgdm'3 cefotaxime antibiotic.
This concentration had no effect on the plant cell growth. Growth of Oak and Sitka Spruce
embryogenic suspension cultures in liguid medium containing kanamycin and
paromomycin antibiotics was examined as a method o f selecting cultures expressing the npt
Il gene following i.ncubati.on with the Agrobacterium strain. Paromomyci.n at 30 mgdm'3
and at 3 mgdm'3 was strongly inhibitory to the growth of embryogenic suspension cultures
of Oak and Sitka Spruce respectively and these levels were used for the selection of
transformed cells following infection with Agrobacterium.

Regeneration of Oak embryogenic callus with aroot and shoot was achieved on P24
maturation medium 1 in the light. This contained 1% Activated charcoal without plant
growth regulators. Cultures were previously cultured on P24 medium plus 0.9 |[xM BAP.
Sitka Spruce embryonal suspensor masses were easily regenerated into seedlings using
culture of embryos on embryo germination medium and embryo development medium
from previously published reports..

Cultures derived from single cells from both Oak and Sitka Spruce embryogenic

. * p
suspension cultures were produced by exposing cultures to a pectinase (0.07gdm*)
digestion. Sitka Spruce single cells required a Percoll density separation (19%) step to
separate the single cells derived from the embryogenic head from those derived from the
suspensor cells.

Oak single cell cultures could be more easily achieved by reducing the BAP

concentration in MS medium by 100-fold to 0.01 mgdm3. Single cells were regenerated



back to micro-calli by increasing the BAP concentration to 1.0 mgdm'3. Oak single cells

were transiently transformed in a 50% Agrobacterial dilution for 60 min with a 72 h co-

cultivation period with both Agrobacterium and plant cells exposed to 25 |jM

acetosyringone. Agrobacterium was eliminated with 500 mgdm'3 cefotaxime antibiotic.

Cultures derived from single cells provide a source o fcells for transformation which can be

regenerated to micro-calli and subsequently to embryos without the problems associated

with protoplast cultures.
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Chapter 1

General Introduction



1.1 The Economic Importance of Wood

It is difficult to overstate the ecological and economic importance of wood. The
total amount ofwood in the worlds forests is estimated at about 1.5 Gt (Gammie, 1981),
making wood by far the most abundant component of the terrestrial biomass. The
ecological importance ofwood is vast as the carbon stored in wood and humus is important
in the planetary carbon cycle which has a significant influence on global climate. Wood is

a leading industrial raw material and an important component o fthe global economy.

1.1.1 Economics of Hardwoods and Softwoods

1.1.1.1 Quercus Species

The genus Quercus includes about 450 species with a large number o fvarieties and
hybrids. They have a wide distribution throughout the temperate regions o f the northern
hemisphere in Europe, North America and Asia. In Europe Oaks represent about 9% o fthe
growing stock in forests and cover 25-30% o fthe forested area in some European countries
(France, Greece, Romania, U.K. and Belgium). Quercus species provide crops of major
importance to forest and horticultural industries (Gingas and Lineberger, 1989). Oaks
provide fine hardwood valued not only because o fits great strength and durability but also
for its beauty. The wood ofOak is hard, heavy and strong and has a pronounced growth
ring figure (Chalupa, 1995). Oak wood is used in the furniture and construction industries.
Quercus acutissima is one ofthe most valuable tree species used for fuel and tool handles
(Kim et al., 1994). Q. acutissima also has great importance in Japan for maintaining the

resources o fbed logs for Shiitake mushrooms (Shoyama et al., 1992). Quercus suber the



cork Oak, is a forest species present in many countries o fthe Mediterranean basin where it
is exploited for cork production (Manzanera et al.,, 1993). Many Oak species are also
grown as ornamental trees often producing attractive autumn fall colours. Q. robur is

valued both fortimber and as an ornamental (Vieitez et al., 1985).

1.1.1.2 Conifer Species

Sitka Spruce (Picea sitchensis (Bong) Carr.) has been described as an economically
important conifer native to North America. It has however become the most extensively
planted exotic species in Great Britain after its introduction by Douglas in 1831. It is
primarily a coastal species but in certain areas of its distribution where optimal
environmental conditions exist it extends inland along river valleys. It is now considered
the most important forestry species in the United Kingdom (Drake et al., 1997). It has a
highly persistent single leading shoot and the stem form is consistently good producing a
high versatile softwood timber and very good paper pulp (John etal., 1995).

A growing population is reducing the land area available for wood production in the
U.S.A. and world-wide, while increasing the demand for wood products. The global
demand for wood increased rapidly between 1952 and 1978 and projections indicate
continued growth in demand to the year 2030. However, during the same time the
productive forest area world-wide is expected to decrease dram atically (USDA. Forest
Service, 1982). The growing demand on a diminishing resource therefore results in the

need for greater productivity o fremaining forest lands (W hetten et al., 1991).

1.1.1.3 Forestry in Ireland
The Irish National forestry inventory is worth at least £130 million. There are

currently 606,000 hectares o f forestry in the state with an estimated 21% broadleafcover.



Afforestation in Ireland is currently running at 30,000 acres per year compared with a
target 0f 60,000 setdown by the National Forestry State (Mac Connell, 1999). There has
been an over reliance on Sitka Spruce in the Irish Forestry Industry to make the industry
commercially viable and to support some 16,000 jobs (O’ Sullivan, 1998). The estimated
harvest valuation of 30 year old Sitka Spruce is in the region o f£5,000 per acre, whereas an
acre of 5 year old Sitka Spruce would reach a value of £1,500, making it one o fthe most

significant tree species in the country.

1.2 Genes for Trees

The potential for tree crop improvement are the introduction o fvirus resistance, insect

resistance, toxin resistance, freezing resistance and genes for wood quality and form.

1.2.1 Virus Resistance

There are three strategies for introducing virus resistance into plants 1). using
antisence viral RN A 2). cross protection using genes encoding the viral coat protein 3).
expression of satellte RNA. The expression of viral antisence has produced limited
success in restricting virus infection and/or disease development (Beachy, 1991).
Widespread success has been achieved in producing virus resistant plants through the
expression o f genes that encode viral coat proteins. Beachy, (1991) developed resistance
against different classes o fvirus in the crop Alfalfa (Medicago sativa). This approach has
been successful against a number of different viruses e.g. tobacco mosaic virus (TMS)
(Bevan et al., 1985) and plum pox virus (PPV) (Machado el al.,, 1992). Satellite RNA has

the ability to modify the virulence phenotype of their companion viruses. Transgenic



plants expressing the satellte RNA of the tobacco ring spot virus (TobRV) show less

severe symptoms when infected by the corresponding virus (Gerlach et al., 1987).

1.2.2 Insect Resistance

Plants with resistance to certain insects have been produced by employing genes

which code for protease inhibitors and for insecticidal crystalline proteins (ICPS).

Although these mechanisms are differentthey both work by disturbing the digestion o f the

food.

The Bt gene or Bacillus thuringiensis delta endotoxin is the most commonly used

insect resistance gene. Preparations o f Bacillus thuringiensis are already being used in the

U.S.A. as bioinsecticide sprays in forestry (Doughlas, 1995). This insecticidal activity o fB.

thuringiensis resides in the spore o fthe bacterium. It occurs as a crystalline inclusion body

containing one or more insecticidal inclusion bodies (ICPS) which are also known as delta

endotoxins (Dandekar et al., 1994). When the ICP is ingested by the target insect it is first

solubilised in the alkaline pH o fthe insects midgut and then acted upon by proteases which

release the insecticidal crystal fragment (ICPF) and this kills the insect. ICPFS are encoded

by crylA (c) and crylA (b) genes and are known to be lethal to key target walnut insect

pests (Leple et al.,, 1993). Transgenic Apple for the Bt gene has been obtained (James et

al., 1993). There is also a potential use for insect resistance through the Bt gene in

transgenic pine, spruce and Douglas fir to afford protection against the large pine weeuvil

(Douglas, 1995). Resistance to phytopathogenic bacteria can be induced by introducing

genes encoding insect humoral immunity proteins such as cecropins in plants (Steikema,

1992). Bacterial and fungal genes including cecropins and chitinases have been cloned and

are being use to develop disease tolerant deciduous trees (du Pleiss, 1993). Shin et al.,

1994 produced transgenic European larch (Larix decidua M ill.) plants expressing a Bacillus



Thuringiensis Berliner (B.t) toxin gene or the glyphosate tolerance (aroA) gene using

Agrobacterium rhizogenes-mcd\aled transform ation.

1.2.3 Toxin Resistance

Toxic substances, for example herbicides and heavy metals, interfere with normal
cellular function. Resistance to a toxin can be achieved by three types of mechanisms
described by Comai and Stalker, 1986: 1). the altered target mechanism 2). overexpression
3). detoxification. Creation o fglyphosate resistance transgenic plants is an example o fthe
altered target strategy. Glyphosate is a herbicide marketed by the Monsanto Company as
Roundup, which is toxic as it interferes w ith biosynthesis o faromatic amino acids. Mutant
Salmonella typhimurium were obtained which displayed resistance to glyphosate the gene,
which had been mutated, was aroA. The aroA gene was used to make a gene which could

be expressed in plants.

1.2.4 Freezing Resistance

Genes encoding proteins based on the antifreeze protein found in Arctic flounder
hold the potential for decreasing freezing damage both in crops and cold-stored produce.
These have been introduced into Tobacco and Tomato (Hightower et al., 1991). Von
Schaevan et al., 1990 showed increased cold tolerance in Tobacco plants expressing E coli

pyrophosphatase.

1.2.5 Genes for Wood Properties
Lignin is an aromatic polymer and one of the chief substances found in wood.
Lignin was once regarded as a waste product in paper manufacturing but now is used as

fuel in paper pulp mills. It is also used in making plastics, fertilizers, artificial vanilla,



cosmetics and rubber. In the paper process industry lignin has to be removed from
cellulose in a toxic and energy consuming process involving sodium sulphite or sodium
hydroxide treatment (Boerjan et al., 1995). Thus it would be o fobvious benefit to process
trees with less or a modified lignin which would prove easier to separate from cellulose.
Boerjan et al., 1995 found that the inhibition of CAD (cinnamylalcohol dehydrogenase)

activity in Poplar increases lignin extractability.

1.2.6 Genes for Tree Form

The plant hormone group the cytokinins has been shown to regulate the process of
cell division (Skoog & Miller, 1957) to release axillary buds from apical dominance (Sachs
and Thiman, 1964) and to delay senescence (Richmond and Lang, 1957). An elegant
method ofregulating these processes could be achieved by the introduction into the plant
genome of a cytokinin gene controlled by a tissue specific, developmentally or
environmentally regulated promoter. A number of genes whose expression results in
cytokinin production have been isolated and sequenced from various strains o f the plant
pathogen Agrobacterium tumefaciens (Barry et al., 1984; Beaty et al., 1986). Each o fthese
genes codes for the enzyme isopentyl transferase (IPT) (Akiyoshi et al., 1984). Smigoghi
et al.,, 1993 reported enhanced resistance of Nicotiana to tobacco homworm and green
peach aphid with the introduction ofthe IPT gene. Hammerschlag and Smigoghi, 1994
transformed Peach with IPT gene and reported that there was a 1.5-6.6 fold increase in the
number o faxillary shoots in the transformed plants. It was thoughtthat the introduction of
this cytokinin biosynthesis gene may be a useful approach to obtaining Peach trees with a

compact growth habit.



When plants are transformed with a series of rol genes of Agrobacterium
rhizogenes, characteristic effects on apical dominance, adventitious rooting and the rate and

habit o froot development have been induced.

1.3 Genetic Engineering of Woody Species

In the last ten to fifteen years a variety of methods have been discovered for
introducing foreign genetic material into plant cells. There are two main plant
transformation techniques: 1). Vectored transformation by Agrobacterium or viral vectors

2). Directtransform ation using naked DN A delivery.

1.3.1 Agrobacterium-mediated Transformation

Agrobacterium is a small micro-organism that is capable of infecting a
broad assortment of dicotyledonous plants after they have been wounded. Woody
angiosperms and gymnosperms have been successfully transformed or genetically
engineered using a variety o fAgrobacterium vectors (Parsons, 1986; Fillati et al., 1987; De
Vemo and Cheliak, 1988; Confalonieri et al., 1994; Bekkaoui et al., 1990; Roest & Evers,
1991; Howe etah, 1994; Ellis et ah, 1989; Shin et al., 1994; Loopstra et al., 1990).

The main limitation ofAgrobacterium has been the apparent inability to transform
monocots. Attempts to extend Agrobacterium hostrange to include these species involved
testing new bacterial strains, varying host genotype, manipulating explant physiology,
modifying co-cultivation conditions and use o f superior selectable markers (Godwin et al.,
1992). Deliberate wounding of explants, the most commonly used Agro-infection
methodology to date is that published by Horsch et al.,, 1985. M odification of this

approach have been adapted to several other species. Many laboratories all over the world



are using Agrobacterium tumefaciens as a vector for routine production oftransgenic crop

plants (Songstad et al.,1995).

1.3.1.1 Methods of Agrobacterium Infection

In terms ofplant transform ation using Agrobacterium vectors we see that there are
two species o fAgrobacterium, Agrobacterium tumefaciens and Agrobacterium rhizogenes.
These bacteria induce crown gall and hairy root disease respectively at wound sites on
dicotyledonous plants. A few monocotyledonous plants for example members of the
families Lilaceae and Amaryllidaceae have been found to be weakly susceptible to crown
gall induction. Once initiated, this tumorous growth can continue in the absence o f the
bacterium and the tumour tissue and grow axenically in tissue culture media which lacks
exogenous supplies ofauxins and cytokinins which under normal conditions are required to
promote growth o fplant tissue in vitro (Draper et al.,, 1988). This tumour tissue produces
novel amino acids and sugar derivatives which are collectively known as opines.

Tumour induction along with opine synthesis is associated with the presence of a
mega plasmid, the Tiplasmid within the bacteria. In the case ofA rhizogenes the plasmid
is referred to asthe Riplasmid. The utility o fAgrobacterium as a gene transfer system was
first recognized when it was demonstrated that the crown galls were actually produced as a
result ofthe transfer and integration of genes from the bacterium into the genome o f the
plant cell (Gasseretal., 1989).

These Ti mega plasmids are found in all virulent strains o fA. tumefaciens and are
found to be 200 to 250 kb in size. These plasmids are stably maintained in Agrobacterium
at temperatures below 30°C. Genetic analysis ofthis Ti plasmid has shown that there are
two regions, the T-DNA and the Vir region which are associated with tumour formation

(Draper et al., 1988).



During tumour formation a defined sequence ofthe Ti plasmid, the T-DNA, is
transferred to the plant cell and integrated into the plants own nuclear genome. This
transferred T-DNA was found to be stable in the plants genome. This phenomenon was
discovered by the hybridization of the Ti plasmid specific probe to tumour DNA.
Therefore by virtue o fthe factthatthe T-DNA in the plant cell is co linear with the T-DNA
in the Ti plasmid ofthe Agrobacterium no major rearrangements o f the sequence takes
place during re-establishment ofthe tumour. It is possible to have one or more copies of
the T-DNA in the plant DN A and although multiple copies of T-DNA can occur in tandem
repeats they may also be separated and linked to different regions o fthe plant DNA. It
appears that the site ofintegration ofT-DNA into the plant DN A is random. An interesting
point to note is that Agrobacteria that are cured oftheir Ti plasmid were no longer able to
induce tumours (Caplan et al.,, 1983). This supports the statement that the plasmid is
involved in tumour form ation.

The Riplasmid found to be present in the Agrobacterium rhizogenes strain is not
used as frequently as the Tiplasmid in planttransformation experiments. Under the control
ofa virulent region two separate T-DNA regions ofthe Ri plasmid are transferred to the
plant genome (Hoffman et al.,, 1984; De Paolis et al., 1985). These regions are termed the
TI(T left T-DNA) and the Tr (T right T-DNA). The Tr T-DNA contains genes for opine
production and strains have been found to be characterized by their particular opine genes
(De Paolis et al., 1985). The Tr T-DNA also contains two genes which code for auxin
synthesis which appearto be highly homologous to the auxin genes ofA. tumefaciens. The
TI T-DNA does not have homology with the T-DNA ofA. tumefaciens (Hoffman et al.,
1984). It has been found that strains o fAgrobacterium possessing both the Tl and the Tr T-
DNA are more virulent on awider range o fplant species, than are strains possessing only

one T-DNA (Vilaine and Casse-Delbart, 1987).
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The Ti plasmid carries a number of genes which are involved in both plant and

bacterial function. The most important of these genes is the Vir gene. The Vir gene

products cause T-DNA to be transferred to the plant cell nucleus where it is integrated into

the genome (Lewin, 1990).

The T-DNA regions in both A. tumefaciens and A. rhizogenes are flanked by 25bp

direct repeats and the end points ofintegrated T-DNA in the plant genome are found to be

close to these sequences (Draper et al., 1988). The T-DNA itselfis found to contain 8-13

genes including a set for the production of phytohormones which are responsible for the

form ation o fthe characteristic tumours when transferred to infected plants. The m ajority o f

studies that have been carried out on the mechanism by which T-DNA is transferred from

Agrobacterium to the plant cell have been done with A. tumefaciens.

Experimental results suggest the following model for transformation.

Agrobacterium comes in contact with the compounds released from the wounded plant

tissue transcription of the Vir region ofthe Ti plasmid occurs. One specific chemical

highly active in this respect has been identified as acetosyringone (Stachel et al., 1986).

The Vir region ofthe Tiplasmid codes for six genes that are responsible for transfer of T-

DNA to an infected plant, these are Vir A, Vir B, Vir G, Vir C, VirD and Vir E (Lewin,

1990). Vir A and Vir G are expressed in vegetatively growing bacteria although Vir G is

only transcribed at a low level. When Agrobacterium is exposed to a wounded plant cell

exudates or simply pure acetosyringone the Vir A gene product is thoughtto recognize and

interact with it and transmit the extracellular signal intracellularly resulting in the activation

ofthe Vir G gene product. The altered Vir G protein then activates the rest o fthe virulence

genes as well as elevating transcription from the Vir G locus. This Vir G induction is

followed by the appearance of single stranded nicks within the 25bp border sequences

which flank the T-DNA (Stachel et al., 1986 ; Albright et al., 1987) and the appearance o f



a single stranded linear molecule which corresponds to the T-DNA. The products of the

Vir D operon are thoughtto be similar for this specific endonuclease activity (Yanofsky et

al., 1986). By a mechanism then which remains unknown but is thoughtto be analogous to

bacterial conjugation the T-DN A is transferred to the plant cell and stably inserted into the

nuclear DN A (Stacheland Zam bryskii, 1986).

These properties o f Agrobacterium as a natural genetic engineer make it highly

suitable for use as a transformation vector for transfer of novel heterologous genes to

plants. It is now known that Agrobacterium can be used very efficiently and effectively as

a transformation vector. It was shown that the natural ability ofAgrobacterium to transfer

defined sequences o fDNA into the plant genome could be exploited in the developmento f

a variety of plant transformation vectors. These vectors capitalize on several inherent

characteristics o fthe Agrobacterium-mediated transformation process. The main features

of Agrobacterium that makes it amenable to exploitation in the construction of plant

transform ation vectors are:

1). The one genes are not required for the transfer of T-DNA to the plant cell and its

integration within the nuclear genome 2). The Vir region ofthe Tiand Riplasmid functions

in trans 3). DN A inserted between the 25 base pair border repeats ofthe T-DNA whether

the borders are natural or synthetic is transferred to the plant cell 4). No apparent

rearrangements ofthe DNA located between the T-DNA borders takes place during the

transfer to the plant genome 5). The foreign DNA integrated into the plant genome can be

stabily inherited in a Mendelian manner (W alden, 1988).

The one genes are not needed in the process of T-DNA transfer therefore these

genes can be replaced not only allowing the insertion of foreign DN A but also removing

these one functions. To date a lim it on the insert size has not been reported (Draper et al,

1988).



Using these Tiplasmid vectors any foreign DN A which has been inserted or cloned
can be transferred into the genome o fa dicotyledonous plant cell. The foreign DNA which
is to be transferred must be flanked by the T-DNA border sequence and stably maintained
in an Agrobacterium harbouring a full complement of Vir genes either in cis or in trans.
The removal ofthe one functions means that transformed tissue is no longer recognizable
as neoplastic outgrowths which can be selected by their ability to grow on a medium
lacking phytohormones.

Non oncogenic vectors that are commonly in use can be divided into two types i.e.
cis and trans depending on whether the T-DNA region flanked by 25 base pair direct repeat
sequences are carried on the same replicon as the Vir genes or on a separate plasmid. The
former, the cis acting Vir genes are commonly referred to as co-integrative vectors whilst
the latter with the trans acting V ir genes are known as binary vectors. The co-integrative
vectors are vectors which are based on awild type Tior Riplasmid from which portions o f
the T-DNA have been removed or replaced by a novel sequence ofDNA. Often with the
Tiplasmid the region which has been removed encodes the one function and this allows for
the regeneration of normal non-tumourous plants using conventional procedures o f tissue
culture as already mentioned. These vectors are often called disarmed vectors since they
are based on the Ti or Ri plasmid, they are stable within the Agrobacterium and because
they retain the Vir region and therefore have all the apparatus needed for the transfer of
sequences which are located between the border repeats of the co-integrative vector
(Walden, 1988). The binary or trans vectors are based on plasmids which are capable of
replicating both in E.coli and strains of Agrobacterium and that contain the T-DNA border
sequence flanking multiple cloning sites as well as markers that allow direct selection of
the transformed plant cell. These binary vectors allow manipulation in E. coli followed by

transfer to Agrobacterium by conjugation in the presence ofa helper plasmid (Hoekema et



al., 1983). Binary vectors are capable of functioning in both A. rhizogenes and A.
tumefaciens (Simpson et al.,, 1986). This vector replicates as an independent plasmid in
Agrobacterium and the transfer ofthe foreign DNA into the plant cell is mediated by the
Vir region o fthe resident Tior Riplasmid acting in trans.

The choice ofvector system for a particular transform ation procedure depends on
many factors not least of which is the aim ofthe experiment and the particular species
involved. Many vectors have been designed with a particular plant in mind and hence it is
important to select a vector carefully for the task required of it. It is important to
understand that no one vector system can be used in every circumstance particularly with
regard to host range as many were originally tested using only model transformation
systems for example those often used are Tobacco and Petunia and almost without
exception Solanaceous species. There are a number o f specific vectors available based on
the Ti or Ri plasmid examples of some more commonly used vectors are SeV vector

system and the B inl9 vector.

1.3.2 Viral Vectors

Plant DNA viruses have received attention as vectors for introduction of foreign
genes into plants. The interest is derived from the fact that viruses as pathogenic agents
normally enter the plant cell, express the inform ation contained in their genomes and can
replicate to achieve a high copy number (Walden, 1988). In 1984 propagation and
expression o fbacterial selectable marker genes transferred to plants by cauliflower mosaic
virus (CaMV) were first demonstrated (Brisson et al., 1984). More recently the
transforming capacities o fthe Ti-plasmid-derived and viral vectors have been combined to
create a technique called agro-infection. The introduction of maize streak virus (MSV)

into maize and ofthe separate A and B components from tomato golden mosaic virus



(TGMYV) into Petunia have been reported for this techniqgue (Harrison, 1985). RNA viruses
thatreplicate only through RN A intermediates may also be used as vectors for plant genetic
engineering.

Viral vectors provide some advantages for the introduction of foreign genes into
plants. These include the ease o finfection, a different host range to Agrobacterium and a
high number/expression rate ofinserted genes under the control of appropriate promoters.
A number o f disadvantages can also be pointed out. The maximum size o fpassenger DNA
insertable without affecting viral infectivity may be limited. Viral infections usually result
in specific disease symptoms or a lethal to the plant. There is also a possibility of high
error frequency during viral RN A synthesis which may lead to incorrect expression o f the

inserted gene.

1.3.3 Free DNA Delivery Systems

1.3.3.1 Microprojectile Bombardment

One ofthe most significant developments in the area of cell transformation w ith
naked DN A has been high velocity microprojectile technology. In this system DNA is
carried through the cell wall and into the cytoplasm on the surface ofsmall metal particles
that have been accelerated one to several hundred meters per second (Gasser et al., 1989).
These metal particles range in size from 0.5-5 pm. These particles are capable of
penetrating through several cell layers allowing the transformation of cells within tissue
explants.

The first report ofmicroprojectile bombardmentto deliver DNA to living cells was
by Klein et al., 1987. DNA was delivered by discharging a 0.22 caliber cartridge to

accelerate tungsten microprojectiles carrying DN A through an evacuated chamber and into
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the cells. The first transgenic plants and progeny via this method were with tobacco (Klein
et al.,, 1988; Tomes et al., 1990). The main advantage o fthis system for DNA delivery is
that unlike Agrobacterium it is suitable for a variety o f monocots such as Barley (Wan and
Lemeux, 1994) and Rice (Christou et al.,, 1991). Microprojectile bombardment has been
used to enhance Agrobacterium infection in Sunflower (Helianthus annus L.) (Bidney et
al., 1992). Transient gene expression in pollen of Norway Spruce (Picea abies) was
achieved by particle acceleration (Martinussen et al.,, 1994). Charest et al., 1996 achieved
stable genetic transformation ofPicea mariana (Black Spruce) via particle bombardmento f
cotyledonary somatic embryos and suspensions from embryonal masses. Stable
transformation of White Spruce and regeneration of transgenic plants through
microprojectile bombardment o f somatic embryos was achieved (Bom minieni et al., 1993;
Ellis et al., 1993). Bomminieni et al., 1994 also reported expression of a gus gene in
somatic embryo callus of Black Spruce (Picea mariana) after microprojectile

bombardment.

1.3.3.2 Microinjection

Microinjection is an old technology dating to the 1880’'s. Microinjection of plant
cells however is far from routine and it is a technigue more readily associated w ith
infection ofanimalcells. Plantcells are much more difficult to infect than animal cells for
two reasons. Firstly, plant cells have a cell wall composed of relatively thick layers of
pectin, hemi-cellulose and cellulose that are difficult for a glass microneedle to penetrate.
Secondly, the vacuole contains many hydrolases and toxic compounds. |If the vacuolar
contents are emptied into the cytoplasm the cell will most likely die. There are many
reports however demonstrating that protoplasts can survive microinjection (Griesbach,

1985; Lawrence and Davies, 1985; Mowikawa and Yamada, 1985; Reich et al., 1986a).
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Crossway et al., 1986 microinjected Agrobacterium plasmid DNA into tobacco plants
using a technique known as the hold pipette technique. Duchesne and Charest, 1992
studied the effect of promoter sequence on transient expression of the (5-glucuronidase

gene in embryonic calliofLarix x eurolepis and Picea mariana following microinjection.

1.3.3.3 Electroporation

Electroporation is the use of high field strength electrical pulses to make cell
membranes permeable in a reversible manner to facilitate transfer of DNA directly into
cells (Fromm et al., 1986). There are two important factors affecting the process 1). the
strength o fthe electric field which in turn depends on 2). the diameter o fthe protoplast and
the pulse decay time. The first reports describing DNA delivery to intact electroporated
tissue were by Abdul-Baki et al., 1990 and Mathews et al., 1990 using Tobacco pollen.
Zaghmout and Trolinder, 1993 reported a method of electroporating Agrobacterium

plasmid DNA into Wheat callus cells.

1.3.3.4 Electrophoresis

Ahokas, 1989 introduced DNA into intact embryos by designing an electrophoretic
chamber in which the cathode was connected to a pipette containing DNA. After
electrophoresis, radioactive labelled DNA could be observed throughout the apical
meristem and transient gene expression was observed. Electrophoretic-mediated DNA
delivery is influenced by various physical factors associated with plant tissue. These
include the frictional co-efficient (f) which is a physical property of the cell wall and
plasma membrane. W ithin an electrical field DN A migrates through the cellulose fibers o f

the cell wall (Dekeyser et al, 1990; Lu and Ferl, 1992) and passes through the plasma
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membrane. Calanthe orchid. L., zygotic embryos were stably transformed following

electrophoresis (Griesbach and Hammond, 1993).

1.3.3.5 SAAT-Sonication Assisted Agrobacterium Transformation

SAAT is a new process in which targettissue which is immersed in Agrobacterium
suspension is subjected to ultrasound (Santarem et al., 1998). The enhanced transform ation
rates using SAAT probably result from the microwounding, where the energy released by
cavitation causes small wounds both on the surface and deep within the target tissue.
SAAT has been shown to enhance Agrobacterium mediated transformation of Soybean

(Trick and Finer, 1997).

1.3.3.6 Silicon Carbide Whisker-Transformation.

DNA delivery into plant cells using silicon carbide whiskers was investigated by
Kaepplar et al., 1990. The method is very simple and involves vortexing a mixture of
plasmid DN A encoding screenable and selectable markers, silicon carbide fibers and plant
cells to be transformed. Silicon carbide fibers probably mediate DN A delivery because of
their shape, size, strength and chemical composition. These fibers are single crystals w ith
an average diameter of 0.6 (im and length ranging from 10-80 fim. It is likely that
improvements in DNA technology via silicon carbide fibers and plant tissue culture
methods w ill increase the number of species that are amenable to this transformation
procedure. Silicon carbide fiber DNA delivery requires very little preparation prior to
DNA delivery. The procedure is rapid and inexpensive and may be used on most cell types
provided that some prior investigation to optimize DNA delivery parameters is conducted.
The advantage o f this process is its sim plicity and flexibility. The primary disadvantage

however relates to its similarity to asbestos and the presumed health risk potential



(Songstad et al., 1995). Frame et al., 1994 reported the production o f fertile transgenic
Maize plants by silicon carbide mediated transformation. Wang et al.,, 1995 found that
m aterials with characteristics similar to silicon carbide whiskers such as silicon nitride

whiskers can also deliver DN A into plant cells.

1.3.3.7 Protoplast-mediated Transformation

Protoplasts are in principal ideal cells for DNA delivery and selection o ftransgenic
events. Removal ofthe cell wall eliminates a major barrier to DNA delivery. The most
commonly used procedure for direct DNA delivery into protoplasts involves treatment w ith
polyethlene glycol (PEG) to alter plasma membrane properties by causing reversible
permeabolization that enables exogenous macromolecules to enter the cytoplasm. The first
reports ofdirect DNA delivery and stable transformation involved transfer and expression
ofAgrobacterium tumefaciens T-DNA genes into tobacco protoplasts via PEG treatment
(Draper et al., 1982). The first example o ftransgenic plants was reported by Pazkowski et
al., 1984. Electroporation involves subjecting protoplasts to electrical pulses o f high field
strength to cause reversible permeabolization of the plasma membrane enabling
macromolecule delivery. Stable transformation of Tobacco plants regenerated from
electroporated protoplasts involved combinations of PEG and electroporation treatments
(Negrutiu et al., 1987). The primary advantages of electroporation over PEG or other
chemical mediated treatments are reproducibility or high frequency DNA delivery and

sim plicity o fthe technique (Jones et al., 1987).
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1.4 Micropropagation of Woody Species

Micropropagation describes the numerous systems through which asexual or clonal
propagation occurs from explants of the original plants. The main objective to

micropropagation is the production o flarge numbers o fgenetically identical individuals.

1.4.1 Organogenesis

Organogenesis refers to the developmental process where organ primordia, such as
buds are initiated on an explant in response to the application of exogenous hormones.
Organogenesis can occur either directly from explants or indirectly by differentiation of
shoot and/or root meristems in callus culture (Sharp et al.,, 1983). Usually angiosperms
respond more favourably to in vitro organogenesis than conifers. Nevertheless most
species o ftrees, gymnosperms, or angiosperms temperate or tropical can be propagated via
organogenesis (Cheliak et al., 1990).

The system of axillary shoot multiplication was used for the micropropagation of
various Oak species: Q. robur and Q. petraea (Chalupa, 1979, 1985b, 1988, 1990, 1993;
Vieitez et al., 1985; Meier-Dinkel, 1987; Meier-Dinkel et al., 1993; Evers et al., 1993) Q.
suber (Bellarosa, 1981, 1989; Manzanera and Pardos, 1990) Q. serrata (lde and
Yamamoto, 1987). Chalupa 1981 discovered that a low salt nutrient medium stimulated
rapid growth and proliferation of axillary shoots of Oak. Drake et al., 1997 produced
successful adventitious shoot regeneration from Sitka Spruce cotyledons by a cytokinin

pulse method.



1.4.2 Somatic Embryogenesis

Somatic embryogenesis has been regarded as the in vitro system o fchoice with the
potential for mass propagation o f superior and genetically engineered forest tree genotypes
in both coniferous and hardwood species (Gupta etal., 1991).

The earliest work on somatic embryogenesis was conducted on carrot cultures and a
substantial number o f investigators have utilised this plant. Carrot has therefore become
the proverbial model system and much ofour understanding o f somatic embryogenesis has
come from work with this plant.

The ability to raise somatic embryos in cell culture creates a number of
opportunities which are not available when plants are regenerated via organogenesis. One
distinct advantage is that somatic embryos are bipolar structures bearing both root and
shoot apices. In organogenesis root and shoot development are often mutually exclusive
and a sequence ofmedia changes is necessary to generate an entire plant. Embryo cultures
can produce large numbers of embryos per culture flask, many more than the multiple
shoots generated adventitiously via embryogenesis (Am mirato, 1983).

Zygotic embryos are those formed by the fertilized egg and zygote whereas somatic
embyros are defined as those formed by sporophytic cells either in vitro or in vivo.
Ammirato, 1983 described somatic embryogenesis as a process analagous to zygotic
embryogenesis but in which a single cell in a small group of vegetative cells are the
precursors o fthe embryos. It is supposed that given the precision o fthe zygotic embryo
pattern form ation programme, the first stages of both zygotic and somatic embryos could
be similar or at least very close. A comparison however, between zygotic and somatic
embryogenesis can only be established from the globular stage onwards from which a

parallel evolution occurs. Despite the similarities between the two types ofembryogenesis



two main differences exist, namely the lack o f differentiation ofendosperm and suspensor
tissue in the case o fthe somatic system (Dodeman et al., 1997).

Sharp et al., 1980 described two routes for somatic embryogenesis. The first is
direct embryogenesis where embryos initiate directly from tissue in the absence of callus
propagation and this occurs through pre-embryonic determined cells (PEDC) where the
cells are already committed to embryogenic development and need only to be released.
The second is indirect embryogenesis where some cell propagation is required. This occurs
in differentiated non-embryogenic cells or induced embryogenic determined cells.

W hether the differential ability of somatic cells to become embryogenic reflects
genetic differences or whether it is due to the presence o fa specific responsive cell type is

notclear (De Jong et al., 1993).

1.4.2.1 Factors Effecting Somatic Embryogenesis

A number of variables have been identified which effect somatic embryogenesis.
The choice o fexplant from which to initiate somatic embryos is ofvital importance. For a
number of species only certain parts ofthe plant body may respond in culture. This is
indeed the case for a number of moncotyledonous and graminacious species. Somatic
embryogenesis has been induced in several Oak species from a variety o f explants such as
male catkins (Q. bicolor (Gingas ,1991)), leaf segments from adult trees (Q. ilex (Feraud-
Keller and Espagnac, 1989), anthers (Q. robur (Chalupa, 1985b)), immature zygotic
embryos (Q. rubra (Gingas and Lineberger, 1989), Q. cerris (Ostrolucka and Pretova,
1991), zygotic embryo segments (Q. lebani (Srivastava and Steinhauer, 1982).

Proper explant selection has been reported to be critical in order to achieve
successful induction of somatic embryogenesis in conifers (Tautorus et al.,, 1991). In

general in Pinus species precotyledonary zygotic embryos (Picea glauca, Picea mariana
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(Tremblay, 1990; Tautorus et al.,, 1990a) are best for induction of embryogenic tissue

whereas in Picea species cotyledonary zygotic embryos are best (Becwar et ah, 1988).

This also indicates the importance ofthe time ofexplant collection and suggests that there

is a developmental period which exists in which zygotic embryos are highly committed to

forming embryogenic tissue.

The type of culture medium used has a large affect on the initiation of somatic

embryos. Somatic embryos have been grown in awide variety o f media types. It is known

that a source o famino acids plays a role and L-glutamine appears to be the most favoured.

Tautorus et al., 1991 reported that modifications to medium components and culture

conditions can significantly affect induction o fembryogenic tissue and play a major role in

enhancing initiation from more mature plants (von Arnold, 1987; Attree et al., 1990;

Simola and Santanen, 1990). The most important factors are concentration of basal

medium, nitrogen level, mineral elements, agar and pH.

The presence ofgrowth regulators in the culture medium has a large affect on the

development ofembryonic tissue. The presence of auxins alone or in a combination w ith

cytokinin appear essential for the onset of growth and induction of embryogenesis

(Fujimura and Komamine, 1980a). Quercus is in the list of species which does not require

auxin for the induction o fsomatic embryos. Formation of Oak somatic embryos can occur

in the absence o f exogenous hormones, however in most cases the development o f somatic

embryos is stimulated by manipulation of hormonal balance in the nutrient medium.

However in all cases of somatic embryos initiated from immature and mature zygotic

embryos the presence ofcytokinin is required and in most cases was present in the form of

benzylaminopurine (BAP). The presence of 2,4-D proved to be the best plant growth

regulator for somatic embryo induction experiments in Q. robur (Mazanera, 1993)

compared with combinations of BA and NAA. Bonneau et al., 1994 noted that for the
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European Spindle tree, somatic embryos were never observed when the explants were
incubated in medium in the absence of a cytokinin. Sucrose is reported to be the most
effective reduced carbon for somatic embryogenesis. Ammirato, 1983 reported that
sucrose is the most effective carbon source and osmoticum for somatic embryogenesis in
most angiosperm species. Sucrose is also important for influencing further development of
embryos past the globular stage by affecting developmental synchrony or abnormal
morphology (Michler etal., 1991).

Environmental conditions such as light and dark have proved important and
somatic embryogenesis has occurred under a variety o flight/dark regimes.

The culture regime may also play a significantrole in somatic embryogenesis and in
particular its maintenance. The embryogenic capacity ofcultures has been seen to decrease
and disappear through progressive subculturing (Syono, 1965) and this loss o fpotential has
been traced, at least in certain cases, to a change in chromosomal complement where
aneuploids gradually replace diploids (Smith and Street, 1974). The maintenance of
chromosomal and genetic integrity is essential if the goal of somatic embryogenesis is
clonal reproduction. There are a number of studies demonstrating that frequent
subculturing can effectively minimize the effect of chromosomal changes in cell cultures
(Bayliss, 1977; Evans and Gamborg, 1982). Therefore careful attention to the subculture

regime may help maintain genetic and chromosomal viability .

1.4.2.2 Somatic Embryogenesis in Quercus Species

Reports on somatic embryogenesis in Quercus provide evidence that Oak tissue is
highly embryogenic. Oak somatic embryos originate in embryogenic tissue through a
series of developmental stages. The initiation of somatic embryos in Quercus is greatly

dependent on the type of explant used. Immature zygotic embryos are often used as

24



explants and have been shown to be highly embryogenic. Embryogenic cultures of
Quercus robur and Quercus petraea were originally initiated from immature zygotic
embryos (Chalupa, 1985b, 1990, 1993) as were embryogenic cultures of Quercus rubra
(Gingas and Lineberger, 1989), Quercus serrata (Sasamoto and Hasori, 1992). Chalupa
reported that repetitive embryogenesis was frequent for Q. robur and led to the form ation
ofmany small embryoids. Embryogenic tissues maintained in media containing cytokinin
retained their embryogenic potential. Media most frequently used for embryo initiation in
Quercus were Murashige and Skoog (Murashige and Skoog, 1962) and Woody Plant

Medium (Lloyd and McCown, 1980).

1.4.2.3 Somatic Embryogenesis in Conifer Species

Three different processes have been suggested that could account for the origin of
conifer somatic embryos (Hakman et ah, 1987). Somatic embryos may arise from single
cells or small cell aggregates by an initial asymmetric division that delimits the embryonal
apex and suspensor region. Somatic embryos may develop from small meristematic cells
w ithin the suspensor or somatic embryos could arise by a mechanism similar to cleavage
polyembryogenesis with the initial separation occurring in the embryogenic region.
Tautorus et al, 1991 reported that the best results for somatic embryogenesis were obtained
using immature and mature zygotic embryos as the source o fthe tissue and this is true for
Picea sitchensis. Dunstan et al., 1988 devised a numbering system which he used to
describe the various stages of somatic embryo development. Stage 1 embryos were
described as a repressed pro-embryo with translucent suspensor and semi translucent,
densely staining embryo with an irregular outline. Stage 2 embryos are prominent and
smooth in outline, opaque cream to pale yellow in colour and subtended by a suspensor.

Stage 3 embryos have primordial cotyledons clustered around a central meristem and are
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cream to pale green in colour. Finally stage 4 embryos have distinct, partly elongated
cotyledons clustered around a central meristem and are green in colour. Later stages of
development included elongation ofboth cotyledons and hypocotyls and the development
ofaradicle occurring are referred to as germinating embryos.

Somatic embryogenesis offers a great potential for the large-scale production of
foresttrees. The form ation o ftotipotent cells from embryogenic tissue (Durzan and Gupta,
1987; Michler et ah, 1991) may also prove useful in the production o ftransgenic forest
trees. Millions ofsomatic embryos w ill be needed for reforestation and bioreactors can be
used to produce the necessary plant cells on a large scale. Different groups have already
been growing for example Radiata pine (Smith, 1991) and Interior Spruce and Black
Spruce (Tautorus, 1992) in bioreactors. The production of mature cotyledonary embryos
under bioreactor conditions is however a problem (Gupta et ah, 1993). Moorhouse et ah,
1996 reported on the Braun Biostat BF2 bioreactor system which was used to control
somatic embryogenesis in liquid cell culture. The bioreactor was inoculated with a
suspension culture of Sitka Spruce (Picea sitchensis (Bong) Carr.) known to be
embryogenic and capable of maturing into plantlets on solidified medium. The perfusion
capability ofthe bioreactor was employed to replace the initial proliferation medium w ith
m aturation medium order to induce the development o f somatic embryos in submerged cell
culture. The cellline was found to mirror only the initial elongation previously observed in
shake flask culture. The limitations of using somatic embryogenesis technology for the
main propagation of elite tree species are the inability to initiate embryogenic callus from
non-embryogenic tissue, low frequency of embryo formation, low germination rates,
inability to control aberrant morphology and the difficulty in acclimatising germinated
plantlets to ex-vitro environments. Once these limitations are overcome regeneration by

somatic embryogenesis can be used for an array o fbiotechnological applications.



1.5 Somatic Embryo Maturation and Plantlet Regeneration.

The relatively poor conversion rate of somatic embryos to plantlets remains a
problem for the commercial utilization of this technology. Maturation in most cases
involves a series o fcomplex media changes.

Somatic embryos of Picea abies (Gupta and Durzan, 1986), Picea mariana
(Hakman and Fowke, 1987a), Picea taeda (Gupta and Durzan, 1987a) were matured on
media with reduced or eliminated phytohormones. In all cases however plantlet form ation
was sporadic and continued growth infrequent. Abscisic acid (ABA) was found to play an
important role in conifer embryogenesis (Gupta et al.,, 1993). ABA inhibits cleavage
polyembryony thus allowing embryo singulation, further development and maturation. The
addition of ABA improved embryo maturation in a number o fconifers (Durzan and Gupta,
1987; Dunstan et al.,, 1988, 1991; von Arnold and Hakman, 1986; Attree et al., 1990b)
when applied prior to transfer to phytohormone free medium for final germination.
Researchers have used activated charcoal to adsorb the growth regulators before transfer to
developmental and maturation medium with ABA.

In terms ofembryonal suspensor masses (ESM) most authors agree that to mature
the embryos beyond stage 1requires a change to the medium used. Krogstrup et al., 1988
reported complete developmento fPicea sitchensis embryos from zygotic embryos to ESM
to emblings growing in the soil. He used BMG-1 and modified BM G-2 supplemented w ith
a range ofcombinations o fkinetin, BA, ABA and 2,4-D. He also found that ABA played a
major role in synchronising development. Birt, 1991 made an exhaustive study of the
effect of plant growth regulators on the maturation of ESM that had been initiated. She

also found that ABA had a profound effect on maturation and that it was enhanced by the
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absence of light. The duration of ABA treatment may be more important than its

concentration. Treatmentfor too shorta period o f2 weeks resulted in the developmentofa

large number o fisolated roots without associated shoot meristems. Forthe full maturation

of somatic embryos to stage 4, treatment of ABA for at least 6 weeks appears to be

necessary.

Attem pts have been made to mature tissues in liquid culture. This however has

resulted in poor maturation and may be due to the physical disruption o fthe nutrient and

plant growth regulator gradients within the tissues.

The serious problem of Oak regeneration via somatic embryogenesis is either an

absence or a low frequency ofsomatic embryo conversion into plantlets. The development

o fsomatic embryos is often blocked after the formation o f cotyledons. Various treatments

are therefore required for further development into plantlets.

Cytokinin concentration has an effect on embryo maturation. Chalupa reported a

poor frequency of somatic embryo conversion into plantlets for Q. robur. He found that

high cytokinin levels in the form of BAP hindered plantlet formation. Low cytokinin

concentration and culture in the light led to greening and further embryoid form ation.

Sasaki et al., 1988 and Shoyama et al., 1992 reported conversion of Q. acutissima som atic

embryos into plantlets was stimulated on Woody Plant Medium (W PM) containing a low

concentration of BA. Root formation occurred on transfer to half strength WPM

supplemented with IBA. Tsvetkov, 1998 succeeded in converting somatic embryos from

immature embryos of Q. robur L. by first subjecting them to MS plus 1 mgdm’'3BAP alone

or in combination with 1 mgdm'3 GA3. Mature somatic embryos successfully germinated

after being transferred to WPM medium plus 0.2 mgdm’3 BAP. These embryos showed

further development and some converted into plantlets.
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Desiccation and dehydration treatments inside sterile sealed dishes for 2-3 weeks
increased the frequency o f Q. robur embryo conversion. Chilling treatments of Q. petraea
embryos at 2-3 °C for 3-4 min improved their germination frequency (Chalupa, 1995). The
conversion o f Q. suber embryos to plants was also promoted by cold treatment (Bueno et
al., 1992; Manzanera et al., 1993).

It is clear that a considerable amount o f research is still required to improve the

process o fmaturation and conversion o fsomatic embryos in woody species.

1.6 Selection of Transgenic Plants

One ofthe most important advances in the area o fplant genetic transform ation has
been the development o f genetic markers. Vital to the whole plant transform ation process
is the ability to show thatthe introduced foreign DN A has been successfully integrated into
the plant genome and is expressing itself.

A gene fusion system can be defined as DN A constructions (performed in-vitro or
in-vivo) that result in the coding sequences from one gene (reporter) being transcribed
and/or translated under the direction of the controlling sequence of another gene
(controller) (Jefferson, 1987). Many genes in plants exist in multiigene families where
products are very similar but can be regulated differentially during development of
individual members of multi-gene families are often apparently inactive. The use o f these
gene fusions to individual members of such families with the introduction o f these fusions
into the genome allows the study of individual genes which are distinct from the
background o fthe other members o fthe gene family.

Analysis of mutationally altered genes in plants accessible to transformation

techniques is greatly facilitated by the use of sensitive and versatile reporter genes. By
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using a reporter gene that encodes an enzyme activity not found in the organism being
studied, the sensitivity with which heterologous gene activity can be measured is limited
only by the properties ofthe reporter enzyme, the quality o fthe available assays for the
enzyme and the availability ofa suitable promoter. The gene fusion system chosen should
be easy to quantify and highly sensitive thus allowing analysis o f genes whose products are
ofmoderate and low abundance. The reporter enzyme should be detectable with sensitive
histochemical assays to localize gene activity in particular cell types (Jefferson et al.,
1987). The reaction catalyzed by the reporter enzyme should be sufficiently specific to
minimize interference with normalcellular metabolism and general enough to allow the use
ofa variety ofnovel substances to maximize the potential for fusion genetics and in-vivo

analysis.

1.6.1 Reporter genes

Seven reporter genes have been frequently used in studies of expression in higher
plants. The E. coli (3-galactosidase (Helmer et al., 1984) enzyme have been of little use
m ainly due to the difficulties in performing assays. This is due to the fact that plants
themselves contain high endogenous (i-galactosidase activity. Use of the Agrobacterium
tumefaciens Ti-plasmid encoded genes nopaline synthase (Depicker et al., 1982; Bevan et
al., 1983) and octopine synthase (DeGreve et al., 1982) promised to overcome problems
associated with endogenous activity because the opines produced by these gene are not
found in normal plant cells. Parsons et al., 1986 in their Agrobacterium mediated
transformation of Poplar utilized the opine reporter genes. These reporter genes are not
widely used because the assays are cumbersome and can be difficult to quantify and they
cannot be used to demonstrate enzyme localization. The two most useful reporter genes up

to 1987 were the bacterial genes chloramphenicol acetyl transferase (CAT) and the
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neomycin phosphotransferase (NPT Il) which encode enzymes with specificites not
normally found in plant tissue (Fraley et al., 1983; Herrara-Estrella et al., 1983a, b).
However both CAT and NPT n are relatively difficult, tedious and expensive to assay.
The firefly luciferase gene has also been used as a marker in transgenic plants (Ow et al.,
1986). This enzyme is however labile and difficult to assay accurately. Martinussen et al.,
1994 used the luciferase gene as a marker for the transform ation by particle acceleration o f
Norway spruce cultures.

By far the most widely used reporter gene since its discovery in 1987 by Jefferson
et al has been the E. coli P-glucuronidase gene. It has been the choice ofreporter gene for
anumber ofwoody plant transformations (Roest et al., 1991; Bomminieni et al., 1993; L i
etal., 1994; Yibrah etal., 1994; Frame et al., 1994; Charest et al., 1996; Drake et al., 1997;
Santarem et al.,, 1998). P-glucuronidase fits all the criteria for a successful reporter gene
system for use for transformation of plants. P-glucuronidase (GUS, EC 3.2.1.31) is
encoded by the /lidA locus and is a hydrolase that catalyses the cleavage ofa wide variety
of glucuronides many of which are available commercially as spectrophotom etric,
flurom etric and histochemical substrates. P-glucuronidase is easily, sensitively and cheaply

assayed in-vitro and can be assayed histochemically to localize activity in cells and tissues.

1.6.2 Selectable Marker Genes

The selectable functions on most general transformation vectors are procaryotic
antibiotic resistance enzymes which have been engineered to be expressed constitutively in
plants (Draper et al., 1988). Genes affording resistance to antibiotics are the most
commonly used marker genes. Examples are genes such as kanamycin G418 (Herrera-
Estrella et al., 1983; Bevan, 1984), hygromycin (Van den elzen et al., 1985) and bleomycin

(Hille et al., 1986). To be of use the selectable agent concerned must be able to exert a
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stringent selection pressure on the plant tissue concerned. The selectable marker most
frequently used is npt Il (neomycin phosphotransferase) which confers resistance to
kanamycin. Selection on a kanamycin containing tissue culture medium gives a selective
advantage to those cells that have stably incorporated the transgene construct and are
therefore resistant to kanamycin. The kanamycin resistant gene continues to express in

regenerated plants.

1.7 Problems Associated with Genetic Engineering of Plants

A number o fproblems have been associated with the incorporation offoreign DNA
into plant genomes. Research indicates that desirable new phenotypes created by the
introduction of foreign DNA into plants are frequently unstable following propagation,
leading to the loss o fnewly acquired traits. Transgenic plants can only be o fvalue if their
engineered phenotype is faithfully transmitted through subsequent generations in a
predictable manner. The expression o ftransgenes can vary considerably between different
independently transformed plants (Hobbs et al., 1990; Jefferson et al., 1990; Blundy et al.,
1991). Several factors relating to integration and structure of transgene DNA such as
number of transgene copies, position in the genome, and methylation, may greatly
influence expression o ftransgenes.

The phenomenon o ftransgene silencing was initially described in model plants such
as tobacco and Arabidopsis transformed by Agrobacterium tumefaciens. Recently however
transgene silencing has been observed in a number of transgenic plants produced by
particle bombardment and in economically important crop species (W alter et al., 1992;
Srivastava et al., 1996) although it has been seldom studied in detail (Kumpatla et al.,

1997). The higher incidence oftransgene copy numbers may cause transgene silencing to
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be more frequent in plants transformed by particle bombardment than plants transformed
by Agrobacterium.

There is evidence of interactions between different transgenes, where DNA
sequences on one construct can interfere with the expression o f transgenes on another
(M atzke et al., 1989). Other evidence carried out by molecular analysis o fthe promoter o f
transgenes which have been down regulated or switched o ff often reveal methylation of
cytosine nucleotide residues. It is however not clear whether methylation is a cause or a
consequence o fgene inactivation (Jorgenson, 1993).

Another problem associated with the insertion of foreign genes into plants is the
difficulty with DNA insertion into the desired position or organelle. Site specific insertion
is a task which has previously proven to be difficult, in general the DNA tends to be
inserted randomly into the genome. However recent studies by McBride et al., 1995 on the
production o fan insecticidal protein in tobacco has succeeded in the specific insertion and
am plification o fa chimeric Bacillus gene in the chloroplast o fthe plant.

Abnormal expression o ftransgenes in many instances may be detected in the first
generation o f transgenic plants. In some cases transgenic silencing is not observed until
large scale field trials (Brandle et al., 1995). All ofthe above evidence suggests that long
term studies are needed to analyze the expression and inheritance o f transgenes through

several generations o fgenetically engineered plants.
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1.8 Environmental Problems and Public Concern over Genetically

Modified Plants

Transformation systems are now available in a wide variety of plant species and
examples o ftransgenes for pest, viral, fungal, and herbicide resistance and environmental
stress tolerance exist. W ith these new developments however comes the problem o f gene
escapes. The fear that genes inserted w ill spread to wild populations or in the case of
bacteria spread giving them an advantage or disadvantage in their natural environment has
now become arealissue.

When considering the use ofAgrobacterium as a tool in genetic engineering it is
now imperative to address the magnitude of risk posed to the environment in releasing
transgenic plants (Barrett et al.,, 1997). Moreover newly formed combinations of
persistently transmitted viruses and the opportunistic and systematically moving
Agrobacterium vector infectious to a wide host range may eventually cause infection and
damage to crop plants ofnatural vegetation not presently visited by the traditional vectors
(insects) ofthe viral disease (Mogilner et al.,, 1993). It is therefore imperative that all
bacteria are eliminated prior to release o fthese transgenic plants.

The selectable marker most frequently used in transgenic plants is npt Il which
confers kanamycin antibiotic resistance. The kanamycin gene continues to express in the
regenerated plants and would be presentin any transgenic crop variety derived from them.
Risk assessments o f selectable marker genes have to date focused largely on the npt Il gene
in the large part because o fits presence in Calgene Flavr SAVR tomatoes (Flavell et al.,
1992). In the health and safety arena one of the major apprehensions with the

commercialisation o ftransgenic products has been the concern that selectable marker genes
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or their products may be toxic or allergenic when consumed. Additionally when selectable
markers for antibiotics which have clinical or veterinary applications are used, the concern
has been raised that the marker gene could be transferred into micro-organisms and
increase the number ofresistant pathogenic micro-organisms in the human or animal gut
(Yoder et al.,, 1994). In the area ofenvironmental safety the following concerns have been
raised 1) a marker encoding either antibiotic or herbicide resistance may change the
transgenic plant into a weedy pest 2) horizontal transmission of the marker into wild
relatives may transform them into weedy pests 3) the spread o fthe selectable marker into
other organisms may upsetthe balance o fthe ecosystem (Gressel, 1992; Dale, 1992; Nap et
al., 1992). There is however considerable evidence to show thatthe presence in crop plants
of the kanamycin resistance gene does not present any risk to human health or the
environment (Calgene, 1990; Bryant and Leather, 1992; Nap et al., 1992).

A number oftransformation systems have been developed allowing marker gene
elimination. Co-transformation of two separate DNAs, one incorporating a gene of
interest and the other the selectable marker gene may prove a simple system for the
elimination o fselectable marker genes provided two criteria are fulfiled. The efficiency of
co-transformation needs to be high and the co-transformed DNAs must integrate at
genomic locations sufficiently linked to allow effective recovery o frecombination events.
Site specific recombination systems can be used to eliminate selectable markers as first
demonstrated using the Saccharomycees cereviseae 2 |im circle site specific recombination
system. Cregg and Madden, 1989 cloned S. cereviseae ARG4 gene between the
asymmetric inverted repeat sequences (FRTs) which are the substrates for the site specific
recombinase FLP. The ARGA4-FRT construction was transformed into an arg4 mutant of
the yeast Pichia pastoris and transformants selected by Arg+ prototrophy. A plasmid

expressing FLP was then introduced in a second transform ation and a recombination event
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was identified by selecting for the loss o fArg prototrophy. Tissue specific expression of
selectable marker genes: In principle it should be possible to regulate transcription o f the
selectable marker gene by using a promoter which is preferentially expressed, either
temporarally or spatially, at the site of transformation. This would allow selection of
transformants without expression of the marker in mature plants. Target gene
replacement: Ideally, a transformation system would result in the chromosomal
replacement of an endogenous gene with the corresponding transgene. Homologous
recombination occurs frequently in some eucaryotes and some transformation systems
exploiting the mechanisms have been successfully employed in fungal and animal systems
(Timberlake & Marshall, 1989; Joyner, 1991). Unfortunately gene replacement in plants is
disappointingly inefficient (Halfter et al., 1992).

The possibility that transgenes might be transferred to by cross pollination to
sexually compatible wild plant species (Dale, 1992) also arises. |f a transgene confers pest
resistance, disease resistance, a tolerance to stressful growth conditions there may be a
possibility ofconferring a selective advantage to wild populations including weed species.
There is also the possibility for transgenes which confer resistance to specific herbicides to
be transmitted to wild species (Dale et al., 1993). The extent of gene transfer to wild
populations depends on various factors; the crop plant and the wild species must be
sexually compatible they must be growing in the same area and they should flower at the
same time and they should have a means o ftransporting pollen from one to the other.

Bacillus thuringiensis (Bt) protein has been used as a natural herbicide by
organic farmers for many years. The gene which produces the Bt protein has been isolated
and inserted into a number ofplants enabling them to produce their own Bt toxin. Maize
and cotton have been produced using this Bt gene. A number of problems however have

developed. Research has found that Bt used in Maize behaves differently from natural Bt
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and has a detrimental effect on insects such as lace-wings which are norm ally the farmers

natural ally. |f pests acquire immunity to Bt toxin the system will no longer work.

Conventional farmers w ill have to switch to another system of pest control and organic

farmers w ill have lost their only means of controlling aphids and other plant pests.

Potatoes have now been engineered to commit suicide if they are infected by disease. This

could reduce the need to use pesticides on potato crops. |f the potatoes are attacked by

fungi, the infected cells destroy themselves to avoid spreading the disease. The gene being

used is the Barnase gene and scientists say that it will not be spread to wild relatives by

cross pollination as the Potato plant being used is sterile under field conditions

(Peerenboom, 1998).

Herbicides to which resistance is being developed are also causing concern. Crops

have been developed which are resistant to three broad spectrum herbicides, glyphosate,

glufosinate and bromoxynil. W hile companies attempt to portray these chemicals as

environmentally friendly it has been shown that gyphosate is one ofthe top ten chemicals

in terms ofworker illness in agriculture in California (Genetic Concern proposal, 1999).

Bromoxynil manufactured by Rhone-Paulenc is a proven mutagen and is readily absorbed

through the skin. Both the Californian and U.S environmental protection agencies have

increased worker protection requirements for the use of bromoxynil Gufosinate

(BASTA®) is also causing concerns due to its presence in Novartis Bt maize. Koyama et

al., 1994 reported that a 59 year old woman who injected a herbicide containing glufosinate

suffered severe toxicity o fthe herbicide.

Transformation methods currently used require that transgenic plants are produced

under tissue culture conditions in the laboratory. Their transgenic status is confirmed by

assaying for expression o f the transgenes inserted. Stable integration and the number of

copies of the inserted DNA are confirmed by Southern hybridization. Following initial
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analysis transgenic plants need to be moved into a containment glass house for further

phenotypic and genotypic analysis using the original non-transgenic genotype as a control.

In order to evaluate transgenic plants under agronomic conditions it is necessary to carry

out a field assessment or field release. Because our experience of gene transfer from

isolated organisms is new it is widely accepted by research scientists, plant breeders,

environmental scientists, commerce and members of society generally that there is a need

to carry out arisk assessment exercise before each novel type oftransgenic plant is grown

in small scale field trials and before they are used in transgenic crop varieties. In

recognition ofthis need for risk assessment, release of transgenic plants are overseen by

various regulatory authorities which operate in different countries.

In the United States in 1999 a total of 72 million acres ofland were planted with

soybean halfwere planted with genetically modified (GM) herbicide resistant seeds. The

commercial use of GM crops in the U.S. since 1993 has taken place over comprehensive

scientific reviews and approval by regulatory processes in the U.S. Department of

Agriculture and Environmental protection Agency. World wide in 1999 about 28 miillion

hectares o f transgenic plants are being grown (Abelson and Hines, 1999). Reports have

shown that concern over GM foods is much greater in Europe than in the US (Gaskell et

al., 1999). In Europe factors such as concerns over mad cow disease, dioxin contamination

in animal feeds, lack of effective and transparent regulatory oversight and mistrust of

government and large organizations appear to promote current furore. In order to allay

these fears it is important that scientists realise that times have changed and that there is a

need for them to engage in dialogue with the public rather than retreat. It is important to

convey to the public that the great majority of reputable scientists working in the field

consider both the processes and the products o fagricultural biotechnology to be beneficial

to the environment and safe for the consumer (Beachy, 1999).

38



1.9 Study Aims

Agrobacterium tumefaciens is capable o finfecting a large number o fhardwood and
softwood species. Both Quercus robur L. and Picea sitchensis have been shown
susceptible to a number of Agrobacterium strains. Somatic embryogenesis has been
successfully achieved for both Quercus and conifer species. The major obstacle for
Agrobacterium-mediated transformation of woody species using somatic embryos as the
explant is the low frequency of embryo conversion to plantlet. The aims ofthe current
study were as follows:

« To investigate the sensitivity o f Oak and Sitka Spruce embryogenic suspension cultures
to a variety ofantibiotics used for the elimination o fAgrobacterium and the selection o f
transform ants.

e To optimize a method o ftransient Agrobacterium-mediated transform ation o f Oak and
Sitka Spruce embryogenic suspension cultures.

e Successfultransformation o fsomatic embryo cultures is ofno use if embryo conversion
to plantlet cannot be achieved. Investigations into the use o fa variety o fmedia types to
improve the efficiency o fOak somatic embryo conversion to plantlet.

e The study also investigated the production o fcultures ofsingle cells derived from Oak
and Sitka Spruce embryogenic suspension cultures. Agrobacterium must contact with a
plant cell surface in order for transformation of the plant cell to take place.
Agrobacterium therefore can only transform cells at the surface of embryos, and this
both lim its the efficiency o ftransformation and ensures that the embryos which have
been transformed are chimcric with a high proportion of non-transformed cells. The
transformation o fsingle cells and small cell aggregates should yield greater numbers o f

transformed cells and reduce the number o fchimeras.
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Chapter 2

Materials and Methods
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2.1 Materials

Investigations into growth, maturation and transformation of Oak were carried

out with the embryogenic cell line CEF, initiated from immature zygotic embryos of

pedunculate Oak (Quercus robur L.). This embryogenic cell line was donated by Dr.

David Thompson at Coillte Laboratories, Newtownmountkennedy, Co. Wicklow.

Investigations into growth, maturation and transformation o f Sitka Spruce were

carried out with Picea sitchensis (Bong.) Carr. Embryonal suspensor masses were

raised from immature embryos of Sitka Spruce cones. Two-cell lines 183E and 12B

were donated by Dr. Thompson. A Il bacterial strains were kindly donated by Dr. John

Draper at the the University of Aberythswith,Wales, Great Britain. Al chemicals of

analytical-grade or molecular biology-grade were purchased from the Sigma-Aldrich

Chemical Co. (Poole, Dorset, U.K.), BDH (Poole, Dorset, U.K.) or from Boerhringer

Mannheim (Plant DN A Isolation Kit, 1667319) (Lewes, East Sussex, U.K.). Restriction

endonucleases were purchased from New England Biolabs Inc. (Beverley Massachusetts,

U.S.A.). Al antibiotics and Murashige and Skoog basal salt mixture were purchased

from Duchefa Biochemie BA (Haarlem, Netherlands). The Tomy 35SS autoclave was

purchased from Mason Technologies (Dublin, Ireland) and all gyratory shaker tables

were purchased from New Brunswick Scientific Company Incorporated (Edison, New

Jersy, U.S.A.) and (Gallenkamp). Olympus BX40 right field microscope was purchased

from the Olympus O ptical Company, Japan. The CCD type colour video camera was

purchased from Victor Company, Japan Ltd, Japan.
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2.2 Methods.

2.2.1 Sterilization Procedures.

2.2.1.1 Heat-stable materials

A Il materials unless otherwise stated were sterilized by autoclaving. To conserve
sterility flasks were stoppered with a cotton wool bung and wrapped in a double layer o f
aluminium foil. Items were autoclaved in a TOMY SS-325 autoclave at 103.4 kPa

(121°C) for 20min. Larger volumes required longer sterilization times.

2.2.1.2 Heat-labile materials

All heat-labile materials such as glutamine, benzylaminopurine, rifam picin,
vancomycin, pectinase, kanamycin, cefotaxime, paromomycin, abscisic acid, indol-3yl-
butric acid and giberellic acid were filter sterilized through a pre-sterilized 0.2 |J.M pore
Acrodisc™ 32 (PALLGelmann Laboratories, Dun Laoire, Co. Dublin, Ireland).
Autoclaved medium was cooled to 42°C in a water bath prior to addition of filter

sterilized compounds. Filter sterilization o fmedium did not alter the pH o fthe medium.

2.2.1.3 Plant material

All plant material which we received was already in culture and therefore
considered sterile. However endemic bacteria were present in the cultures and
antibiotics were therefore routinely used for two years to eliminate endemic

contaminants (cefotaxime and vancomycin at 50 mgcrn?3).
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2.2.1.4 Resterilization of heat stable material during the course of an experiment.

Scalpels and forceps were resterilized by immersing the tips o f the instruments
for 7s in the sterilization pot of a bead sterilizer maintained at 230°C. M aterials which
could not be convieniently resterilised in the bead steriliser were resterilised by passing

through aroaring Bunsen flame.

2.2.1.5 Conservation of sterility

Immediately after autoclaving all materials were transferred to a laminar airflow
cabinet (Gelmann Sciences). A/l sterile manipulations were then carried out in this
cabinet. Prior to the commencement of any work in the cabinet, it was thoroughly
swabbed with 70% ethanol. The bead sterilizer and bunsen burner were situated in the

laminar airflow cabinet.
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2.2.2 Preparation of Media

2.2.2.1 General conditions

Unless otherwise stated all media were adjusted to pH 5.7 with molar NaOH or
HCL prior to autoclaving. For solidification of media, 6 gdm'3 of Gelrite was then
added. After autoclaving solid medium approximately 20 cm3was dispensed into sterile
9 cm Petri dishes with a media dispenser (Accuram atic-5). For liquid medium
approximately 50 cm3 was poured into sterile 250 cm3 Erlenmeyer flasks. Both plates

and flasks were stored at 4°C until required.

2.2.2.2 Oak (Quercus robur L.) embryogenesis maintenance medium

Oak embryogenic callus and suspension cultures were maintained on modified
Murashige and Skoog medium (MS) (Murashige, T. and Skoog, F., 1962). Table 2.1
outlines the ingredients. Vitamins were prepared in a stock solution (H-Vitamins) (Table
2.2) and 10 cm3 was added to 1 dm3 of MS medium. Glutamine (200 mgdrrf3 and

benzylaminopurine (1 mgdm"3 were filter sterilized after autoclaving.



Component

Murashige and Skoog basal salt mixture
Mpyoinositol
Sucrose
Glutamine
BAP
H-Vitamin

Table 2.1 Oak embryo maintenance medium

Component

Nicotinic acid
Thiamine
Pyridoxine-HCI
Glycine

Table 2.2 H-vitam in stock solution

45

Concentration
(nigdm*3)
4400

100

3000
200[Filter sterilised]
1.0[Filter sterilised]
10 cnrvdms

Concentration
(mglOOcm'3)
50

5

20



2.2.23 Sitka Spruce embryogenesis (Picea sitchensis (Bong.) Carr.) initiation

medium

Solid and suspension embryonal suspensor masses of Sitka Spruce were
maintained on Sitka Spruce embryo initiation medium (Gupta and Durzan, 1986). The
components o fthis medium are outlined in Table 2.3.

The medium was adjusted to pH 5.7 for solid medium and pH 5.0 for liquid

medium.
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Component

KNOs
CaCl:
CoCl1..6H20
FeNaEDTA
Kl
Na.Mo.H20
Myoinositol
2,4-D
NH4ANO3
k h 2P 04
MgSO0.
CaS0..5H20
H3BO3
MnS0..H20
ZnS04.7H20
Casamino acid
Kinetin
Sucrose
Glutamine
BAP

H-Vitamins

Table 2.3. sitka Spruce embryo initiation medium
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Concentration
mgdm 3

2034.0
220.0
0.025

36.7
8.0
0.25
1000.0
11
206.0
85.0
185.0
0.025
6.2
17.0
86.0
500.0
0.4
30000.0
450.0
0.4
10 cnr’/dms



2.2.2.4 Oak (Quercus robur L.) maturation medium

All Oak embryo maturation media were based on variations of Murashige and
Skoog medium (Table 2.1) and Woody Plant Medium (WPM) (Lloyd and McCown,
1980) (Table 2.4, 2.5) with the exception of P24 maturation medium (Wilhelm, E.,
Austrian Research Centre (per comm)) (Table 2.6, 2.7, 2.8, 2.9). A total of 7

experiments were carried out each utilising variations o fthe above media.
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Component Concentration

mgdm"*3
Sucrose 20000
Gelrite 3000
SCwW 100 CMs/dms

Table 2.4 Woody Plant Medium

To the above 100 cm3 of SCW was added from a stock solution outlined in Table 2.5
below. Originally one litre o fdistilled water was placed in a 2 dm3 conical flask and all
o fthe below ingredients were added. WPM medium was prepared in 2 dm3 quantities.
The second litre o fdistiled water was then added. K2SO4 was dissolved in 500 cm3of
distiled water before it was added to the stock. The stock was stored in 100 cm3
guantities in plastic containers at- 4°C. SCW stock was stored in 10 cm3 quantities in

plastic containers at- 4°C.

Component Concentration
mgdm'3
NH:NO: 2000
Ca(NO0:)..4H20 2250
K250« 5950
CaCl..2H20 480
kh: PO 870
H:BO: 31
NaM0.0..2H20 1.25
MgSO0..7H2 1750
MnSO0..7TH20 112
ZnS04+.7H20 43
CuS0.5H2 1.25
Thiamine-HCI 5
Nicotinic acid 2.5
Pyridoxine-HCI 25
Glycine 10
Mpyoinositol 500
Fe 330 200

Table 2.5 SCw stock solution
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Component

Sucrose
P24 macro nutrients(5X)
P24 micro nutrients (100X)
Myoinositol (55 mM)
Nicotinic acid (s mM)
Thiamine-HCI (3 mM)
Pyridoxine-HCI (0.5 mM)
Fe NaEDTA (10 mM)
FeCl: (10 mM)
Arginine-HCI
Difco Noble Agar
pH=5.7

Table 2.6. P24 Medium

Component

Ca(NO0s)..4H20
Mg(N0s)..6H20
k h 2P 04
k2504
nhsh 2P 04
knos
NacCl
Storage at +4°C

Table 2.7. P24 Macro Nutrients (5X) Stock

Component

KI (60 mM)
CuS0..5H20 (4 mM)
ZnS04+.7H20 (20 mM)
C0C1..6H20 (4mM)

Na:Mn.0s (4 mM)
NiCl..6H2 (ImM)
MnS0..H20 (20 mM)
H.BO; (50 mM)
Bring up to 100 cms with dH20

Table 2.8. P24 Micro Nutrients (100X) Stock
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Volume/weight per dm3

30000 mg
200 CMs
10 CMs3
10 CMs
0.5 cms
0.1 CMs
5cms
11 CMs
5cms
500 mg
8000 mg
Autoclave 25 min

Concentration
(mgdm3)

6610.0
1920.0
4080.0
4360.0
1440.0
2530.0

58.0

Concentration
(cm3100cm?3)

0.6

25.0

20.0
0.5
0.5
2.0

10.0

24.0
Store at +4°C



Medium Agar Suerose
Variant % %

1 0.8 3

2 0.8 5

3 10 3

4 10 5

5 0.8 3

6 0.8 3

Table 2.9 P24 M aturation medium

Agar, sucrose and activated charcoalwere added priorto autoclaving.

filter sterilized into the autoclaved medium.
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2.2.2.5 Sitka Spruce (Piceasitchensis (Bong.) Carr.) embryo maturation medium

Sitka Spruce ESMs were matured on Sitka Spruce embryo development medium
(Table 2.10) and Sitka Spruce embryo germination medium (Table 2.11) (Gupta and

Pullman, 1991).

Component Concentration
mgdm'3
As for embryo initiation medium except
knos 1170.0
Arginine 40.0
Asparagine 100.0
Sucrose 30000.0
Activated charcoal 1025.0

Table 2.10. Sitka Spruce embryo development medium

The autoclaved medium was placed in a water bath at 42°C, ABA (50 mgdm3 which
had been dissolved in a few drops of NaOH was filter sterilised into the autoclaved

medium. The medium was incubated at this temperature for a futher 10 min with

swirling every 2-3 min.

Component Concentration

mgdm'3
NH:NOs 360.0
Ca(N0s)..4H20 709.0
KNOs 506.0
kth 04 272.0
MgS0. .7TH2 493.0
KC1 149.0
Gelrite 7000.0
Sucrose 30000.0

Table 2.11. Sitka Spruce somatic embryogenesis, embryo germination medium
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2.2.3 Growth Conditions

A ll cultures were grown at 24°C = 2°C in a constant temperature growth room.
Embryogénie suspension cultures were grown on a gyratory shaker at 100 r.p.m under
warm white fluorescent lights using a 16 h photoperiod light intensity with approximately
20(j.moles/m2s o fphotosynthetically active radiation. Embryogénie solid cultures were

grown in the dark in boxes.

2.2.4 Growth of Plant Material

Subculturing of Oak and Sitka Spruce embryogenic callus cultures was
performed in the laminar airflow cabinet with sterilized instruments. Embryogenic solid
medium cultures were grown on 20 cm3 o f embryogenesis medium in 9 cm petri dishes.
Subculturing of solid media cultures involved removal of necrotic tissue, which was
black or brown in appearance. Each piece ofcallus was then split into approximately 5
pieces. Callus pieces were then placed onto a dish of fresh medium. Petri dishes were
sealed with a layer o f parafiim, labelled clearly with a permanent marker and placed in
the growth room. Oak solid embryogenic cultures were subcultured every 4 weeks and
Sitka Spruce embryogenic solid cultures subcultured every 2-3 weeks. To decrease the
chance ofloss o fstocks all cultures were not subcultured onto the same batch o fmedium
as the medium may have become contaminated at some stage during its preparation or
some ingredient may have been omitted.

Suspension cultures were grown in 50 cm3 of embryogenesis medium in sterile
Erlenmeyer flasks. Subculturing involved transfer of 50 cm3 o f fresh medium into the
flask of cells and conditioned medium. The neck of the flask was flamed for a few

seconds before media was poured from them. The resulting 100 cm3 of medium was
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then split into 2x50 cm3 quantities ensuring that each flask was housing approximately
halfthe suspension cells from the original flask. Subculturing was performed every 10-
12d.

Oak and Sitka Spruce single cell cultures were grown in pre-sterilized 24 well
m ulti-w ell plates. Each well contained 1 cm3 o fcells and medium. Plates were sealed

with a layer o fparafiim and placed on the gyratory shaker at 100 r.p.m.

2.2.5 Production of Oak and Sitka Spruce Single Cells

2.2.5.1 Oak single cell cultures

Oak embryogenic suspension callus cultures were filtered through a 100 micron
mesh and the resulting retenate was transferred to MS suspension medium containing
0.01 mgdm'3 BAP. The concentration of BAP was thus reduced 100-fold from the
normal concentration (Imgdrn3. Culture aggregation was related to cytokinin
concentration and under the conditions of low cytokinin, the embryogenic suspension

callus became friable and single cells dissociated from them.

2.2.5.2 Sitka Spruce single cell cultures

Sitka Spruce embryo cultures released single cells in extremely low numbers even
under conditions oflow cytokinin. It was necessary therefore to actively macerate the
cultures. A range of protocols for maceration were examined utilizing pectinase
digestion o fcells.

Sitka Spruce ESMs were incubated in a range of pectinase concentrations
(0-5%) in embryogenesis medium for a range of time intervals. Separation of
the cells from embryogenic heads from those cells of the suspensors was

achieved on a Percoll gradient.
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2.3 Analytical Methods

2.3.1 Measurement of Oak and Sitka Spruce Suspension Cultures

Growth of both Oak and Sitka Spruce embryonal suspensor cultures was
assessed by recording the settled cellvolume o fthe flasks (Gilissen et al., 1983). Settled
cell volumes were recorded by placing flasks on a stand at a 45° angle. Flasks were left
to settle for 15 min to allow cells to settle to the bottom o fthe flasks. With a 12 inch
plastic transparent ruler the chord length o f settled cells from one end o fthe base ofthe
flask to the other was measured in milimetres. Settled cell volume was then converted
to cm3using the following equation:

SCV (cm3 = 10A((X x 0.0378) - 1.3489)

Where X = Chord length

Figure 2.1
Diagram showing base ofa 250 cm'"3 Erlenmeyer flask. Chord A is length o f settled 50

cm’3 embryogenesis medium. Chord length B is chord length o f settled suspension cells
recorded in millimetres and designated X in the equation.
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2.3.2 Measurement of Growth of Oak and Sitka Spruce Single Cells.

In orderto monitor the growth ofisolated single cells in culture, it was necessary
to use a device that could measure the growth in small volumes (1-2 cm3 with a high
accuracy and precision. This was achieved using a 24 well multi-well plate reader. In
brief, light from an ultra-bright green light emitting diode (LED) (tanax 565nm)
positioned over awell o fthe plate was passed through the well and the transmitted light
detected with a light dependent resistor (LDR) immediately below the well. The
resistance change in the LD R was converted to a voltage output using a voltage divider
circuit and this fed into a PC through a data acquisition card. This combination ofLED,
LDR and the voltage driver circuit resulted in a sensor of culture absorbance. This
sensor was replicated 24 times to produce a sensor array which could monitor each well
o fthe plate. The linearity o fvoltage output with absorbance was excellent for the device
(r2=0.9974) and the resolution was 0.0014A (corresponding to 50 mgdm'3 fresh weight

Sitka Spruce embryo culture). The voltage was converted to absorbance at 565 nm.

2.3.3 Tri parental mating techniques

2.3.3.1 Gene cloning

The choice of vector system for a particular transformation procedure depends
on many factors, not least of which is the aim of the experiment and the particular
species involved. Binary vectores are generally easily isolated from E. coli. Thus all
recombinant DN A manipulations may be carried out in E. coli. Mobilization of such
vectors into Agrobacterium is generally not difficult. Apart from mobilization efficiency,

the frequency of transconjugant selection in Agrobacterium is much higher for binary
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vectors as co-integration is not required. The transformation experments carried out in

this thesis utilized a variant o fthe pBinl9 Agrobacterium binary plasmid vector, pB1121.

2.3.3.2 Strains used in tri parental mating

E. coli donor strain Jm83::pBIN19. This strain is kanamycin resistant and it
contains the cloning vector.

E.coli helper strain HB 101::;pROK2013.

XL1::JIT6035SGUS Gus containing plasmid

Agrobacterium tumefaciens recipient strain LBA4404. This was resistant to
rifam picin antibiotic.

E.coli (Jm83:pBIN19 and HB101:pROK2013) strains were cultured on
Nutrient agar slopes at 30°C containing 25 mgdm'3 kanamycin sulfate (filter sterilized
into agar). An overnight culture was prepared in Nutrient broth containing 25 mgdm'3
kanamycin sulfate at 30°C prior to mating. Agrobacterium tumefaciens LBA4404 strain
was cultured on nutrient agar plates at 30°C for 24h. Nutrient broth was inoculated and
cultured overnight at 30°C in preparation for mating.

In this protocolthe E .coli strain JIm83::pBIN19 was used as the recipient in the
first mating with an E.coli strain harboring pRK2013, a helper plasmid acting as a donor
strain. In this mating pRK2013 was transferred to the strain harboring pBIN19. The
second mating involved mobilizing pBIN19 by the pRK2013 helper plasmid to

Agrobacterium LBA4404 which is the finalrecipient in the mating.

2.3.3.3 Tri parental mating protocol

From overnight cultures 0.7 cm3 ofdonor (pRK2013) and 0.7 cm3 o frecipient
(Jm83::pBIN19) were placed in a sterile microcentrifuge tube and centrifuged at 13,000

x g for 5min. The supernatant was decanted and the pellet resuspended in 200 jil of
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Nutrient broth without antibiotics. This was then transferred as a single drop onto the

surface of a Nutrient agar plate again containing no antibiotics and cultured at 30°C

overnight. The next day the plate was flooded with 4 cm3 ofNutrient broth, cells were

mixed in the broth and removed with a pipette to a microfuge tube (Eppendorf). This

culture then acted as the donor for the second mating which was a repeat o fthe above

procedure with LBA4404 acting as the recipient strain in this case. When the mating

was complete 0.1 cm3 was spread plated on Nutrient agar containing 25 mgdm3

kanamycin sulfate and 100 mgdm'3 rifam picin. The plates were then cultured at 30

overnight and examined the next day for colonies indicating a successful mating.
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LB

RB NOS-Pro

Figure 2.2

Circular map of plasmid pB1121 (Jefferson etal, 1987). Abbreviations: LB and RB, left
border and right border of T-DNA region, respectively; OriT, ColEI origin of
replication; OriV, broad host-range origin of replication; Kmr, kanamycin resistance
gene for selection in bacteria; NOS-Pro, nopaline synthase promoter; NP TII, neomycin
phosphotransferase gene; NOS-Ter, nopaline synthase polyadenylation site; CaMV,

cauliflower mosaic virus (CaMV) 35S promoter; GUS, [3 -glucuronidase gene.
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2.3.4 Growth of Aurobacterium Strains

A supervirulent strain of Agrobacterium tumefaciens LBA4404:pBl121 was
grown on Nutrient agar plates (0.25 mgdm'3 kanamycin, 0.25 mgdm '3 rifam picin) at
30°C in the dark. At temperatures above 30°C there was a risk ofthe Agrobacterium
losing its plasmid. Nutrient broth cultures were initiated from Nutrient agar plates.
Agrobacterium tumefaciens LBA4404 does not contain the kanamycin resistance gene
(npt 1) and therefore is simply grown on Nutrient agar plates plus 0.25 mgdm'3

rifam picin at 30°C in the dark.

2.3.5 Agrobacterium-medisited Transformation Experiments

Overnight broth cultures o fLBA4404::pBI121 grownto an OD 6000f0.8-1.1 (1-
3 x 109 bacteria cm'3) were used in all transformation experiments unless otherwise
stated. A number of experimental parameters were altered throughout the range of
transformation experiments. Parameters altered included dilution of Agrobacterium
strain. A ll dilutions were prepared in conditioned Oak or Sitka Spruce embryogenesis
medium and dilutions ranged from 10%-100%. Incubation time was defined as the
period of time cells were exposed to the Agrobacterium dilutions. Incubation times
varied from 10min-420min. Co-cultivation time was defined as the time cells were
grown in medium with residual Agrobacterium after cells have been removed from the
Agrobacterium dilution and before cefotaxime was added to inhibit further growth of
Agrobacterium. Co-cultivation times varied from 24h-96h. Acetosyringone
concentrations varied from OpM-125pM. Acetosyringone was added from a 20 mM
stock in methanolto the Nutrient broth for Agrobacterium culture. Cell quantities also

varied throughoutthe range o ftransform ation experiments.
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A ll transformation experiments were performed in the same manner. A
quantity o fcells was sieved through a sterile 100 pm sieve from 7d old flasks o fOak or
Sitka Spruce embryogenic suspension cells which were in their mid exponential phase.
A known quantity of cells was weighed out and transferred to the Agrobacterium
dilutions. Following the incubation period cells were again sieved through 100 pm
sieves or centrifuged at 4,000 x g for 10 min and washed in sterile distilled water. Cells
were then transferred to medium minus antibiotics in 250 cm3 Erlenmeyer flasks and
co-cultivated with the residual Agrobacterium for a specified time. Flasks were placed
in the growth room on a gyratory shaker at 100 r.p.m. Cells were assayed for the
continued presence o fthe GUS gene periodically.

All control transformations were carried out with Agrobacterium strain

LBA4404.

2.3.6 Histochemical Assay of /”*-glucuronidase Activity

Cells were weighed and fixed in 1 cm3 of formaldehyde (0.3% formaldehyde,
0.3M mannitol, 10 mM MES in 30 cm3 dt*O) for |Ih in 1.5 cm3 microfuge tubes
(Eppendorf) (Jefferson, 1987). To 1cm30f50 mM NaP04(pH 7.0), 1cm3X-gluc (5-
bromo-4-chloro-3-indoyl P-D-glucurotiic acid) and 10 pi dimethylformamide was
added. Each sample was incubated overnight at 37°C in the above in a 15 cm3
microfuge tube (Eppendorf). Samples were analyzed for the number of densely blue

stained areas per gram o fcells. Staining indicated (3-glucuronidase activity.
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2.3.7 Continued Growth of Oak and Sitka Spruce Transformed Cells

Following the specified co-cultivation time, 500 mgdm'3 cefotaxime was added
to transformed cultures to eliminate Agrobacterium. Three days later 3 mgdm'3
paromomycin was added to Sitka Spruce transformed -cultures and 30 mgdm'3
paromomycin was added to transformed Oak cultures. Levels of cefotaxime and

paromomycin were maintained in all subsequent subcultures.

2.3.8 Microscopy

Microscopy and image capture of Oak and Sitka Spruce embryogenic
suspension cultures and single cell cultures was carried out using a CCD type colour
video camera (JVC model tyoe KY-F55B) attached to an Olympus BX40 bight field
microscope by a C-mounted adaptor. Images were captured using the OPTIMAS 6
image analysis programme. Approximately 100-200 pi of cell suspension were placed
on a microscope slide and a cover slip placed on top. Cell samples were viewed under
10 X magnification on a compound microscope. Images were digitised and could be

visualised on the computer screen and could be saved in a variety of file formats.

2.3.9 Statistical Analysis

Statistical analysis of data was performed using the SPSS statistical package for
all experiments. Means, standard error of means, One way ANOVASs and Tukey's tests

were used throughout.
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Chapter 3

Growth of Oak (Quercus robur L.) Embryogénie
Suspension cultures and Sitka Spruce (Picea sitchensis
(Bong) Carr.) Embryonal Suspensor Mass in Liquid
Culture and Determination of Selective Medium for
Agrobacterium-mediated Transformation.
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3.1 Introduction

The genetic transformation of woody plants using Agrobacterium relies on a number
of factors including the selection and regeneration o f transformed cells and the elimination of
the bacterium from the in vitro environment. For transformation the Oak embryogenic
suspensor cells and the Sitka Spruce embryonal suspensor masses are infected by co-
cultivation with the disarmed A. tumefaciens in an antibiotic free environment for up to 3d.
Following this co-cultivation period the Agrobacterium needs to be suppressed so as not to
interfere with the growth and development of the transformed plant cells. This is usually
carried out by the transfer of the plant cells to a selective medium which contains
Agrobacterium-suppressing antibiotics (Horsch et al., 1985). As the plant tissue in culture
is affected by the different components in its culture medium it is important to use antibiotics
which have a negligible effect on plant growth and regeneration. Carbenicillin and
cefotaxime, both belonging to the (3-lactam group, are the two antibiotics most widely
employed to eliminate Agrobacterium from culture (Shaw et al., 1983; Mathias and Boyd,
1996). Cefotaxime was found to be the most effective against A. tumefaciens LBA4404
(Shacleford and Chian, 1996). Antibiotics are widely used in the selection of transformed
plant cells. The choice of selection antibiotics used is based on the antibiotic resistance gene
present in the A. tumefaciens strain. Selection antibiotics most commonly used in the
presence ofthe npt Il gene are kanamycin, neomycin and paromomyecin.

The following set of experiments were performed to assess the growth of both Oak
(Quercus robur L.) embryogenic suspensor cells and Sitka Spruce (Picea sitchensis (Bong)
Carr.) embryonal suspensor masses firstly in antibiotic free liquid culture medium. Secondly

we needed to evaluate whether or not both cell types would grow uninhibited in the
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presence of cefotaxime antibiotic at varying concentrations in the liquid culture medium.
Finally we needed to observe the growth of both cell types in liquid culture medium
containing both kanamycin and paromomycin antibiotics.

The following results outline the growth cycles of both Oak embryogenic suspension
cultures and Sitka Spruce embryonal suspensor mass suspension cultures in the presence and
absence of antibiotics utilised in the Agrobacterium-mediated transformation protocols

outlined in the next chapter.
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3.2 Results

3.2.1 Growth of Agrobacterium tumefaciens LBA4404:pBl1121 in Cefotaxime

Antibiotic.

Agrobacterium strain LBA4404::pB1121 was grown in 20 cm3 Nutrient broth plus 0
mgdm’'3, 100 mgdm’3, 300 mgdm'3, 500 mgdm'3, 700 mgdm'3, 1000 mgdm'3, 1500 mgdm'3,
2000 mgdm'3 cefotaxime antibiotic at 30°C on a gyratory shaker at 100 r.p.m. Following a
24h culture period 3 cm3 samples were aseptically taken and their optical densities at 600nm
were read in a spectrophotometer. Agrobacterium cultures were returned to the growth
room for a further 24h and their optical densities were read again after a total 48h culture
period.

Figure 3.1 shows growth of Agrobacterium tumefaciens LBA4404::pBI1121 over a
48h period. Results show that Agrobacterium failed to grow in all cefotaxime

concentrations but grew rapidly in Nutrient broth in the absence of cefotaxime.
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Cefotaxime concentration (mg/1)

Figure 3.1

Growth of Agrobacterium tumefaciens LBA4404::pB1121 in concentrations of cefotaxime
antibiotic ranging from 0 mgdirT-2000 mgdm'3 over 48 h in Nutrient broth. The OD6loof 3
cm’ samples were read on a spectrophotometer. The experiment was carried out in

duplicate and standard errors of the mean are included. The units mgdm'3 are consistent

with mg/L
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3.2.2 Growth of Oak (Quercus robur L.) embryogenic suspension cultures

Growth of Oak embryogenic suspension cultures was investigated. Oak
embryogenic suspension cell growth curves were required to evaluate the optimum time for
subculture, to maintain embryogenic potential and for the reduction of cell death. It was
vital to later experiments on cell growth in the presence of antibiotics to have a control
growth curve to compare growth in the absence of any additional media components.

On the first day of subculture a total of 10 flasks were set aside for assessment of
cell growth. The settled cell volume of each flask was measured and the results recorded as
Od growth. Flasks were taken from the culture room every 2d and settled cell volumes
measured over a total of 14d. This experiment was repeated on a new set of 10 flasks. The
results ofthese growth cycles are presented below.

Figure 3.2 shows a 14d growth cycle of Oak embryogenic suspensor cells. The
initiating settled cell volume was recorded as 0.75 cm3. Table 3.1 outlines the increase in
settled cell volume from 0d-14d. From the graph it can be seen that growth ofembryogenic
suspensor cells starts to plateau between 12d and 14d. The graph shows that the slope of
the line decreases from 4d and therefore after this there is a constantly decreasing growth
rate. Table 3.1 also shows the cell doubling time and the number of cell doublings in the
growth cycle.

The number of doublings was calculated by the following equation:

Doublings = increase in logio settled cell volume + logjo2

The doubling time was calculated by the following equation:
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Doubling Time = Timeframe ofcell growth (d) +No. ofcell doublings

Results were such that a clear picture of Oak embryogenic suspension cell growth
was evident. The optimum subculture time was evaluated at 10d to ensure maintenance of
culture embryogenic potential and avoidance of necrotic tissue formation. Experiments on
the growth of suspension cultures in media with the addition of supplementary ingredients

such as antibiotics could now be examined.

Time Increase in log No. of Doublings Doubling Time (d)
settled cell volume
0d-4d 0.54 1.79 2.23
4d-12d 0.38 1.26 6.35
12d-14d 0 0 00

Table 3.1 Doubling time and no. o fdoublings in a 14d growth cycle of Oak (Quercus robur

L.) embryogenic suspensor cells.
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Figure 3.2

Growth of Oak (Quercus robur L.) embryogenic suspension cultures over time. Results are
the average of 10 flasks containing 50 ml o f medium per flask. The experiment was carried

out in duplicate and standard errors of the mean are included.
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3.2.3 Growth of Oak (Quercus robur L.) embryogenic suspension cultures in varying

concentrations of cefotaxime antibiotic

The bactericidal antibiotic cefotaxime is added to cultures following Agrobacterium-
mediated transformation. However, it is important that it does not also strongly affect
growth of the transformed cultures. Cell growth is essential for selection and regeneration
and disruption of the cell growth cycle would therefore not allow for the use of cefotaxime
as an Agrobacterium inhibitor in transformed cultures of Oak embryogenic suspension cells.

Cefotaxime concentrations ranging from 0 mgdm'3-1000 mgdm'3 were filter sterilised
into autoclaved Murashige and Skoog medium prior to subculture of suspensions. Medium
was aseptically removed from 10d old Oak suspension cultures which were subsequently
subcultured with the cefotaxime containing medium. Five flasks were sampled for each
cefotaxime concentration. All flasks were placed in the culture room on the shaker (100
r.p.m). Settled cell volumes were routinely recorded every 2d for a 14d growth period. The
experiment was repeated following completion of the original experiment. Results are
presented below.

Figure 3.3 shows the growth of Oak embryogenic suspensor cells in concentrations
of cefotaxime antibiotic varying from 0 mgdm'3-1000 mgdm 3. Starting inocula vary from
0.49 cm31.89 cm3. From the graph it was evident that at 12d most concentrations were
still growing or had just started to level off.

Results show that concentrations of cefotaxime antibiotic up to 1000 mgdm-3did not
inhibit Oak embryogenic cell growth. However ANOVA results show that the effects of

cefotaxime concentration were highly significant over time (p<0.05). Table 3.2 outlines the
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doubling times and number of doublings in all growth cycles for different time frames. With

the exception of 0 mgdm"3 cefotaxime in all other concentrations growth between 12d-14d

appeared to level off with doubling times showing a very high increase. All concentrations

showed the greatest growth phase from 0d-8d with doubling times averaging between 3d-

4d. The effects of cefotaxime concentration on the doubling time of cultures from 4d-12d

are outlined in Fig. 3.4. Doubling times decrease at 300 mgdm"3-500 mgdm'3 cefotaxime

concentration and rise again thereafter to doubling times similar to those for 0 mgdm'3.

Tukey's HSD test shows that doubling times for 300 mgdm'3 and 500 mgdm'3 cefotaxime

are significantly different to all other doubling times.

As results suggest the continued growth of Oak embryogenic suspension cultures in

the presence of cefotaxime antibiotic at concentrations as high as 1000 mgdm'3 we can

safely utilise this antibiotic for the inhibition of Agrobacterium from transformed cultures.

With the identification of an antibiotic for the suppression ofAgrobacterium growth

the problem of selection of transformed cells as opposed to non-transformed cells from

culture presented itself. The following set of experiments deals with the identification of an

antibiotic for this purpose.

72



[Cefotaxime] Time from start Log increase in No. SCV Doubling Time (d)

mgdm*J settled cell volume doublings in the
time frame

0 od-sd 0.73 2.43 3.30

0 sd-12d 0.92 1.03 3.88

0 12d-14d 0.27 0.89 2.23
100 od-sd 0.59 1.96 4.08
100 sd-1.d 0.38 1.26 3.11
100 12d-14d 0.01 0.03 60.24
300 od-sd 0.67 2.23 3.59
300 gd-12d 0.5 166 241
300 12d-14d 0 0 00
500 od-sd 00.71 2.36 3.39
500 gd-12d 0.48 1.59 251
500 12d-14d 0.04 0.13 15.06
700 od-sd 0.69 2.29 3.49
700 gd-12d 0.18 0.59 6.69
700 12d-14d -0.01 -0.03 -60.24
900 od-sd 0.82 2.72 2.99
900 gd-1.d 0.31 1.03 3.89
900 12d-14d 0.09 0.29 6.69
1000 od-sd 0.82 2.72 2.93
1000 gd-12d 0.25 0.83 4.82
1000 12d-14d 0.01 0.03 60.24

Table 3.2 Doubling time (d) and No. of doublings of Oak (Quercus robur L.) embryogenic
suspension cells in varying concentrations of cefotaxime antibiotic in a 14d cell growth

cycle.
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-0 mg/1
-100 mgl/l
300 mg/l
500 mg/l
700 mgl/l
-900 mg/l
-1000 mg/l

Time (d)

-0 mg/l

-100 mg/l
300 mg/l
500 mg/l
700 mg/l
900 nig/1
-1000 mg/I

Figure 3.3

Growth of Oak (Quercus robur L.) embryogenic suspension cultures in different
concentrations of cefotaxime antibiotic over time. Results were recorded from the average
of 5 flasks per cefotaxime concentration each containing 50 cm'3 medium per flask . The
experiments were carried out in duplicate. Repeat experiments did not differ significantly.
Since error bars overlapped they were omitted from the graph. The units mgdrn'3 are

consistent with mg/I.
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Tukey HSD

CEF
500.00

300.00
900.00
1000.00
.00
100.00
700.00
Sig.

10
10
10
10
10
10
10

[Cefotaxime] mg/I

DT12

Subset for alpha = .05

1 2 3 4 5
3.0205
3.0776
3.1929
3.3783
3.4877
3.7340
469 1.000 1.000 1.000 1.000

Means for groups in homogeneous subsets are displayed,
a. Uses Harmonic Mean Sample Size = 10.000.

Figure 3.4

4.1716
1.000

Mean doubling time (d) of Oak embryogenic suspension cultures from day 4 to day 12 in

different concentrations o f cefotaxime antibiotic. Experiments were carried out in duplicate.

Repeat experiments did not differ significantly and standard errors o f the mean are included.

Results of Tukey's HSD test are outlined in the table, doubling times in the same column are

significantly different from doubling times in other columns but not from each other.
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3.2.4 Growth of Oak (Quercus robur L.) embryogenic suspension cultures in varying

concentrations of kanamycin antibiotic

Agrobacterium-mediated transformation of Oak embryogenic suspensor cells results
in the incorporation of an antibiotic resistance gene into the plant genome. In the case of
our Agrobacterium strain LBA4404::pB1121 the gene was npt Il which confers resistance to
a number of aminoglycoside antibiotics such as kanamycin, paromomycin and neomycin.
The following experiments investigate the growth of Oak embryogenic suspension cultures
in the presence of the kanamycin antibiotic. Untransformcd cells i.e. cells which do not
contain the npt Il gene should not grow successfully in the presence of kanamycin in their
growth medium. Continued growth of untransformed cells hinders the identification of
transformed cells as they too will grow in the presence ofkanamycin.

Kanamycin concentrations varying from 0 mgdm'MoOO mgdm"3 were filter sterilised
into autoclaved Oak embryogenesis medium. Flasks were prepared as with the cefotaxime
experiment and again 5 flasks were sampled for each kanamycin concentration. Flasks were
removed from the growth room every 2d and settled cell volumes recorded for a 14d growth
period. The experiment was repeated following completion of the original experiment. The
results of the growth of Oak embryogenic suspension cells in kanamycin antibiotic are
presented below.

Figure 3.5 shows the graph of Oak embryonal suspension cell growth in
concentrations of kanamycin antibiotic varying from 0 mgdm'31000 mgdm ’. The graph
outlines the continued growth of cells in all concentrations of kanamycin in a 14d growth
cycle. Initiating settled cell volumes varied from 0.67 cm31.68 cm3. Table 3.3 shows the

recorded doubling times and number of cell doublings for each concentration of kanamycin.
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The highest growth rate was from 0d-8d with doubling times ranging from 3-5d. ANOVA
results showed that the effects of kanamycin concentration and time were both highly
significant (p< 0.05). The effect of kanamycin concentration on the doubling time of cells is
outlined in Fig. 3.6. The graph shows that doubling time increases at 100 mgdm'3 and
decreases again. At 700 mgdm'3 kanamycin the doubling time decreases significantly and
this suggests that kanamycin may even be promoting cell growth at high concentrations.
Tukey's HSD test shows that doubling times recorded for 700 mgdm"3 and 100 mgdm'3
kanamycin are significantly different from all other doubling times.

The continued growth of Oak embryogenic suspension cultures in concentrations of
kanamycin as high as 1000 mgdm"3 suggests that it is unsuitable as an antibiotic for the
selection of transformed cells. An alternative antibiotic needed to be found and the next

experiment investigates paromomyecin as that alternative.
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[Kanamycin] Time from start Log increase in No. SCV Doubling Time (d)

mgdm-s settled cell volume doublings in the
time frame

0 od-s d 0.51 1.69 4.72

0 8 d'l 2 d 0 0 (D

0 12-14d 0.08 0.27 7.53
100 od-sd 1.04 3.45 2.31
100 sd-12d 0.09 0.29 13.38
100 12-14d 011 0.37 5.47
300 od-sd 0.47 1.56 5.12
300 sd-12d 0.06 0.199 20.10
300 12-14d 0.08 0.27 7.53
500 od-sd 0.82 2.72 2.93
500 gd-1.d 0.14 0.47 8.60
500 12-14d 0 0 @
700 od-sd 0.67 2.23 3.59
700 sd-l.d 0.38 1.26 3.17
700 12-14d 0 0 @
900 od-s d 0.95 3.16 2.54
900 sd-1.d 0.06 0.19 20.07
900 12-14d 0.18 0.59 3.35
1000 od-sd 0.75 2.49 321
1000 8d'12d 0.12 039 1003
1000 12‘14d 0.1 033 6.02

Table 3.3 Doubling time (d) and No. of doublings of Oak (Quercus robur L.) embryogenic

suspension cells in varying concentrations of kanamycin antibiotic in a 14d cell growth cycle.
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-0 rag/l
-100mg/l
300mg/l
500mg/I
-700mg/l
900mg/I
- 1000mg/I

Time (d)

-0 my/l

- 100mg/l
300my/l
500mg/l

- 700my/l
900my/l

100Umg/I

Figure 3.5

Growth of Oak (Quercus robur L.) embryogenic suspension cultures in different
concentrations of kanamycin antibiotic over time. Results were recorded from the average
of 5 flasks per kanamycin concentration (50 cm'3 medium per flask). Duplicate experiments
did not differ significantly. Due to error bar overlapping, they were omitted from the graph.

The units mgdm'3 are consistent with mg/1.
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Tukey HSD3

[Kanamycin] mg/l

DT

KAN
700.00

900.00
500.00
1000.00
300.00
.00
100.00
Sig.

10
10
10
10
10
10
10

Subset for alpha = .05

1 2 3
3.4474
5.2330
5.2986
5.5100
5.9343
5.9768
1.000 .204 1.000

Means for groups in homogeneous subsets are displayed.
a. Uses Harmonic Mean Sample Size = 10.000.

Figure 3.6

Mean doubling time (d) of Oak (Quercus robur L.) embryogenic suspension cultures from
4d-12d in varying concentrations of kanamycin antibiotic.
duplicate. Repeat experiments did not differ significantly and standard errors of the mean
are included. Results of Tukey's HSD test are outlined in the statistical table, doubling times
in the same column are significantly different from doubling times in other columns but not

from each other.
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3.2.5 Growth of Oak (Quercus robur L.) embryogenic suspension cultures in varying

concentrations of paromomycin antibiotic

Since growth of Oak embryogenic suspension cells occurred in high concentrations
of kanamycin antibiotic, the search for an antibiotic that was capable of selecting
transformed Oak embryogenic cells was continued. Gonzalez et al., 1998 successfully
selected transformed Cassava plants on paromomycin containing medium. We suspected
that paromomycin may be a useful selective antibiotic for selecting transformed Oak
cultures.

Experiments were set up in exactly the same manner as the previous two
experiments on growth of Oak embryogenic suspensor cells in media containing antibiotics.
Settled cell volumes were measured every 2d for a 16d growth period. Results for the
growth of Oak embryogenic suspension cultures in paromomycin antibiotic are presented
below.

Figure 3.7 outlines the growth of Oak embryogenic suspensor cells in concentrations
of paromomycin antibiotic varying from 0 mgdrh3-50 mgdm'3. Table 3.4 shows number of
doublings and cell doubling times over the 16d growth cycle. ANOVA results showed that
the effects of paromomycin concentration and time were both highly significant on the
growth of Oak suspension cultures (p<0.05). The graph shows that for all concentrations
cells grew from 0d-4d. However for 50 mgdm'3 paromomycin concentration growth ceased
after 4d and did not continue at any stage during the cycle. Growth of cells at 25 mgdm'3
paromomycin continued slowly up to 12d and then levelled off completely. The effect of

paromomycin concentration on the doubling time of cultures is outlined in Fig. 3.8. The



graph shows that there was a significant increase in doubling times from 0mgdm'3-50mgdm'3
paromomycin. Tukey's HSD test shows that doubling times recorded at 0 mgdm'3 are
significantly different to those recorded for 25 mgdm'3 and 50 mgdm'3 but not 5 mgdm'3

paromomyecin.

Cessation of growth of Oak embryogenic suspension cells in concentrations of
paromomycin as low as 25 mgdm"3-50 mgdm’'3 makes paromomycin a suitable antibiotic for

the selection of transformed Oak embryogenic cells.
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[Paromomycin] Time from start Log increase in No. SCV Doubling Time (d)

mgdm-s settled cell volume doublings in the
time frame
0 od-sd 0.42 1.39 5.73
0 gd-12d 0.28 0.93 4.30
0 12d-16d 0.04 0.13 30.30
5 od-s d 0.23 0.76 10.47
5 sd-12d 0.14 0.47 8.60
5 12d-16d 0.01 0.03 120.48
25 od-sd 0.08 0.27 30.11
25 sd-12d 0.05 0.17 24.08
25 12d-16d 0.04 0.13 30.12
50 od-sd 0.19 0.63 12.67
50 sd-12d 0.01 0.03 120.48
50 12d-16d 001 0.03 120.48

Table 3.4 Doubling time (d) and No. of doublings of Oak (Quercus robur L.) embryogenic
suspension cells in varying concentrations of paromomycin antibiotic in a 16d cell growth

cycle.
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Time (d)

Figure 3.7
Growth of Oak (Quercus robur L.) embryogenic suspension cultures in different

concentrations of paromomycin antibiotic over time. Results are the average of 5 flasks per
paromomycin concentration (50 cm'3 medium per flask). The experiment was carried out in

duplicate and standard error bars of the mean are included. The units mgdm'3 are consistent

with mg/L
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Tukey HSCf
PAROMOMY N

.00 10
5.00 10
25.00 10
50.00 10
Sig.

DT

Subset for alpha = .05

1 2 3
4.6407
7.9883 7.9883
17.8502 17.8502
24.6459
.888 165 469

Means for groups in homogeneous subsets are displayed,
a. Uses Harmonic Mean Sample Size = 10.000.

Figure 3.8

Mean doubling times (d) of Oak (Quercus robur L.) embryogenic suspension cultures from
0d-12d in different concentrations of paromomycin antibiotic. Experiments were carried out
in duplicate. Repeat experiments did not differ significantly and standard errors of the mean
are included. Results of Tukey's HSD test are outlined in the statistical table, doubling times

in the same column are significantly different from doubling times in other columns but not

from each other.
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3.2.6 Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor

masses

Growth of Sitka Spruce embryogenic suspensor masses was investigated. The
growth of ESMs in liquid culture has previously been reported (Krogstrup, 1988) however,
growth can vary in differing environments and therefore it was necessary to evaluate growth
in the environment in which all subsequent experiments would be carried out. Assessment
of the growth characteristics of Sitka Spruce ESMs in liquid culture enables the estimation
of optimum subculture times to maintain embryogenic potential in cultures and in the
avoidance of unnecessary cell necrosis. A standard growth curve could be utilised in later
experiments as a reference to cell growth in media in the absence of additional components.

From 7d old Sitka Spruce ESM liquid cultures 1:2, 1:4 and 1:8 dilutions were
prepared in 250 cm3 Erlenmeyer flasks. Settled cell volumes were recorded routinely for a
22d growth cycle. Flasks were cultured in the growth room.

Figure 3.9 outlines a 22d growth cycle of Sitka Spruce embryonal suspensor masses.
The graphs indicated that the lower cell dilutions (1:2,1:4) started growing immediately and
grew steadily right through the cell growth cycle. Higher cell dilutions (1:8) showed a lag
phase from 0d-5d and then started to grow at a much faster rate than those cells at higher
cell dilutions. Figure 3.10 shows initial settled cell volume plotted against doubling times.
Results show that the greater the initial settled cell volume the longer the cell doubling time.
These results correlate with results outlined in Figure 3.9.

Experiments analysing the effects of antibiotics on the growth of Sitka Spruce

embryonal suspensor masses could now be examined.
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Figure 3.9

Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor masses in

varying dilutions over time following innoculation at different cell dilutions.
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Initial SCV (mI/50ml flask)

Figure 3.10

Graph showing initial settled cell volume of flasks (50 cm” medium) of Sitka Spruce (Picea

sitchemis (Bong) Carr.) embryonal suspensor mass against subsequent doubling times.
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3.2.7 Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor

masses in varying concentrations of cefotaxime antibiotic

Again as with Oak embryogenic suspension cultures the growth of Sitka Spruce
embryogenic suspensor cells in cefotaxime antibiotic needed to be assessed.

Sitka Spruce embryogenesis maintenance medium was prepared as normal.
Cefotaxime concentrations ranging from 0 mgdm'3-1000 mgdm'3 were filter sterilised into
autoclaved medium. Conditioned medium was removed from 10d old Sitka Spruce
suspension cultures and subculturing was carried out using the new embryogenesis medium
with varying cefotaxime concentrations. Flasks were removed every 2d from the culture
room and settled cell volumes measured for a 14d growth cycle. The experiment was
carried out in duplicate. Results are presented below.

Figure 3.11 shows the growth of Sitka Spruce embryonal suspensor masses in
concentrations of cefotaxime ranging from 0 mgdm’3-1000 mgdm’3. Initial settled cell
volumes varied from 2.066 cm34.15 cm3 per 50 cm 3. The graph shows that growth of
embryonal suspensor masses was not inhibited by cefotaxime concentrations up to 1000
mgdm’3 in a 14d growth cycle. However ANOVA results showed that the effects of
cefotaxime concentration and time were both highly significant (p<0.05). Table 3.5 outlines
the cell doubling times and number of cell doublings in the 14d growth cycle. The graph
shows that for 0 mgdm"3, 100 mgdm'3, 300 mgdm’'3 cefotaxime treatments, the initial SCV
was higher than that of 500 mgdm’3, 700 mgdm'3 and 1000 mgdm’3 cefotaxime. Doubling
times showed that the higher concentrations of cefotaxime suffered a lag phase from 8d-12d
in the growth cycle due to this lower initial SCV but experienced a much higher growth rate

towards the end of the growth cycle unlike the lower cefotaxime concentrations. Figure
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3.12 shows the effect of cefotaxime concentration on the doubling time of cell growth.
Although ANOVA results show that the effect of cefotaxime concentration is highly
significant, the graph shows that it is not having a large effect on cell doubling time with
increasing concentration. Tukey's HSD test shows that the slowest doubling time was
recorded for 100 mgdm3 cefotaxime but doubling times for all other concentrations with the
exception of 0 mgdm'3and 100 mgdm'3were not significantly lower.

The continued growth of Sitka Spruce ESMs in concentrations of cefotaxime as high
as 1000 mgdm'3allows for its use as an Agrobacterium inhibitor following Agrobacterium-
mediated transformation. The choice of an antibiotic for selection of transformed Sitka

Spruce ESMs is investigated in the set of experiments.
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[Cefotaxime] Time from start Log increase in No. SCV Doubling Time (d)

rngdm'** settled cell volume doublings in the
time frame

0 Od'Bd 0.66 219 365

0 gd-12d 0.13 0.43 9.26

0 12d-14d 0.06 0.19 10.03
100 od-sd 0.76 2.52 3.17
100 gd-1.d 0.07 0.23 17.20
100 12d-14d 0.04 0.13 15.05
300 od-sd 0.78 2.59 3.08
300 gd-12d 0.04 0.13 30.12
300 12d-14d 0.06 0.19 10.03
500 od-sd 0.31 1.03 7.77
500 sd-1.d 0.13 0.43 9.26
500 12d-14d 0.13 0.43 4.63
700 od-sd 0.48 1.59 5.01
700 gd-1.d 0.04 0.13 30.30
700 12d-14d 0.17 0.56 30.54
1000 od-sd 0.32 1.06 7.52
1000 sd-12d 0.08 0.26 15.05
1000 12d-14d 0.19 0.63 3.16

Table 3.5 Doubling time (d) and No. of doublings of Sitka Spruce (Picea sitchensis)
embryonal suspensor masses in varying concentrations of cefotaxime antibiotic in a 14d cell

growth cycle
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0 mg/l
100 mg/l
300 mg/l
500 mg/l
700 mg/l
1000 mg/l

Time (d)

0 mg/l
-100 mg/l
300 mg/l
500 mg/l
700 mg/l
-1000 mg/l

Time (d)

Figure 3.11

Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor mass in
different concentrations o f cefotaxime antibiotic. Results were recorded from the average of
5 flasks (50 cm'3 medium per flask) per cefotaxime concentration. Duplicate experiments
did not differ significantly in growth and due to error bar overlapping, they were omitted

from the graph. The units mgdm'3 are consistent with mg/l.
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Figure 3.12

Mean doubling time (d) of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal
suspensor mass in varying concentrations of cefotaxime antibiotic.
carried out in duplicate.
test are outlined in the statistical table, doubling times in the same column are significantly

different from doubling times in other columns but not from each other.

Standard errors ofthe mean are included. Results of Tukey's HSD
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3.2.8 Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor

masses in varying concentrations of kanamycin antibiotic

Agrobacterium-mediated transformation of Sitka Spruce embryonal suspensor
masses was carried out with the LBA4404::pB1121 strain therefore growth of Sitka cells in
the presence of kanamycin needed to be assessed.

Kanamycin concentrations ranging from 0 mgdm'3-1000 mgdm'3were filter sterilised
into autoclaved Sitka Spruce embryo maintenance medium. Flasks were prepared as with
the cefotaxime experiment above and again 5 flasks were sampled for each kanamycin
concentration. Flasks were removed every 2d from the culture room and settled cell
volumes recorded for a total growth period of 14d. The experiment was carried out in
duplicate. Results for growth of Sitka Spruce ESM suspension cultures in varying
concentrations of kanamycin antibiotic are presented below.

Figure 3.13 shows the growth of Sitka Spruce embryonal suspensor mass in
concentrations of kanamycin antibiotic varying from 0 mgdm’3 1000 mgdm'3. The graph
indicates the continued growth of suspensor mass in all concentrations of kanamycin in a
14d growth cycle. ANOVA results indicated that kanamycin concentration and time had a
highly significant effect on cell growth (p<0.05). Initial settled cell volumes varied from
2.254 cm3-4.1 cm3. Table 3.6 outlines the cell doubling times and number of cell doublings
for each antibiotic concentration. The graph (Fig 3.13) shows a lag in growth for all
kanamycin concentrations from 0d-2d followed by a steady increase to 14d. Figure 3.14
shows the effect of kanamycin concentration on the doubling time of Sitka Spruce cultures.
Doubling times for all kanamycin concentrations with the exception of 700 mgdm-3 are

lower than for 0 mgdm'3. This indicates as with Oak embryogenic cultures that rather than
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having a detrimental effect on cell growth appears to be benefiting cell growth. Tukey's
HSD test shows that Sitka Spruce embryonal suspensor mass are growing at their fastest

rate in the presence o f900 mgdrh3 kanamycin.

Kanamycin did not hinder growth of Sitka Spruce ESMs to a high enough extent to
allow its use for the selection of transformed ESMs. The next experiment examines growth
in paromomycin antibiotic to investigate its potential as a selective antibiotic for Oak and

Sitka Spruce transformed embryogenic suspension cultures.
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[Kanamycin] Time from start Log increase in No. SCV Doubling Time (d)

mgdm:s settled cell volume doublings in the
time frame

0 od-s d 0.79 2.62 3.05

0 sd-12d 0.13 0.43 9.26

0 12d-14d 0.06 0.19 10.03
100 od-s d 0.71 2.36 3.39
100 8d'12d 0.11 037 1094
100 12d-14d 0.07 0.23 8.60
300 od-s d 0.73 2.43 3.29
300 sd-12d 0.15 0.49 8.03
300 12d-14d 0.04 0.13 15.06
500 od-s d 0.74 2.46 3.26
500 sd-12d 0.13 0.43 9.26
500 12d-14d 0.04 0.13 15.06
700 od-sd 0.62 2.06 3.88
700 sd-12d 0.12 0.39 10.03
700 12d-14d 0.04 0.13 15.05
900 od-sd 0856 2.85 2.80
900 sd-1.d 0.14 0.47 8.60
900 12d-14d 0.03 0.09 20.07
1000 od-s d 0.83 2.75 291
1000 8d'12d 0.1 033 1204
1000 12d-14d 0.04 0.13 15.06

Table 3.6 Doubling time (d) and No. of doublings of Sitka Spruce (Picea sitchensis)
embryonal suspensor masses in varying concentrations of kanamycin antibiotic in a 14d cell

growth cycle

96



-omyl
-100 my/l
300 mg/l
500 mg/l
-700 mg/l
-900 mg/l
-1000 mg/l

Time (d)

-0 mg/l
100 mg/l
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Figure 3.13

Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor mass in
different concentrations o f kanamycin antibiotic. Results were recorded from the average of
5 flasks (50 cm'3 medium) per kanamycin concentration. Duplicate experiments did not
differ significantly and error bars were omitted due to overlapping. The units mgdrn3 are
consistent with mg/I.
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Figure 3.14

Mean doubling time (d) of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal
suspensor mass in different concentrations of kanamycin antibiotic.
carried out in duplicate.

test are outlined in the statistical table, doubling times in the same column are significantly

Standard errors ofthe mean are included. Results of Tukey's HSD
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different from doubling times in other columns but not from each other.
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3.2.9 Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor

masses in varying concentrations of paromomycin antibiotic

Results outlined in the previous section revealed that kanamycin is not sufficiently
selective for transformed Sitka Spruce ESMs. The effect of paromomycin, another
aminoglycoside antibiotic on the growth of sitka ESMs is investigated in the following
experiment.

Experiments were set up as with the previous two experiments on cell growth in the
presence of antibiotics cefotaxime and kanamycin. Settled cell volumes were recorded every
2d for a 16d growth period. The experiment was repeated following the completion of the
first experiment. Results on the growth of Sitka Spruce embryogenic suspensor masses in
different concentrations of paromomycin antibiotic are presented below.

Figure 3.15 outlines the growth of Sitka Spruce embryonal suspensor mass in
concentrations of paromomycin between 0 mgdrn 350 mgdnf3. The graph shows continued
growth of embryonal masses to 14d in the absence of paromomycin. ANOVA results
showed that the effects of paromomycin concentration and time were both highly significant
on the growth of Sitka Spruce ESMs (<0.05). Table 3.7 outlines the number of doublings
of settled cell volume and doubling times. Embryogenic suspensor mass in all
concentrations of paromomycin grew from 0d-4d with doubling times varying from 3d (0
mgdm'3)-20d (0.3 mgdm'3. All concentrations above 1 mgdm'3ceased to continue growth
after 8d whereas 0 mgdm'3continued growing. ESMs in 0.3 mgdm'3 and 1 mgdm*3 stopped

growing at 12d.
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Inhibition of the growth of Sitka Spruce embryogenic suspensor cells in
concentrations of paromomycin as low as 3 mgdm') after 8d suggests that paromomycin
may be a suitable antibiotic for selection of ESM transformed cells.

Results in this chapter have identified antibiotics for the suppression of
Agrobacterium growth and for the selection of transformed cells thereby facilitating
experiments into Agrobacterium-mediated transformation. The following chapter outlines a

number of transformation experiments on Sitka Spruce embryonal suspensor masses.
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[Paromomycin] Time from start Log increase in No. SCV Doubling Time (d)

mgdm-s settled cell volume doublings in the
time frame
0 0d-4d 0.34 1.13 3.10
0 4d-8d 0.29 0.96 4.15
0.3 0d-4d 0.06 0.19 20.14
0.3 4d-8d 0.09 0.29 13.38
1 0d-4d 0.09 0.29 13.42
1 4d-8d 0.13 0.43 9.28
3 0d-4d 0.15 0.49 8.03
3 4d-8d 0.05 0.17 24.09
5 0d-4d 0.48 1.59 251
5 4d-8d 0 0 @
25 0d-4d 0.27 0.89 4.46
25 4d-8d 0.09 0.19 20.07
50 0d-4d 0.07 0.23 17.20
50 4d-8d 0 0 @

Table 3.7 Doubling time (d) and No. of doublings of Sitka Spruce (Picea sitchensis)
embryonal suspensor masses in varying concentrations of paromomycin antibiotic in a 14d

cell growth cycle
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Figure 3.15

Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor mass in
varying concentrations of paromomycin antibiotic. Results were recorded from the average
of 5 flasks (50 cm"3 medium per flask) per paromomycin concentration. Experiments were

carried out in duplicate and standard errors of the mean were included. The units mgdrn3

are consistent with mg/I.
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3.3 Discussion

Growth of Oak and Sitka Spruce embryogenic cells in liquid culture reduces the
variation caused by gradients of chemical and physical factors and accelerates experimental
response time as compared with solid medium culture which will ensure a more reliable
experimental model system. Paromomycin interacts with Gelrite, the gelling agent routinely
used for our solid cultures and is precipitated (Keith Fuell, per. comm.). Somatic embryos
of many conifer species can be grown in liquid suspension culture. In this state cultures
grow more rapidly than in solid phase medium (Lulsdorfet al., 1992).

The effect of cefotaxime on the suppression of Agrobacterium growth in culture
medium was observed. All concentrations higher that 0 mgdm'3 proved detrimental to
Agrobacterium growth. Kokro et ah, 1998 also found that concentrations of cefotaxime
between 25-50 mgdm’3 inhibited the growth of Agrobacterium in the dark. Higher
concentrations were however used in our transformation experiments (500 mgdm'3) as
cefotaxime is degraded by the light.

Oak embryogenic suspension cultures show an increase in growth from Odto 12d in
a 14d growth cycle. The highest growth rate was recorded between 0d-4d with a doubling
time of 2.23d. Growth levelled off between 12d-14d and these results suggest that cells
should be subcultured every 10d to maintain a consistent growth in all cultures. Chalupa V,
1990 cultured embryos of Quercus robur, L on MS solid medium supplemented with 0.5
mgdm'3, 1.0 mgdm'3 and 2.0 mgdm'3 benzylaminopurine. Chalupa's embryogenic callus
cultures were transferred every 4-6 weeks onto fresh medium.

Growth cycles of Sitka Spruce embryonal suspensor masses show an increase in
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settled cell volume from 0d-22d. Results show that more dilute cell suspension cultures
have a lag phase from 0d-5d but then grow more rapidly compared to less dilute cultures
which grow at a steady rate throughout the cycle. Although Sitka Spruce embryonal
suspensor masses were still growing at 22d subculturing was carried out every 10d as
browning of cultures occurred ifthey were left for too long between subcultures. Krogstrup
et al., 1988 maintained and proliferated Sitka Spruce ESMs on BM I-S1 liquid medium with
the cultures being sub-divided and subcultured at 7d to 10d intervals. Krogstrup also found
that the growth rate was dependent on age, starting inoculum and size. This however was
not found for Oak embryogenic suspensions (Fig 3.2).

Growth of Oak and Sitka Spruce suspension cultures was quantified as outlined in
section 2.3.1 using a settled cell volume method. In his quantification of the growth of
embryogenic cell suspensions of Picea sitchensis consisting primarily of stage 1 proembryos
Krogstrup et al., 1988 also recorded settled cell volume but in a different manner.
Krogstrup measured settled cell volume by pouring 100 cm3of culture into a sterile 100 cm3
measuring cylinder and allowing it to sediment for 30min. The resulting sedimented settled
cell volume was used as a non-destructive quantitative measurement of cell suspension
growth. The method of measuring settled cell volume utilised in our work was a less
invasive method of quantifying growth as it did not require removal of cultures from their
flasks (Gilissen et al., 1983).

The growth of Oak embryogenic suspension cultures and Sitka Spruce embryonal
suspensor masses in different concentrations of cefotaxime antibiotic was measured with the
aim of using cefotaxime as an Agrobacterium inhibitor following transformation.
Agrobacterium must be eliminated as bacteria will contaminate the culture, continuously

transform cells, and are a potential environmental threat if released into the environment.
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When considering the use of Agrobacterium as a tool in genetic engineering, it is now
imperative to also address the magnitude of risk posed to the environment in releasing
transgenic plants. If all of the bacteria are not eliminated after transformation then the
release of these plants may also result in the release of the Agrobacterium (Barrett et al.,
1997). Results showed that in the case of both Oak and Sitka Spruce suspension cultures
cefotaxime did not affect their growth up to levels as high as 1000 mgdm"3. However
ANOVA results suggested that cefotaxime had a highly significant effect on cell growth.
Results on the effects of antibiotic concentration on cell doubling time showed that doubling
times for Oak cells for all concentrations with the exception of 700 mgdm'3 only varied
between 3.02 d (500 mgdm’'3) and 3.73 d (100 mgdm'3). The difference in doubling times
for Sitka Spruce ESMs from 0 mgdm'3-1000 mgdm'3was recorded at 1.69 d. Cefotaxime is
a P-lactam which is considered to be non-toxic to plant cells due to it's specific action on
bacterial cell walls. Sarma et ah, 1995 in their studies to analyse the effects of cefotaxime
and carbenicillin on somatic embryogenesis of Sitka Spruce, found that at levels of 500
mgdm'3 cefotaxime, no significant differences were observed between cefotaxime and the
control when tissue growth was measured however effects ondeveloping somatic embryos
was recorded.. Roest & Evers, 1991 reported the use of 300 mgdm"3 cefotaxime for the
elimination of Agrobacterium in Agrobacterium-mediated transformation of Quercus robur
L. nodal stem explants.

The ideal antibiotic for inhibiting A. tumefaciens in genetic transformation should be
highly effective in suppression of bacterial growth, have a negligible effect on the plant
growth and regeneration and be chemically stable in culture (Cheng et ah, 1998).
Cefotaxime fits all of these criteria. Oak and Sitka Spruce cultures need to be subcultured

on antibiotic containing medium at least five to six times to ensure bacterial suppression.
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The high cost of the cefotaxime antibiotic makes this genetic transformation method very
costly. Studies on the use of timentin as an alternative antibiotic for the inhibition of
Agrobacterium ( Nauerby et al., 1997; Cheng et al., 1998) in Tobacco plants show that it
can inhibit Agrobacterium growth at level as low as 150 mgdm'3or can work in combination
with cefotaxime in ratios of 2:1, with the concentration of cefotaxime being half of its
normal concentration required. The affect oftimentin on the growth of Oak or Sitka Spruce
embryogenic suspension cultures is unknown however and studies would have to be carried
out before it could be considered as a cheaper alternative to cefotaxime.
Agrobacterium-medSsAQdL transformation with the LBA4404::pB1121 strain results in
the integration of a plasmid containing the npt Il gene into the plant genome. This npt Il
gene confers resistance to a number of aminoglycoside antibiotics including kanamycin and
paromomycin. In order to select transformed cells on medium containing either of these
antibiotics it is important that untransformed cells do not grow in their presence. Results
show that in the presence of kanamycin at concentrations as high as 1000 mgdm'3growth of
both Oak embryogenic suspension cultures and Sitka Spruce embryonal suspensor masses
was unaffected. For both Oak and Sitka Spruce embryogenic suspension cultures it
appeared that kanamycin had a beneficial effect on cell growth. In contrast, in the presence
of paromomyecin antibiotic, growth of Oak embryogenic suspension cultures was inhibited at
concentrations of 25 mgdm’'3at 12d in a 16d growth cycle. Paromomycin also inhibited the
growth of Sitka Spruce embryonal suspensor masses at concentrations as low as 3 mgdm'3.
Drake et al., 1997 reported that Sitka Spruce ESMs transformed with Agrobacterium
carrying a vector with the npt Il gene survived exposure to kanamycin in the culture medium
at 15 mgdm'3 while non transformed ESMs failed to survive culture on medium with 5

mgdm"3 of this antibiotic. Gonzalez et al., 1998, selected transgenic Cassava plants on
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medium containing 15.39 mgdm'3 paromomycin following transformation with
Agrobacterium strain ABI containing the binary vector pMON977 with the npt Il gene as
selectable marker.

These results indicate that cefotaxime at concentrations as high as 1000 mgdm'3 can
be used in the elimination of Agrobacterium strain LBA4404::pBl121 from Oak and Sitka
Spruce embryogenic cultures in liguid medium without having any aifect on their continued
growth. The effects of this antibiotic on regeneration of embryogenic cultures will be
discussed later. The continued growth of untransformed Oak and Sitka Spruce in liquid
culture in the presence of kanamycin rules it out for use as a selectable agent following
transformation. However, inhibition of growth of both Oak and Sitka Spruce embryogenic
cultures in liguid medium in the presence of low levels of paromomycin should enable its use
as a selectable agent following Agrobacterium-mediaied transformation with the strain
LBA4404::pBI1121. It must be noted that stably transformed cultures of Oak and Sitka
Spruce expressing NPT 1l are not yet available. Therefore it was not possible to include
positive controls in the experiments on the effects of antibiotics on the growth of
embryogenic suspension cultures. Transformed cultures will contain the NPT Il gene which
when expressed will allow for the continued growth of transformed cultures in medium

containing paromomycinantibiotic.
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3.4 Conclusions

In conclusion, the results described in this section quantify the growth of Oak and
Sitka Spruce embryogenic cultures in liquid medium using a less destructive method than
previously reported. Ideal subculturing times of 10d for Oak and Sitka Spruce embryonal
suspension liquid cultures were estimated. Cefotaxime was identified as a suitable antibiotic
for the inhibition of Agrobacterium growth in cultures following transformation. Continued
growth of Oak and Sitka Spruce cultures in high levels o f cefotaxime meant that as it did not
affect growth it could be used for Agrobacterium inhibition. A concentration of 500 mgdrn3
was decided on, as it was sufficiently high to kill the Agrobacterium. Paromomycin was
identified as an antibiotic which inhibited the growth of non transformed Oak and Sitka
Spruce embryogenic suspension cultures at low concentrations in the medium.
Concentrations of 3 mgdm'3for Sitka Spruce and 30 mgdrn3for Oak were found sufficiently
high to inhibit the growth of non-transformed cultures.

These results suggested that transformants of Oak and Sitka Spruce could be reliably
selected using paromomycin and that the residual Agrobacterium could be removed using

cefotaxime antibiotic.
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Chapter 4

Agrobacterium-mediated Transformation of Oak (Quercus
robur L.) and Sitka Spruce (Picea sitchensis (Bong) Carr.)
Embryogénie Suspension Cultures.
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4.1 Introduction

In 1983 the era of plant genetic engineering was initiated when Agrobacterium-
mediated gene delivery was used for producing transgenic plants (Fraley et al., 1983).
Forest trees are crops for which genetic engineering offers great potential benefit (Huang et
al., 1991). Genetic engineering techniques have the potential to supplement traditional tree
breeding programmes which are hindered by the long generation time, sexual
incompatibilities and the large area needed for tree breeding.

The two major approaches to gene transfer are based either on the bacterial plant
pathogen Agrobacterium (Chilton, 1983; Bevan, 1984) or various physical methods for
direct introduction of DNA (Paszkowski and Saul, 1986; Klein et al., 1987). Those gene
transfer systems mediated by Agrobacterium are the most effective, the simplest to apply
and the best understood (Shin et al., 1994). Agrobacterium infection has been
demonstrated in many conifers (Sederoff et al.,, 1986; Loopstra et al.,, 1990; Stomp el al.,
1990; Bergmann and Stomp, 1992; Tzfira et al., 1996) but transgenic plants have been
regenerated only for Larix decidua Mill. (Huang et al., 1991). Evers et al., 1988 reported
some shoot formation after infection of stem explants of Oak with a wild strain of A.
rhizogenes. Roest et al., 1991 reported successful expression of GUS activity at the base of
Oak (Quercus robur L.) explants 30d after infection with an Agrobacterium tumefaciens
strain.

Direct gene transfer avoids the need for introduction of cloned DNA into the T-
DNA of Agrobacterium tumefaciens Ti plasmid or its equivalent before insertion into the
plant. Many reports have detailed transient expression by direct gene transfer for a number

of conifer species (Bekkaoui et al.,, 1990; Charest et al., 1993; Duchesne and Charest,
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1991,1992; Gupta et ah, 1988; Loopstra et ah, 1992; Stomp et ah, 1991; Wilson et ah,
1989).

Successful transformation requires the optimization of several factors that include in
vitro culture systems, method of gene transfer and the expression of introduced genes in the
plant tissue (Christov, 1992). Embryogenesis as a means of rapid micropropagation has
been developed for many species and therefore embryogenic cultures are attractive targets
for generating genetically transformed plants as embryogenic cultures are most amenable to
somatic embryogenis. The GUS gene coding for P-glucuronidase (Jefferson, 1987) and the
npt Il gene coding for kanamycin resistance are the most frequently used genes for
expression and selection in transformed plants.

Attempts to obtain transformed plants often fail because one of the
transformation steps fails or the transformed genes are not expressed in the plant cell.
Primach-Zachwiega et ah, 1991 reported that acetosyringone, vanillin, catechol, P-
hydroxybenzoate, P-resocylate and proto-catachuate were all effective in enhancing the
expression of several vir genes. Acetosyringone is a phenolic inducer of virulence (vir)
gene expression in Agrobacterium and it has been demonstrated to promote transformation
of dicotyledons (Sheikholeslam and Weeks, 1987; Drake et ah, 1997).

Genetic engineering methods can therefore augment conventional breeding
of forest trees which proceeds at a rather slow pace for the growing demand on this
diminishing resource. This chapter examines the possibilities of Agrobacterium-mediated

transformation of Oak and Sitka Spruce embryogenic suspension cultures.



4.2 Results

4.2.1 Agrobacterium-mediated Transformation of Oak (Quercus robur L)

Embryogénie Suspension Cultures.

A number of transformation experiments were carried out. The following set of
experiments shows the progression from the initial experiment to the final optimized

protocol.

42.1.1 The effect of Bacterial dilution and incubation time on the efficiency of
Agrobacterium-mediated transformation of Oak (Quercus robur L.) embryogenic

suspension cultures

Agrobacterium dilution and incubation time were reported to effect the
efficiency of Agrobacterium-mediated transformation (Howe et al., 1994; Drake et al.,,
1997). The following experiment was carried out to assess the optimal Agrobacterium
dilution and incubation time.

Flasks of 7d old Oak embryogenic suspension cultures were removed from the
growth room and sieved through sterile 100 micron mesh sieves. The sieve retentate was
weighed and 8 g of cells was placed into sterile 250 cm3 Erlenmeyer flasks. From
overnight cultures o f Agrobacterium tumefaciens LBA4404:pB1121 at an OD™oco 0of 0.8-1.1,
10%, 20% and 50% dilutions were prepared with the culture filtrate up to 100 cm3. Each of
the three flasks of embryogenic suspension cultures was inoculated with one of the
Bacterial dilutions. Embryogenic cell samples (5 cm3) were removed following 60min,

120min, 180min, 240min and 300min from each dilution. Samples were transferred to
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sterile 20 cm3 plastic Universal bottles and centrifuged for 10Omin at 3,500 x g. The
supernatant was removed and discarded and the cells resuspended in 5 cm30fMS medium
minus antibiotics. Samples were clearly labelled with bacterial dilution and incubation
time and cultured in the growth room on a gryratory shaker for 72h. All samples were
assayed for the presence of P-glucuronidase and the number of GUS loci per 1.0 g of cells
recorded. Control transformations were set up in exactly the same manner with
Agrobacterium tumefaciens LBA4404 that did not contain the pB1121 binary vector.

Figure 4.1 outlines the number of GUS positive loci per gram of cells transformed
with varying bacterial dilutions (10%-50%) and incubated for incubation times varying
from 60min-300min. Statistical analysis (Table 4.1, 4.2) revealed that bacterial dilutions of
50% and 20% were significantly different to 10% dilution but not significantly different to
each other at the 0.05 level of significance for Tukey's-HSD test. An incubation time of
240 min was found to be significantly different to all other incubation times at the 0.05
level of significance for Tukey's-HSD test. The highest number of GUS loci per gram of
cells was recorded at 284 for bacterial dilution 50% and incubation time 240min. All

control transformations failed to stain blue for all P-glucuronidase assays.
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Incubation time No. of GUS loci

(min) per sample (1 g fr. wt.)
60 154.40 £20.14 a
120 232.00 £ 27.44 a
180 233.40 £ 1951 a
240 284.40 + 1359 b
300 24275 £ 3442 a

Table 4.1. Mean number of GUS loci per Oak embryogenic suspension cell sample (1 g fr.
wt.) £ SE following inoculation with Agrobacterium tumefaciens LBA4404::pBl121 for
various time periods. Bacterial dilution 50%, 0 p,M acetosyringone, 72h co-cultivation.
Means sharing the same letter were not significantly different at the 0.05 level of

significance (Tukey's-HSD test).

Bacterial dilution No. of GUS loci
(% bacteria) per sample (1 g fr. wt.)

10 146.80 £33.27 a

20 207.20 = 26.07b

50 284.40 £ 13.59 b

Table 4.2. Mean number of GUS loci per Oak embryogenic suspension cell sample (1 g fr.
wt.) £ SE following inoculation with different dilutions of Agrobacterium tumefaciens
LBA4404::pBl1121. Incubation time 240 min, acetosyringone concentration 0 (J.M, co-
cultivation time 72h. Means sharing the same letter are not significantly different at the

0.05 level of significance (Tukey's-HSD test).
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Incubation time (min)

Figure 4.1

Transformation of Oak (Quercus robur L.) embryogénie suspension cultures. Incubation
times (60-300 min) and bacterial dilutions (10-50%) varied. Acetosyringone was absent
and co-cultivation time was set at 72h. Results were taken from 3 cell samples per
parameter and the number of GUS positive loci were recorded following P-glucuronidase

histochemical assays. Experiments were carried out in duplicate.
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4.2.1.2 The effect of co-cultivation time on the efficiency of Agrobacterium-
mediated transformation of Oak (Quercus robur L) embryogenic suspension

cultures.

The co-cultivation time of plant cells in residual Agrobacterium following
transformation has a significant effect on the efficiency of transformation (Drake et al.,
1997; Huang et al., 1991; Howe et al., 1994). With Bacterial dilution and incubation time
examined the following experiment focuses on the optimum co-cultivation time.

Based on the results from the previous experiment, transformations were set up as
above with an bacterial dilution of 50% and an incubation time of 240min. Embryogenic
cell samples were co-cultivated for 24h, 48h, 72h and 96h. Samples were assayed as
outlined above and results recorded. Again controls were set up with Agrobacterium
tumefaciens LBA4404 strain.

Figure 4.2 shows the effects of increasing co-cultivation time on the number of
GUS loci per gram of cells. Results showed that the highest number of GUS loci was
recorded for a co-cultivation time of 72h. ANOVA analysis showed that the effect of co-
cultivation time on the number of GUS loci per gram of cells was very highly significant
(p< 0.005). Tukey's HSD test shows that co-cultivation times of 48h and 72h are not
significantly different from each other but are significantly different from all other co-
cultivation times (Table 4.3). All control transformations failed to stain blue for all (3

glucuronidase assays.
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SPOTS

Tukey

Subset for alpha = .05
CO N 1 2 3
4.00 6 99.3333
1.00 6 143.6667
2.00 6 224.3333
3.00 6 252.8333

Means for groups in homogeneous subsets are displayed.
a. Uses Harmonic Mean Sample Size = 6.000.

Table 4.3 Tukey's-HSD statistical analysis for the effect of co-cultivation time on the No.

of GUS loci per gram of Oak embryogenic suspension cultures.
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Co-cultivation time (h)

Figure 4.2

The effect of co-cultivation time following Agrobacterium-mediated transformation o f Oak
(Quercus robur L.) embryogenic suspension cultures in a 50% dilution of Agrobacterium
for 240 min. Results were recorded from 3 cell samples per co-cultivation time and
numbers of GUS positive loci recorded following p-glucuronidase histochemical assays.

Experiments were carried out in duplicate and mean standard error bars are included.



4.2.1.3 The effect of acetosyringone concentration on the efficiency of
Agrobacterium-mediated transformation of Oak (Quercus robur L.)

embryogenic supension cultures.

The effect of acetosyringone concentration on transformation efficiency needed to
be examined as acetosyringone has been reported to be an inducer of the expression of the
vir genes. James et al., 1993 reported a significant increase in GUS activity in leaf discs of
apple with the addition of acetosyringone (O.ImM).

Transformations were set up as previously outlined with the exception that
overnight cultures of LBA4404::pB1121 were cultured in Nutrient broth (50 mgdm'3
kanamycin) plus 0 (iM, 50 ]iM and 100 |iM acetosyringone. Bacterial dilutions of 10%,
20%, 30%, 50% and 100% were used and incubation times of 120 min, 180 min and 240
min for each dilution and acetosyringone concentration. Samples were co-cultivated in the
residual Agrobacterium for 72h and assayed as with previous experiments. Control
experiments were set up as above with LBA 4404 Agrobacterium strain.

The effects of varying acetosyringone concentration on the number of GUS loci per
gram of cells is shown in Fig. 4.3 (0 JuM), Fig. 4.4 (50 pM) and Fig. 4.5 (100 pM).
Statistical analysis by ANOVA showed no significant difference between acetosyringone
concentrations (p=0.325). Results for all acetosyringone concentrations (Table 4.4, 4.5)
revealed that an bacterial dilution of 50% was significantly different to all other dilutions at
the 0.05 level of significance for Tukey's-HSD test. Incubation times of 120min and
180min were not significantly different from each other but significantly different to
240min at the 0.05 level of significance for Tukey's-HSD test. All control transformations

failed to stain blue for all P-glucuronidase assays.
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Bacterial dilution No. of GUS loci

(% bacteria) per sample (1 g fr. wt.)
10 122.96 a
20 126.32 a
30 129.48 a
50 206.81b
100 167.56 a

Table 4.4 Mean number of GUS loci per Oak embryogenic suspension cell sample (1 g fr.
wt.) following inoculation with various Bacterial dilutions. Incubation time 120min,
average acetosyringone concentration of 0 |xM, 50 ]iM, 100 (jM and co-cultivation time
72h. Means sharing the same letter were not significantly different at the 0.05 level of

significance (Tukey's-HSD test). The results are taken from an average of all

acetosyringone concentrations.

Incubation time No. of GUS loci
(min) per sample (1 g fr. wt.)
120 174.68 a
180 169.35a
240 109.76 b

Table 4.5 Mean number of GUS loci per Oak embryogenic suspension cell sample (1 g fr.
wt.) following inoculation with Agrobacterium tumefaciens LBA4404::pBl121 with
various incubation times. Bacterial dilution 50%, average acetosyringone concentration of
0 JaM 50 (I.M, 100 (J.M, co-cultivation time 72h. Means sharing the same letter were not
significantly different at the 0.05 level of significance (Tukey's-HSD test). The results are

taken from an average of all acetosyringone concentrations.
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Figure 4.3

Transformation of Oak (Quercus robur L.) embryogenic suspension cultures in different
bacterial dilutions (10-100%) and different incubation times (120-240min) without
acetosyringone and a 72h co-cultivation period. Results were calculated from 3 cell
samples per parameter and numbers of GUS positive loci per gram of cells were recorded
following  P-glucuronidase histochemical assays. Experiments were carried out in

duplicate.
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Figure 4.4

Transformation of Oak (Quercus robur L.) embryogenic suspension cultures in different
bacterial dilutions (10-100%) and diiferent incubation times (120-240min) with 50 [xM
acetosyringone and a 72h co-cultivation period. Results were calculated from 3 cell
samples per parameter and numbers of GUS positive loci per gram of cells were recorded
following (3-glucuronidase histochemical assays. Experiments were carried out in

duplicate.
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Figure 4.5

Transformation of Oak (Quercus robur L.) embryogenic suspension cultures in different
bacterial dilutions (10-100%) and different incubation times (120-240min) with 100 QM
acetosyringone and a 72h co-cultivation period. Results were calculated from 3 cell
samples per parameter and numbers of GUS positive loci per gram of cells were recorded
following P-glucuronidase histochemical assays. Experiments were carried out in

duplicate.
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4.2.1.4 The effect of acetosyringone concentration on the efficiency of Agrobacterium-
mediated transformation of Oak (Quercus robur L.) embryogenic suspension cultures

(experiment 2)

The results of the previous experiment did not show significant effects of
acetosyringone concentration. The following experiment examines the affects of a larger
number of acetosyringone concentrations.

Experiments were designed as above with an bacterial dilution of 50%, incubation
time of 180min and a co-cultivation time of 72h. Agrobacterium tumefaciens strains
LBA4404::pB1121 and LBA4404 were cultured in acetosyringone concentrations of 0 pM,
10 pM, 20 pM, 30 pM, 40 pM. Samples were assayed as above and number of GUS loci
per sample (lg. fr.wt) were recorded.

Figure 4.6 shows the effect of acetosyringone concentration on the number of GUS
loci per gram of cells. ANOVA results revealed that the effect of acetosyringone
concentration on the number of GUS loci per gram of cells was highly significant (p<0.05).
Tukey's USD test (Table 4.6) reveals that an acetosyringone concentration of 20 pM results
in the highest number of GUS loci per gram of cells and is significantly different from all
other concentrations.  All control transformations failed to stain blue for all 13

glucuronidase assays.

124



SPOTS

Tukey B*
Subset for alpha = .05

ACETO N 1 2 3 4
1.00 55.8333

5,00 58.4167
2.00
4.00 222.1667

3.00 6 420.0000

Means for groups in homogeneous subsets are displayed
a. Uses Harmonic Mean Sample Size = 6.000.

99.0217

[e2Be> N> I}

Table 4.6 Tukey's-HSD statistical analysis of the effect of acetosyringone on the No. of

GUS loci per gram of cells of Oak (Quercus robur L.) embryogenic suspension cultures.



Acetosyringone concentration (UM)

Figure 4.6

The effect of acetosyringone concentration on the No. of GUS loci per gram of Oak
embryogenic suspension cultures. Bacterial dilution (50%), incubation time (180min) and
co-cultivation time (72h). Results were taken from the average of 3 cell samples per
concentration and the experiment was carried out in duplicate. Mean standard error bars

are included.



4.2.1.5 Optimization of Agrobacterium-mediated transformation of Oak

(Quercus robur L.) embryogenic suspension cultures

An optimum acetosyringone concentration of 25 pM was estimated as the intensity
of staining of the embryogenic heads was higher at 30 pM acetosyringone although the
number of GUS loci per gram of cells was higher at 20 jiM. An optimum co-cultivation
time (72h) has been achieved and therefore a final examination of bacterial dilutions and
incubation times is required as previous results were inconclusive.

Transformations were set up with bacterial dilutions of 10%, 20%, 30%, 50% and
100% with incubation times of IOmin, 30min, 60min, 120min, 180min and 240min.
Optimum acetosyringone concentration (25 pM) and co-cultivation times (72h) were used.
All samples were assayed as above and the numbers of GUS loci per cell sample recorded.
Control experiments were carried out with Agrobacterium strain LBA4404.

Results of the experiment to assess bacterial dilution and incubation time are
outlined in Fig. 4.7. Statistical analysis (Table 4.7) using Tukey's-HSD test revealed that
the frequency of GUS loci per gram of cells at a 50% bacterial dilution was significantly
different from all other dilutions at the 0.05 level of significance. An incubation time of
180min was found to be significantly different at a bacterial dilution of 50% to all other
incubation times (Table 4.8) at the 0.05 level of significance with an acetosyringone
concentration of25 pM and a co-cultivation time of 72h. All control transformations failed

to stain blue for all [3-glucuronidase assays.
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Bacterial dilution No. of GUS loci

(% bacteria) per sample sample (1 g fr. wt.)
10 86.75 +35.81 a
20 162.50 +26.00 a
30 448.75 + 205.94 a
50 627.50 £ 139.70 b
100 113.75 £45.96 a

Table 4.7 Mean number of GUS loci per Oak embryogenic suspension cell sample (1 g fr.

wt.) £ SE following inoculation with different bacterial dilutions. Incubation time 180min,

acetosyringone concentration 25 pM, co-cultivation time 72h. Means sharing the same

letter were not significantly different at the 0.05 level ofsignificance (Tukey's-HSD test).

Incubation time No. of GUS loci
(min) per sample (1 g fr. wt.)

10 92.53 + 86.92 a
30 383.50 + 13.85 a
60 543.75 + 244,96 a
120 467.25 £ 152.82 a
180 627.05 + 139.70 b
240 424.75 £ 83.01 a

Table 4.8. Mean number of GUS loci per Oak embryogenic suspension cell sample (1 g fr.
wt.) £ SE following inoculation with Agrobacterium tumefaciens LBA4404::pBI121 with
various incubation times. Bacterial dilution 50%, acetosyringone concentration 25pM, co-

cultivation time 72h. Means sharing the same letter were not significantly different at the

0.05 level of significance (Tukey's-HSD test).
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Figure 4.7

Number of GUS positive loci per gram of Oak (Quercus robur L.) embryogenic suspension
cultures in different bacterial dilutions (10-100%) and incubation times (10-180min). Co-
cultivation time of 72h and acetosyringone concentration of 25 (iM. Results were
calculated from 3 cell samples per parameter and numbers of GUS positive loci per gram of
cells recorded following P-glucuronidase histochemical assays. The experiment was

carried out in duplicate.

129



4.2.1.6 Transient transformation of Oak (Quercus robur L.) embryogenic

suspension cultures

With optimum values for Bacterial dilution, incubation time, acetosyringone
concentration and co-cultivation time evaluated an experiment was carried out where
transformed samples were allowed to grow beyond the 72h co-cultivation period.

Transformations were set up with an acetosyringone concentration of 25 jxM and a
bacterial dilution of 50% and incubated for 120min. After infection with Agrobacterium
the cells were then sieved through 100 micron mesh sieves, washed twice in sterile distilled
water and transferred to 50 cm3 of MS minus antibiotics in 250 cm3 Erlenmeyer flasks.
Flasks were cultured in the growth room on a gyratory shaker at 100 rpm for 72h.
Following the 72h co-cultivation period samples were aseptically taken and assayed for P-
glucuronidase activity. To the remaining sample 500 mgdm'3 cefotaxime was filter
sterilised and it was replaced in the growth room. Paromomycin (30 mgdm'3) was filter
sterilised into the transformations 72h later and another sample taken for assay. Samples
were then taken every 5d for assay and transformations subcultured every 10d into MS
(500 mgdm'3cefotaxime and 30 mgdm'3paromomycin) liquid medium.

Plate 4.1 shows Oak embryogenic callus which had been transformed for 6 months.
The embryogenic suspension culture continued to express P-glucuronidase activity. Oak
embryogenic suspension cultures expressed P-glucuronidase activity for up to 1 yr in the

laboratory. All control transformations failed to stain blue for all P-glucuronidase assays.
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Plate 4.1

Transiently Agrobacterium-mediated transformed Oak (Quercus robur L.) embryogenic
suspension cultures. Bacterial dilution (50%), incubation time (180min). acetosyringone
concentration (25 |.iM) and co-cultivation time (72h). The arrows indicate areas of GUS
positive loci due to cleavage of X Glue with the production of a blue colouration. Non-
blue areas were non-transformed sections.
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4.2.2 Agrobacterium-mediated Transformation of Sitka Spruce (Picea sitchensis

(Bong) Carr.) Embryonal Suspensor Masses

A number of transformation experiments were carried out. The following set of
experiments shows the progression from the initial experiment to the final optimized

protocol.

4.2.2.1 The effects of bacterial dilution and incubation time on the efficiency of
Agrobacterium-mediated transformation of Sitka Spruce (Picea sitchensis

(Bong) Carr.) embryonal suspensor masses

Optimized protocols for Oak transformation led us to believe that transient
transformation was achievable with Sitka Spruce ESMs in suspension culture. The
following experiment was carried out to assess the optimal Agrobacterium dilution and
incubation time.

Flasks of 7d old Sitka Spruce embryonal suspensor mass liquid cultures were
removed from the growth room and sieved through sterile 100 micron mesh sieves. The
sieve reteniate was weighed and into sterile 250 cm3 Erlenmeyer flasks approximately 8 g
of cells were placed. From overnight cultures of Agrobacterium tumefaciens
LBA4404:pB1121 at an OD6o of 0.8-1.1 10%, 20% and 50% dilutions were prepared with
the culture filtrate up to 100 cm3. Each of the three flasks of cells was inoculated with one
of the bacterial dilutions. Culture samples (5 cm3) were removed following 10min, 30min,
60min and 120min from each dilution. Samples were transferred to sterile 20 cm3 plastic
Universal bottles and centrifuged for 10Omin at 3,500 x g. The supernatant was removed

and discarded and the cells resuspended in 5 cm3 of Sitka Spruce embryogenesis, embryo
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initiation medium minus antibiotics. Samples were clearly labelled and cultured in the
growth room on a gyratory shaker for 72h. All samples were assayed for the presence of P~
glucuronidase and the number of GUS loci per gram of cells recorded. Control
transformations were set up in exactly the same manner with Agrobacterium tumefaciens
LBA4404 which did not contain the pBIl 21 binary vector.

Figure 4.8 shows the effect of Bacterial dilution (10%-50%) and incubation time
(10min-120min) on the number of GUS loci per gram of Sitka Spruce embryonal suspensor
masses. Statistical analysis (Table 4.9) revealed using Tukey's-HSD test at the 0.05 level
of significance that a bacterial dilution of 50% was significantly different to all other
dilutions at 10 min incubation time. However results showed that for incubation time no
two times were significantly different from each other at the 0.05 level of significance at a
50 % bacterial dilution. The highest number of GUS loci per gram was 2618 loci for an
Bacterial dilution of 50% and an incubation time of 60min. All control transformations

failed to stain blue for all P-glucuronidase assays.
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Bacterial dilution No. of GUS loci

(% bacteria) per sample (1 g fr. wt.)
10 188.75 + 128.22 a
20 963.50 £523.51 a
50 1807.50 + 288.62 b

Table 4.9. Mean number of GUS loci per Sitka Spruce embryonal suspensor mass cell
sample (1 g fr. wt.) £ SE following inoculation with different dilutions of Agrobacterium
tumefaciem LBA4404::pB1121. Incubation lime 10 min, acetosyringone concentration 0
pM, co-cultivation time 72h. Means sharing the same letter are not significantly different

at the 0.05 level of significance (Tukey's-HSD test).
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Figure 4.8

Number of GUS positive loci per gram of Sitka Spruce (Picea sitchensis (Bong) Carr.)
embryonal suspensor mass. Incubation times (10-120min) and bacterial dilutions (10-50%)
varied. Acetosyringone was absent and a set co-cultivation time of 72h was used. Results
were calculated from 3 cell samples per parameter and the number of GUS positive loci
were recorded following (3-glucuronidase histochemical assays. Experiments were carried

out in duplicate.
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4.2.2.2 The effect of co-cultivation time on the efficiency of Agrobacterium-
mediated transformation of Sitka Spruce (Picea sitchensis (Bong) Carr.)

embryonal suspensor masses

With bacterial dilution and incubation time examined the following experiment
focuses on the optimum co-cultivation time.

Based on the results from the previous experiment transformations were set up as
above with an bacterial dilution of 50% and an incubation time of 60min. Cell samples
were co-cultivated for 24h, 48h, 72h and 96h in the residual Agrobacterium. Samples were
assayed as outlined above and results recorded. Again controls were set up with
Agrobacterium tumefaciens LBA4404 strain.

Figure 4.9 outlines the effect of increasing the co-cultivation time on the number of
GUS loci per gram of cells. The highest number of GUS loci was recorded for a 72h co-
cultivation period (Table 4.10) and was significantly different to all other co-cultivation
times. ANOVA results showed that the effect of co-cultivation time on the number of GUS
loci per gram of cells was highly significant (p<0.05). All control transformations failed to

stain blue for all P-glucuronidase assays.

136



GUS

Tukey B*
Subset for alpha = .05
CcoO N 1 2 3
1.00 6  122.5000
2.00 6 164.1667
4.00 6 592.1667
3.00 6 2557.1667

Means for groups in homogeneous subsets are displayed.
a. Uses Harmonic Mean Sample Size = 6.000.

Table 4.10 Tukey's HSD statistical analysis for the effect of co-cultivation time on the No.
of GUS positive loci per gram of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal

suspensor mass.
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Figure 4.9

The relationship between co-cultivation time and the No. of GUS positive loci per gram of
Sitka Spruce (Picea sitchemis (Bong) Carr.) embryonal suspensor mass in a 50% dilution
of Agrobacterium for 60 min. Results were calculated from 3 cell samples per co-
cultivation time and numbers of GUS positive loci were recorded following [3
glucuronidase histochemical assays. Experiments were carried out in duplicate and mean

standard error bars are included.
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4.2.2.3 The effect of acetosyringone concentration on the efficiency of
Agrobacterium-mediated transformation of Sitka Spruce (Picea sitchensis

(Bong) Carr.) embryonal suspensor masses

The effect of acetosyringone concentration on transformation efficiency needed to
be examined. Drake et al., 1997 reported greater Agrobacterium-mediated transformation
efficiency with 50 pM acetosyringone in ESM solid medium cultures of Sitka Spruce.

Transformations were set up as previously outlined with the exception that
overnight cultures of LBA4404::pB1121 were cultured in Nutrient broth (50 mgdm'3
kanamycin) at three different concentrations of acetosyringone 0 pM, 50 pM and 100 pM.
Bacterial dilutions of 10%, 20% and 50% were used and incubation times of 10 min, 30
min and 60 min for each dilution and acetosyringone concentration. Samples were co-
cultivated in the residual Agrobacterium for 72h and assayed as with previous experiments.
Control experiments were again set up as above with LBA4404 Agrobacterium strain.

The effect of increasing acetosyringone concentration on the number of GUS loci
per gram of cells is outlined in Fig. 4.10 (0 pM), Fig. 4.11 (10 pM), Fig. 4.12 (20 pM) and
Fig. 4.13 (50 pM). Statistical analysis (Table 4.11) on all acetosyringone concentrations
revealed that the optimum bacterial dilution was 50% as it was significantly greater to all
other dilutions at the 0.05 level of significance (Tukey's-HSD). An incubation time of
60min was significantly different to all other times at the 0.05 level of significance for
Tukey's-HSD test (Table 4.12). ANOVA analysis however did not reveal a significant
effect of acetosyringone concentration (p=0.305) at different incubation times and bacterial

dilutions. All control transformations failed to stain blue for all P-glucuronidase assays.
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Bacterial dilution No. of GUS loci

(% bacteria) per sample (1 g fr. wt.)
10 392.75 a
20 266.94 a
50 897.80 b

Table 4.11 Mean number of GUS loci per Sitka Spruce embryonal suspensor mass cell
sample (1 g fr. wt.) following inoculation with various bacterial dilutions. Incubation time
60min, acetosyringone concentration 0 pM, 50 pM, 100 pM and co-cultivation time 72h.
Means sharing the same letter were not significantly different at the 0.05 level of

significance (Tukey's-HSD test).

Incubation time No. of GUS loci
(min) per sample (I g fr. wt.)
10 370.30 a
30 365.72 a
60 821.47 b

Table 4.12. Mean number of GUS loci per Sitka Spruce embryonal suspensor mass cell
sample (1 g fr. wt) following inoculation with Agrobacterium tumefaciens
LBA4404::pBI1121 with various incubation times. Bacterial dilution 50%, acetosyringone
concentration 0 pM, 50 pM, 100 pM, co-cultivation time 72h. Means sharing the same

letter were not significantly different at the 0.05 level of significance (Tukey's-HSD test).

140



1600

Bacterial dilution (%)

Figure 4.10

The number of GUS positive loci per gram of Sitka Spruce (Picea sitchensis (Bong) Carr.)
embryonal suspensor masses in different bacterial dilutions (10-50%) and different
incubation times (10-60min) in the absence of acetosyringone and a 72h co-cultivation
period. Results were calculated from 3 cell samples per parameter and numbers of GUS
positive loci per gram of cells were recorded following P-glucuronidase histochemical

assays. Experiments were carried out in duplicate.
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Figure 4.11

The number of GUS positive loci per gram of Sitka Spruce (Picea sitchensis (Bong) Carr.)
embryonal suspensor masses in different bacterial dilutions (10-50%) and different
incubation times (10-60min) with 10 i iM acetosyringone and a 72h co-cultivation period.
Results were calculated from 3 cell samples per parameter and numbers of GUS positive
loci per gram of cells were recorded following p-glucuronidase histochemical assays.

Experiments were carried out in duplicate.
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Figure 4.12

The number of GUS positive loci per gram of Sitka Spruce (Picea sitchensis (Bong) Carr.)
embryonal suspensor masses in different bacterial dilutions (10-50%) and different
incubation times (10-60min) with 20 pM acetosyringone and a 72h co-cultivation period.
Results were calculated from 3 cell samples per parameter and numbers of GUS positive
loci per gram of cells were recorded following |3-glucuronidase histochemical assays.

Experiments were carried out in duplicate.
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Figure 4.13

Transformation of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor
masses in different bacterial dilutions (10-50%) and different incubation times (10-60min)
with 50 pM acetosyringone and a 72h co-cultivation period. Results were calculated from
3 cell samples per parameter and numbers of GUS positive loci per gram of cells were
recorded following [3-glucuronidase histochemical assays. Experiments were carried out in

duplicate.
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4.2.2.4 The effect of acetosyringone concentration on the efficiency of
Agrobacterium-mediated transformation of Sitka Spruce (Picea sitchensis

(Bong) Carr.) embryonal suspensor masses (experiment 2)

As the results from the previous experiment did not show significant effects of
acetosyringone concentration the following experiment examines the effects of a larger
variety of acetosyringone concentrations.

Experiments were designed as above with an bacterial dilution of 50%, incubation
time of 60min and a co-cultivation time of 72h. Agrobacterium tumefaciens strains
LBA4404::pB1121 and LBA4404 were cultured in acetosyringone concentrations of 0 (iM,
25 (iM, 50 |jM, 70 jxM, 100 (IMand 125 "NiM. Samples were assayed as above and number
of GUS loci per sample were recorded.

Figure 4.14 shows the effect of increasing acetosyringone concentration on the
number of GUS loci per gram of cells. The highest number of GUS loci was recorded for
25 p,M acetosyringone with a bacterial dilution of 50% and incubation time of 60min
(Table 4.13) and Tukey's HSD test showed it to be significantly different to all other
concentrations. ANOVA results revealed that the effect of acetosyringone concentration on
the number of GUS loci per gram of cells was highly significant (p<0.05). All control

transformations failed to stain blue for all P-glucuronidase assays.
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Tukey B*

ACET N
6.00

5.00
4.00
1.00
3.00
2.00

Means for groups in homogeneous subsets are displayed.

6
6
6
6
6
6

1
134.5000

SPOT

Subset for alpha = .05

2 3
291.0000
394.1667  394.1667
458.6667

a. Uses Harmonic Mean Sample Size = 6.000.

4 5

647.5000
3010.5000

Table 4.13 Tukey's HSD statistical analysis for the effect of acetosyringone concentration

on the The number of GUS positive loci per gram of Sitka Spruce (Picea sitchensis (Bong)

Carr.) embryonal suspensor masses.
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Figure 4.14

The effect of acetosyringone concentration on the number of GUS positive loci per gram of
Sitka Spruce embryonal suspensor masses. Bacterial dilution (50%), incubation time
(60min) and co-cultivation time (72h). Results were taken from the average of 3 cell

samples per concentration and the experiment was carried out in duplicate. Mean standard

error bars are included.
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4.2.2.5 Optimization of Agrobacterium-mel\a.tea transformation of Sitka

Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor masses

Optimum acetosyringone concentration (25 (J.M) and co-cultivation time (72h) have
been achieved therefore a final examination of bacterial dilutions and incubation times was
required.

Transformations were set up with bacterial dilutions of 10%, 20%, 30%, 50% and
100% with incubation times of IOmin, 30 min, 60 min and 120min. Optimum
acetosyringone concentration and co-cultivation times were used. All samples were
assayed as above and the numbers of GUS loci per cell sample recorded. Control
experiments were carried out with Agrobacterium strain LBA4404.

The results of the final experiment to assess the effect of bacterial dilution and
incubation time are shown in Fig. 4.15. Statistical analysis using Tukey's-HSD test shows
that the optimum bacterial dilution was identified as 50% as it was significantly greater to
all other dilutions at an incubation time of 60 min at the 0.05 level of significance (Table
4.14). Results on incubation time show that times of 30min and 60min were significantly
greater to all other incubation times but not to each other at the 0.05 level of significance at
50 % bacterial dilution (Tukey's-HSD test) (Table 4.15). All control transformations failed

to stain blue for all P-glucuronidase assays.
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Bacterial dilution No. of GUS loci

(% bacteria) per sample (1 g fr. wt.)
10 669.00 £27.36 a
20 161.17 £ 16.50 a
30 823 + 10.28 a
50 3156.67 £ 10545 b
100 601.50 £9.82 a

Table 4.14 Mean number of GUS loci per Sitka Spruce embryonal suspensor mass cell
sample (1 g fr. wt.) £ SE following inoculation with various bacterial dilutions. Incubation
time 60min, acetosyringone concentration 25 |xM, co-cultivation time 72h. Means sharing
the same letter were not significantly different at the 0.05 level of significance (Tukey's-

HSD test).

Incubation time No. of GUS loci
(min) per sample (1 g fr. wt.)
10 928.50 + 10.26 a
30 2044.17 + 8542 b
60 3156.67 + 10545 b
120 783.67 £47.88 a

Table 4.15. Mean number of GUS loci per Sitka Spruce embryonal suspensor mass cell
sample (1 g fr. wt) = SE following inoculation with Agrobacterium tumefaciens
LBA4404::pBI1121 with various incubation times. Bacterial dilution 50%, acetosyringone
concentration 25jiM, co-cultivation time 72h. Means sharing the same letter were not

significantly different at the 0.05 level of significance (Tukey's-HSD test).
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Figure 4.15

Number of GUS positive loci per gram of Sitka Spruce (Picea sitchensis (Bong) Carr.)
embryonal suspensor masses in different bacterial dilutions (10-100%) and incubation
times (10-120min). Co-cultivation time of 72h and acetosyringone concentration of 25
[iIM. Results were calculated from 3 cell samples per parameter and numbers of GUS
positive loci recorded following P-glucuronidase histochemical assays. The experiment

was carried out in duplicate.



4.2.2.6 Transient Agrobacterium-mediated transformation of Sitka Spruce

(Picea sitchensis (Bong) Carr.) embryonal suspensor masses

With optimum values for bacterial dilution, incubation time, acetosyringone
concentration and co-cultivation time evaluated a final experiment was carried out where
transformed samples were allowed to grow beyond the 72h co-cultivation period.

Transformations were set up with an acetosyringone concentration of 25 (iiVi and an
bacterial dilution of 50% in 100 cm3quantities and incubated for 60min. Transformations
were then sieved through 100 micron mesh sieves and washed twice in sterile distilled
water and transferred to 50 cm3 of Sitka Spruce embryogenesis, embryo initiation media
minus antibiotics in 250 cm3 Erlenmeyer flasks. Flasks were cultured in the growth room
on a gryratory shaker at 100 rpm for 72h. Following the 72h co-cultivation period samples
were aseptically taken and assayed for (3-glucuronidase activity. To the remaining sample
500 mgdm'3 cefotaxime was filter sterilised and it was replaced in the growth room.
Paromomycin (3 mgdm'3) was filter sterilised into the transformations 72h later and another
sample taken for assay. Samples were then taken every 5d for assay and transformations
subcultured every 10d into Sitka Spruce embryogenesis, embryo initiation medium (500
mgdm'3cefotaxime, 3 mgdm'3paromomycin).

Plate 4.2 shows Sitka Spruce embryonal suspensor masses expressing (3
glucuronidase activity following transformation with a 50% bacterial dilution, incubation
time 60min, 25 jxM acetosyringone and a co-cultivation time of 72h. Embryonal suspensor
masses had been transformed for 6 months. All control transformations failed to stain blue

for all [3-glucuronidase assays.



Plate 4.2

Non-transformed (A) and transiently Agrobacterium-mediated transformed (B) Sitka
Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor masses. The arrow shows
GUS positive loci due to cleavage of X Glue with the production of a blue colouration in
the embryogenic heads of stage 1 somatic embryos. Bacterial dilution (50%), incubation
time (60min), acetosyringone concentration (25 pM) and co-cultivation time (72h).
Embryos were examined under 10x magnification on a compound microscope.

Bar=200 pm

152



4.3 Discussion

Transformation procedures allow one to make small specific changes in the genome
of a cell i.e. the addition of one or a few genes. Transformation of plants offers the
potential to make relatively quick specific changes without disrupting the plants desirable
genetic constitution (Sheurman and Dandekar, 1993). The Agrobacterium-mediated gene
transfer technique has proven to be the most understood method for introducing a wide
variety of genes into plants. Experiments in this chapter were carried out to investigate the
efficiency of transformation of embryogenic suspension cultures of Oak and Sitka Spruce
were by Agrobacterium tumefaciens strain LBA4404::pBI1121 containing the binary vector
pB1121 (Jefferson, 1987) derived from the vector pBIN19. The binary plasmid contained
two chimeric genes, P-glucuronidase ((j(IS) and the npt Il gene that confers antibiotic
resistance.

A number of factors needed to be assessed such as the effects of Agrobacterium
dilution, incubation time and co-cultivation time on the efficiency of P-glucuronidase
expression in transformed cells.

Initial experiments showed that for Oak transformations, bacterial dilutions of 20%
and 50% were significantly different to 10%. Later experiments confirmed that a 50%
dilution produced the highest number of GUS loci per gram. Bacterial dilutions of 50% for
Sitka Spruce cells resulted in a 3-fold increase in the number of GUS expressing cells
compared to a dilution of 30%. Drake et al., 1997 reported similar results for
Agrobacterium-mediated transformed of Sitka Spruce ESMs on solid medium. An
bacterial culture diluted equally with medium produced the highest number of GUS

positive loci.
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The duration of incubation time was shown to have a highly significant effect on the
number of cells expressing P-glucuronidase activity in Oak and Sitka Spruce. Roest &
Evers, 1991 incubated nodal stem explants of Quercus robur L. for 30min before removing
them from the bacterial dilution. Our results showed that longer incubation periods were
required to reach high levels of expression. Incubation times above 60min proved different
to lower incubation times with a 6-fold increase from 10-180 min for Oak embryogenic
cultures incubated in a 50% bacterial dilution. Sitka Spruce embryonal suspensor masses
required shorter incubation times. Incubation times between 30-60min proved significantly
greater to both lower and higher times increasing the number of GUS expressing cells over
3-fold in 50% bacterial dilution. The difference between Oak and Sitka Spruce
embryogenic cultures may be due to the fact that Sitka cultures are more friable and cells
can be accessed more easily. No significant difference was found in the number of GUS
positive loci of Sitka Spruce ESMs by Drake et al., 1997 over a range of incubation times
between 10-120 min. Gonzalez et al., 1998 found that the optimum incubation time for
transformation of embryogenic suspension cultures of Cassava in an Agrobacterium
tumefaciens dilution with 100 |iM acetosyringone was 60min.

An optimum co-cultivation time before the elimination of Agrobacterium with
cefotaxime antibiotic was shown to be 72h for both tree species. An almost 2-fold increase
in the number of GUS loci was noticed for Oak cells from 24-72h in a 50% dilution for
240min incubation time whereas a larger increase of 20.9-fold was found for Sitka Spruce
at 50% dilution and 60min incubation time. Drake et al., 1997 reported a 15-fold increase
in GUS loci in Sitka Spruce ESMs from 48-72h. A co-cultivation time of 48h proved most
optimal for the Agrobacterium-mediated transformation of leaf discs of Populus nigra
(Confalonieri el al., 1994). A 48h co-cultivation period was required for hybrid poplar

suspension cultures (Howe et al., 1994). Howe et al., failed to recover any transformants
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after 24h. Co-cultivation periods greater than 4-5d are not recommended due to increasing
difficulty in eliminating the Agrobacterium. A recent study by Hammerschlag el al., 1997
suggested that vacuum infiltration of explants with a low pH medium followed by short
exposure to high levels of cefotaxime could be effective in eliminating Agrobacterium
tumefaciens from explants following prolonged co-cultivation.

Acetosyringone is a naturally occurring wound response phenolic and it has been
identified as a plant signal molecule that induces the activation of vir genes in
Agrobacterium tumefaciens (Bolten et al., 1986; Machida et al., 1986). Acetosyringone
can therefore be used to increase Agrobacterium-mediated transformation frequencies in
vitro. Shiekholeslam and Weeks, 1987 reported an increase from 2-3% in transformation
frequency without acetosyringone to 55-63% with acetosyringone in Arabidopsis. In our
initial experiments for both Oak and Sitka Spruce cultures no significant difference
between acetosyringone concentrations was observed.  However, later experiments
revealed that acetosyringone did have a significant effect on the number of GUS expressing
cells ofboth Oak and Sitka Spruce. Optimum concentrations for Oak were between 20 and
30 |xM acetosyringone expressing a 5-fold increase in the number of GUS expressing loci
transformed in a 50% bacterial dilution for 180min with a 72h co-cultivation period.
Similar acetosyringone concentrations were observed for Sitka Spruce ESMs incubated for
60min in a 50% dilution of Agrobacterium with a 72h co-cultivation time. The number of
GUS expressing cells increased 6.5-fold from 0-25 |xM acetosyringone. While
transforming hybrid poplar suspensions Howe et al., 1994 cultured Agrobacterium
overnight in 200 (iM acetosyringone. Results on Oak and Sitka Spruce revealed that
transformation efficiency decreased at higher acetosyingone concentrations. Mathews et
al., 1990 failed to transform A. belladona leaf explants in the absence of acetosyringone in

the bacterial culture but obtained transgenic A. belladona plants resistant to kanamycin
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after infecting the leaf explants with Agrobacterium tumefaciens cultured with 20 fiM
acetosyringone. The addition of acetosyringone to the bacterial culture media prior to
transformation of Sitka Spruce ESMs (Drake et al., 1997) was found to significantly
increase transformation although significant differences in transformation frequency were
not found with this compound at 50, 100, 150 (iM acetosyringone. They did not examine
the effect of preculture at acetosyringone concentrations below 50 (.iM and therefore
transformation efficiencies at lower acetosyringone concentrations for Sitka Spruce ESMs
on solid medium are unknown. James et al., 1993 also reported that acetosyringone added
to the induction medium for 5h prior to leaf disc inoculation significantly increased GUS
gene expression and was only necessary during the induction phase and not during the co-
cultivation period.

The effect of gene constructs especially the regulatory sequence, on transgene
expression has been observed in coniferous tissue (Haggman et al., 1998). In our studies
the plant virus promoter CaMV 35S was used for all transformations. This CaMV 35S
promoter and the NOS promoter have previously been shown to be active in conifers
(Bekkaoui et al., 1988; Dandekar et al., 1987; Gupta et al., 1988; Sederoff et al., 1986).
Increased levels of expression can however be achieved with the tandem repeat CaMV 35S
(Bekkaoui et al., 1990) or by using a double 35S promoter alone or coupled to translation
enhancers (Charest et al., 1993; Walters et al., 1994). Reports suggest that other promoters
such as ABA inducible promoters (Duchesne and Charest, 1992) may also increase
expression.  They reported that transient ~-glucuronidase expression was higher in
embryogenic cells of Larix X eurolepis and Picea mariana following micropropagation
with the use of wheat abscisic acid inducible Em gene promoter. The Em promoter was
inducible with abscisic acid and upon addition to the culture medium P-glucuronidase

expression was increased 4-fold for Picea mariana.
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Recent reports suggest that the use of introns could increase gene expression. The
use of introns to increase heterologous gene expression could be important to achieve the
required levels of genetic activity and to develop high level expression vectors for the
transformation of conifers (Humara et al., 1998). Intron enhancement of gene expression
has been reported in various monocot species using certain introns but the situation in dicot
species is less clear. In dicot species monocot introns do not stimulate and often reduce
expression where effects of dicot introns vary from no stimulation of gene expression to a
slight stimulatory effect (Vain et al.,, 1996). Humara et al., 1998 reported an increase in
gene expression in pine species by varying the type of intron used.

The binary vector pBI121 was utilised in all transformations carried out in this
thesis. However the production oftransgenic plant lines is often complicated by the lack of
unique restriction sites suitable for cloning into the large binary vectors used for
Agrobacterium-mediated transformation. Hennegan et al., 1998 have constructed a binary
vector pBIN20 which contains a large multi cloning site (MCS) as well as a selectable
kanamycin resistance gene npt 1l between the Ti border sequences. The progenitor plasmid

for pBIN20 was pBI1121.
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4.4 Conclusion

Optimum Agrobacterium dilutions, incubation times and co-cultivation times were
estimated for Agrobacterium-medrdtQd transformation of Oak and Sitka Spruce
embryogenic suspension cultures with Agrobacterium strain LBA4404::pB1121.
Acetosyringone was proven to increase the number of GUS positive loci per gram of Oak
and Sitka Spruce cells at approximately 25jjM for both species. Stably transformed
cultures of Oak and Sitka Spruce however, did not express the transferred genes for long
enough to permit a molecular analysis of the transferred transgenes and therefore
experimentation into choice of Agrobacterium strain and possibly the use of different
promoters such as the ABA promoter need to be examined. Suggestions into the use of
introns were discussed and perhaps future work could include these types of investigations

to establish stable transformants.
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Optimized Agrobacterium-medisited Transformation of Oak Embryogenic
Suspension Cultures Based on Expression of GUS A gene.

LBA4404::pBI1121 cultured in 100 cm3N.B. (50 mgdm'3kanamycin, 25|iM
acetosyringone) (filter sterilized)
V 1r30°C! I00rpm, ovemiglit

7d old flasks of Oak embryogenic cultures sieved (100 pm mesh) and weighed

\

50% Agrobacterial dilution prepared with filtrate (conditioned medium) in 100 cm
in 250 cm3sterile Erlenmeyer flask

\%

Cell samples (approx. 8 g) incubated in LBA4404::pBI1121 dilution

v 120 min. 100 rpm, growth room

Cells sieved (100 pm mesh) and washed twice in sterile dEfeO

\%

Washed cells immersed in 50cm3MS minus antibiotics and transferred to growth room

v co-cultivation 72h, 100 rpm
1 g samples removed for histochemical assay
500 mgdm’3 cefotaxime added to remaining cells in flask (filter sterilized)
v721). 100 rpm, growth room
Cell sample (1 g) removed for histochemical assay
30 mgdm"3paromomycin (filter sterilized) added to remaining cells in flask
v IOOrpm, growth room

Transformations subcultured as normal every 10d (MS, 500 mgdm"3 cefotaxime, 30 mgdm
3paromomycin) Assays performed every 5d.
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Optimized Agrobacterium-mediated Transformation of Sitka Spruce
Embryonal Suspensor Masses Based on Expression of GUS A gene.

LBA4404::pB1121 cultured in 100 cmj N.B. (50 mgdm'3 kanamycin, 25|aM
acetosyringone) (filter sterilized)
V30°C, lI0Orpm, overnight
7d old flasks of sitka spruce embryonal suspensor masses sieved (100 jam mesh) and

weighed

\

50% Agrobacterial dilution prepared with filtrate (conditioned medium) in 100 cm3
in 250 cma3sterile Erlenmeyer flask

\

Cell samples (approx. 8 g) incubated in LBA4404::pBI1121 dilution

\/6 0 min, 100 rpm, growth room
20 cm3 samples removed and placed in 25 cm3 sterile plastic universal bottles and washed
twice in sterile dH"O
VIOmin, 3,500 g
Washed cells immersed in 50cm3sitka spruce embryogenesis, embryo initiation medium
minus antibiotics and transferred to growth room
\ / co-cultivation 72h, 100 rpm
1 g samples removed for histochemical assay
500 mgdm'3 cefotaxime added to remaining cells in flask (filter sterilized)
V72h. 100 rpm, growth room
Cell sample (1 g) removed for histochemical assay
3 mgdm'3 paromomycin (filter sterilized) added to remaining cells in flask
"v 10O0rpm, growth room

Transformations subcultured as normal every 10d (Sitka Spruce embryogenesis, embryo
initiation medium, 500 mgdm'3 cefotaxime,3 mgdm'3s paromomycin) Assays performed
every 5d.

180



Chapter 5

Maturation and Regeneration of Oak (Quercus robur L.)
and Sitka Spruce (Picea sitchensis (Bong) Carr.)
Embryogénie Cultures
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5.1 Introduction

Somatic embryogenesis provides the basis for genetic improvement of many forest

species. These transgenic forest trees might be recovered from transformed embryogenic
tissue. However, the low conversion frequency of somatic embryos into rooted plantlets
often causes a bottleneck and remains a problem for the commercial utilization of this
technology (Tautorus et al., 1991).
Plant regeneration from Oak somatic embryos has been achieved for Q. rubra (Gingus and
lineberger, 1989) and Q. robur (Chalupa, 1990) however at a low frequency. The absence
(Q. suber (El Maataoui and Espagnac, 1987), Q. ilex (Feraud-Keller and Espagnac, 1989) )
or low frequency (Q. robur L., Q. suber) conversion of somatic embryos into plantlets
poses a serious problem for Oak regeneration. The development of somatic embryos is
often blocked after the formation of cotyledons. The maturation and conversion of
embryos involves a sequence of medium changes and the alteration of physical changes
(Chalupa, 1995). Quercus is one of the forest tree species which is sensitive to added
cytokinin. A variety of cytokinins have been used in attempts to regenerate Oak somatic
embryos. Both benzylaminopurine and thidiazuron have been reported to stimulate shoot
multiplication of some forest species (Chalupa, 1987). Quercus robur L. is one of the
Quercus species which was found to react sensitively to added cytokinin even at a low
frequency. Medium supplemented with a variety of auxins (GA3, IBA, 2,4-D) were also
beneficial in Oak regeneration.

The maturation and regeneration of Sitka Spruce to plantlets has been achieved
(Krogstrup, 1988). Maturation of Sitka Spruce somatic embryos beyond stage 1 also
requires changes in the initiation and maintenance medium (John et al., 1995). Somatic

embryos can develop into rooted plantlets on medium with reduced or eliminated
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phytohormones. The use of abscisic acid in medium before transfer to hormone free
medium for final germination was found to be highly beneficial (Tautorus et ah, 1991,
Krogstrup et ah, 1988, Dunstan et ah, 1988).

In spite of successes, most woody plants still appear to be recalcitrant and
regeneration of plants is rare. In order to regenerate transgenic plants from transformed
embryogenic tissue it was imperative to formulate a successful combination of
phytohormones in our media.

The following set of experiments outlines a number of medium combinations
incorporating cytokinins and auxins in an attempt to regenerate rooted plantlets from
somatic embryos of Oak and Sitka Spruce.

Results presented below show successful regeneration on devised medium
combinations. Results recorded root and shoot proliferation as well as callus greening,

cotyledon formation and the production ofanthocyanin.
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5.2 Results

5.2.1 Maturation and Regeneration of Oak (Quercus robur L.) Embryogénie Callus

Experiment 1

Experiment 1 was based on the use of a desiccation treatment reported to be
beneficial for the embryo conversion of Q. petraea somatic embryos (Chalupa, 1995) and
Q. robur cultures (Ostrolucka et al., 1995). The supplementation of maturation medium
with abscisic acid was also investigated. Kim et al., 1997 reported the successful
germination of somatic embryo cultures of Q. acutissima in medium containing 0.1 mgdm’'3
ABA.

Half strength Murashige and Skoog medium was prepared as normal with the
addition of 0%-12% sorbitol increasing in increments of 2%. To the autoclaved medium
0.2 mgdm'3BAP and 0 p.M-100 |xM ABA was added to each sorbitol concentration. For
media containing 0% sorbitol 2 pieces of callus were added to each plate for each ABA
concentration. Every 2d the calli were transferred to fresh dishes of the same medium but
with increased levels of sorbitol i.e. 2%-12%. Control plates were set up which contained
0fiM ABA and 0% sorbitol. Control plates remained untouched throughout the
experiment. All cultures were grown in the dark in the growth room. When the 12%
sorbitol level was reached approximately half of the cultures were transferred to plates
containing Vi MS plus 1 mgdm'3BAP. The remaining half were transferred to ¥2 MS, 2%
activated charcoal, 1 mgdm'3 BAP. Cultures were grown in the light and transferred to

fresh medium every 4-6 weeks.
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Figure 5.1 shows root and shoot proliferation and anthocyanin production. Low
rates of root and shoot development with 0% shoot formation for all ABA concentrations
and only 15% root production (Plate 5.1) for 0 (iM ABA were observed. Anthocyanin
production for all ABA concentrations was evident and an indication that plants were
possibly under some stress.

Figure 5.3 shows results on transfer of germinating embryos to !4 MS containing
activated charcoal. The graph indicates zero root and shoot production for all ABA
concentrations but continued embryo formation. Again, there was a relatively high level of
anthocyanin production (Plate 5.2) for ABA concentrations but no anthocyanin production
in the absence of ABA. Plate 5.3 shows the production of a number of cotyledonary

abnormalities.

Results on & MS showed very low root and shoot development. In the presence
and absence of activated charcoal there was no root or shoot formation at all ABA
concentrations. However, at 0 pM ABA there was a low level of root production in the
absence of activated charcoal. Therefore, results here suggest that ABA was of no benefit

in proliferation ofroots and shoots on Oak embryogenic callus.
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5.2.2 Oak (Quercus robur L.) Embryogenic Callus Maturation and Regeneration

Experiment 2

An alternative medium needed to be looked at for Oak embryogenic callus
regeneration. We decided to look at Woody Plant Medium as that alternative. Chalupa,
1995 used WPM to some benefit in the maturation and regeneration of Q. robur
embryogenic callus cultures.

This experiment was identical to experiment 1 above with the exception that instead
of Vi MS we used WPM. Analogous concentrations of ABA and sorbitol were used and
cultures treated in exactly the same manner.

Figure 5.2 shows results of transferring cultures onto WPM in the absence of
sorbitol and ABA after desiccation treatment and exposure to ABA on WPM for 14d.
Again results showed anthocyanin production however at a lower level than with Vi MS.
There was an absence of shoot development but results for rooting were more favourable.
Although root formation was only 10% for 0 pM, 1 pM and 10 pM ABA it was an
improvement on the 0% recorded for Vi MS.

Figure 5.4 show results of callus regeneration on transfer to WPM plus 2%
activated charcoal. Results showed that anthocyanin production was reduced compared to
Vi MS. However, in contrast to results on WPM minus activated charcoal there was root
formation on 0 pM ABA but not in the presence of 1 pM and 10 pM ABA. Again with the
above experiments shoots failed to form.

Results on WPM were slightly improved compared to Vi MS for root and

anthocyanin production but also failed to produce any shoots. A medium or medium
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component that would promote shooting needed to be investigated. The aim of the

following experiments was to find these components.
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Figure 5.1
Formation of Oak roots, shoots and anthocyanin production on ‘A MS medium plus 0 fiM ABA, 0% sorbitol

and 1 mgdm'3 BAP following a 14d desiccation treatment with sorbitol and subjection to varying ABA
concentrations on Vi MS. Percentages were calculated by scoring 10 calli per treatment. Experiments were

carried out in duplicate.
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Figure 5.2
Figure shows formation of Oak roots, shoots and anthocyanin production on WPM with 0 M ABA and 0%

sorbitol following a 14d sorbitol desiccation treatment and subjection to varying concentrations of ABA on

WPM. Percentages were calculated by scoring 10 calli per treatment. Experiment were carried out in

duplicate.
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Figure 5.3

Regeneration of Oak embryogenic callus cultures. Figure shows the formation of roots, shoots and
anthocyanin production on \2 MS plus 0 |iM ABA, 0% sorbitol, 2% activated charcoal and Imgdm'3 BAP.
Cultures were transferred from Vi MS following a 14d desiccation treatment with sorbitol in the presence of
varying ABA concentrations. Percentages were calculated by scoring 10 calli per treatment. Experiments
were carried out in duplicate.

Figure 5.4

Regeneration of Oak from embryogenic callus cultures. Figure shows formation of roots, shoots and
anthocyanin production on WPM with 0 (JM ABA, 0% sorbitol, 2% activated charcoal and Imgdm'3 BAP
following a 14d desiccation treatment with sorbitol and subjection to varying concentration of ABA on
WPM. A total of 10 calli were scored for each treatment and percentages recorded. Percentages were
calculated by scoring 10 calli per treatment. Experiments were carried out in duplicate.
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Plate 5.1

Formation of roots (arrow) on Oak embryogenic callus on V2 MS medium plus OfiM ABA,
0% sorbitol and 1 mgdm'3BAP. Cultures were transferred from Vi MS plus 12% sorbitol

desiccation treatment in the absence of ABA. 9 cm Petri dishes.



Plate 5.2

Maturation of Oak embryogenic callus on Vi MS medium plus 2% activated charcoal and 1
mgdm'3 BAP. Cultures were transferred from Vi MS with a 12% sorbitol desiccation
treatment plus 100 (M ABA. Plate shows the absence of roots and shoots but the

production of large amounts ofanthocyanin (arrow). 9 cm Petri dishes.
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Plate 5.3

Maturation of oak embryogenic callus on B MS plus 2% activated charcoal and 1 mgdm'3
BAP. Cultures had been transferred from Vi MS plus 12% desiccation treatment in the
presence of 10 uM ABA. The plate shows the absence of roots, shoots and anthocyanin
production. A number of cotyledonary abnormalities can be observed (arrows). 9 cm Petri

dishes.

172



5.2.3 Oak (Quercus robur L.) Embryogénie Callus Maturation and Regeneration

Experiment 3

Chalupa, 1995 reported the benefits of IBA, 2,4-D and GA3 in the regeneration of
Oak (Quercus robur L.) embryogenic callus cultures. A number of medium components
were investigated in this set of experiments.

Murashige and Skoog medium and Woody Plant Medium were prepared as normal.
Concentrations of 0.5 mgdm'3, 1 mgdm”3and 2 mgdm'3BAP were added to the autoclaved
medium either alone or in combination with 0.5 mgdm'3or 1 mgdm'32,4-D or 0.1 mgdm*3
or 1 mgdm'3IBA or 0.5 mgdm'3or 1 mgdm'3 GA3. Ten plates were set aside for each
combination and 5 pieces of callus were cultured per plate and transferred to the growth
room in the dark for 6-8 weeks. One third of each combination was then transferred to
WPM plus 0.2 mgdm'3 0.4 mgdm'3or 0.6 mgdm'3BAP and grown in the light or the dark.
Cultures were subcultured every 4-6 weeks onto fresh medium. All cultures were scored
for greening and cotyledon formation. All medium combinations were carried out in
duplicate.

Results on WPM showed high callus greening on transfer of cultures from WPM
plus 0.5 mgdm'3 1 mgdm'3and 2 mgdm'3BAP in the absence (Fig. 5.5) and presence of 0.1
mgdm'3IBA (Fig. 5.6) and 1 mgdm'3IBA (Fig. 5.7) to 0.2 mgdm'3 0.4 mgdm'3and 0.6
mgdm'3BAP on WPM in the light. Cotyledon formation was recorded at a high level for
all combinations. However, on transfer to WPM combinations and culture in the dark
results were significantly different. Callus greening was absent for all combinations (Fig.
5.8, 5.9, 5.10). Callus greening for all combinations was absent and cotyledon formation

was reduced and recorded at a lower percentage.
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Results recorded for the above combinations on Vi MS on transfer of cultures to
growth in the light showed a reduction in both callus greening and cotyledon formation
(Fig. 5.11) for all combinations with the exception of cultures transferred from 2 mgdm'3
BAP, 1 mgdm'3IBA to 0.6 mgdm'3BAP where callus greening was recorded as 100% (Fig.
5.12).

Regeneration of cultures on Vi MS plus 0.5 mgdm'3 1 mgdm'sand 2 mgdm's BAP
in combination with 0.5 mgdm-3zand 1 mgdm'a GA3 and transfer to WPM plus 0.2 mgdm’3,
0.4 mgdm'zand 0.6 mgdm'a BAP in the light showed a reduction in callus greening to 0%
and a reduction in cotyledon formation (Fig. 5.13). Cotyledon formation was completely
inhibited for cultures exposed to 0.5 mgdm'3GA3 (Fig. 5.13) and 1 mgdm'3 GA3 (Fig. 5.14).

Exposure of cultures to BAP combinations plus 0.5 mgdm-32,4-D and 1 mgdm'3
2,4-D on Vi MS resulted in complete absence of callus greening (Fig. 5.16). Cotyledon
formation was recorded at 100% for a number of combinations but was reduced however to
0% for cultures exposed to 1 mgdm's BAP, 0.5 mgdm'sz 2,4-D and 2 mgdm's BAP, 0.5
mgdm'32,4-D to 0.2 mgdm'aBAP (Fig. 5.15).

For all medium combinations outlined above there was an absence of root and shoot
proliferation.

Results for this set of experiments proved very unsatisfactory. Roots and
shoots are absent for all medium combinations used. Callus greening and cotyledon
formation was recorded at high levels on WPM medium for all combinations. Transfer of
callus to culture in the dark resulted in complete inhibition of callus greening and a
reduction in cotyledon formation on WPM medium. Attempted regeneration of Oak callus
on V2 MS resulted in inhibition of greening for all combinations cultured in the light.

Cotyledon formation slightly reduced but not significantly compared to callus cultured on
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WPM. Results here correlate with results recorded in experiment 1in that WPM appears to
be more beneficial in the regeneration of Oak callus compared to 'A MS.

In conclusion it was evident that external auxins and cytokinins added to the two
medium types did not have any significant effect on Oak regeneration rather it was the
medium type used and whether cultures were grown in the light of dark which significantly

affected regeneration.
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Figure 5.5

Maturation of oak embryogenic callus cultures. Embryogénie callus had previously been
cultured on WPM plus 0.5 mgdm"3 (A), 1 mgdm'3 (B) and 2 mgdm'3 (C)
benzylaminopurine for 4-6 weeks in the dark. Graphs A, B and C show % callus greening
and cotyledon formation on transfer to WPM plus 0.2, 0.4 and 0.6 mgdm'3 BAP in the
light. Results were recorded from 3 plates each containing 5 callus pieces for each BAP

concentration. Experiments were carried out in duplicate.
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Figure 5.6

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on WPM plus 0.5 mgdm'3BAP, 0.1 mgdm'3IBA (A), 1 mgdm'3BAP, 0.1 mgdm'3IBA (B)
and 2 mgdm'3 BAP, 0.1 mgdm'3IBA (C) for 4-6 weeks in the dark. Graphs A,B and C
show callus greening and cotyledon formation on transfer to WPM plus 0.2 mgdm'i, 0.4
mgdm'3, and 0.6 mgdm'3 benzylaminopurine in the light. Results were recorded from 3

plates each containing 5 pieces of callus for each benzylaminopurine concentration.

Experiments were carried out in duplicate.
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Figure 5.7

Maturation of oak embryogenic callus cultures. Embryogénie callus had precviously been
cultured on Woody Plant Medium plus 0.5 mgdm'3 (A), 1 mgdm3 (B) and 2 mgdm'3 (C)
benzylaminopurine for 4-6 weeks in the dark. Graphs A, B and C show % callus greening
and cotyledon formation on transfer to Woody Plant Medium plus 0.2 mgdm'3, 0.4 mgdm'3,
and 0.6 mgdm'3 benzylaminopurine in the dark. Results were recorded from 3 plates each
containing 5 callus pieces for each benzylaminopurine concentration. Experiments were

carried out in duplicate.
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Figure 5.8

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on WPM plus 0.5 mgdm’3BAP, 0.1 mgdm'3IBA (A), 1 mgdm'3BAP, 0.1 mgdm'3IBA (B)
and 2 mgdm'3BAP, 0.1 mgdm'3IBA (C) for 4-6 weeks in the dark. Graphs A, B and C
show callus greening and cotyledon formation on transfer to WPM plus 0.2 mgdm’'3, 0.4
mgdm'3, and 0.6 mgdm'3 BAP in the dark. Results were recorded from 3 plates each
containing 5 pieces of callus for each BAP concentration. Experiments were carried out in

duplicate.
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Figure 5.9

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on WPM plus 0.5 mgdm'3BAP, 1 mgdm'3IBA (A), 1 mgdm'3 BAP, 1 mgdm'3 IBA (B)
and 2 mgdm’3BAP, 1mgdm'3IBA (C) for 4-6 weeks in the dark. Graphs A, B and C show
callus greening and cotyledon formation on transfer to WPM plus 0.2 mgdm*3, 0.4 mgdm'3,
and 0.6 mgdm'3 BAP in the light. Results were recorded from 3 plates each containing 5
pieces of callus for each benzylaminopurine concentration. Experiments were carried out

in duplicate.
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Figure 5.10

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on WPM plus 0.5 mgdm'3BAP, 1 mgdm'3 IBA (A), 1 mgdm'3 BAP, 1 mgdm3 IBA (B)
and 2 mgdm'3BAP, 1 mgdm'3IBA (C) for 4-6 weeks in the dark. Graphs A, B and C show
callus greening and cotyledon formation on transfer to WPMplus 0.2 mgdm'3, 0.4 mgdm'3,
and 0.6 mgdm'3 BAP in the dark. Results were recorded from 3 plates each containing 5

pieces of callus for each BAP concentration. Experiments were carried out in duplicate.
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Figure 5.11

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on \2 MS medium plus 0.5 mgdm'3BAP, 0.1 mgdm'3IBA (A), 1 mgdm'3BAP, 0.1 mgdnf3
IBA (B) and 2 mgdm'3BAP,, 0.1 mgdm'3IBA (C) inthe dark for 4-6 weeks. Graphs A, B
and C show % callus greening and cotyledon formation on transfer to WPM plus 0.2
mgdm'3, 0.4 mgdm'3and 0.6 mgdm'3 BAP in the light. Results were recorded from 3 plates

each containing 5 callus pieces for each BAP concentration. Experiments were carried out

in duplicate.

189



[Benzylaminopurine] mg/1

Figure 5.12

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on Vi MS medium plus 0.5 mgdm'3 BAP, 1 mgdm"3IBA (A), 1 mgdm'3BAP, 1 mgdm'3
IBA (B) and 2 mgdm'3BAP, 1 mgdm'3IBA (C) in the dark for 4-6 weeks. Graphs A, B
and C show % callus greening and cotyledon formation on transfer to WPM plus 0.2
mgdm'3, 0.4 mgdm'3and 0.6 mgdm'3BAP in the light. Results were recorded from 3 plates
each containing 5 callus pieces for each BAP concentration. Experiments were carried out

in duplicate.
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Figure 5.13

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on Vi MS medium plus 0.5 mgdm'3 BAP, 0.5 mgdm's GA3 (A) and 2 mgdm's BAP, 0.5
mgdm'3 GA3 (B) in the dark for 4-6 weeks. Graphs A and B show % callus greening and
cotyledon formation on transfer to WPM plus 0.2 mgdm'3 0.4 mgdm=3 and 0.6 mgdm'3
BAP inthe light. Results for 1mgdmo BAP, 0.5 mgdm’3 GA3there was no callus greening
or cotyledon formation and therefore the results were not graphed. Results were recorded

from 3 plates each containing 5 callus pieces for each BAP concentration. Experiments
were carried out in duplicate.
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Figure 5.14

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured
on 'AMS medium plus 0.5 mgdm's BAP, 1.0 mgdm's GA3 (A), 1 mgdm'3 BAP, 1.0 mgdm's
GA3 (B). in the dark for 4-6 weeks. Graphs A and B show % callus greening and cotyledon
formation on transfer to WPM plus 0.2 mgdm'3, 0.4 mgdm'3 and 0.6 mgdm'a BAP in the
light. Results for 2 mgdm's BAP, 1.0 mgdm'3s GA3 did not yield any cotyledons or callus
greening and were not graphed. Results were recorded from 3 plates each containing 5
callus pieces for each benzylaminopurine concentration. Experiments were carried out in
duplicate.
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Figure 5.15

M aturation ofoak embryogenic callus. Embryogénie callus had previously been cultured
on VVMS medium plus 0.5 mgdm'3, 0.5 mgdm32,4D (A), ]l mgdm'3BAP, 0.5 mgdm'3 2,4
D (B) and 2 mgdm'3BAP, 0.5 mgdm'32,4 D in the dark for 4-6 weeks. Graphs A, B and C
show % callus greening and cotyledon form ation on transferto WPM plus 0.2 mgdm', 0.4
mgdm'3 and 0.6 mgdm'3 BAP in the light. Results were recorded from 3 plates each

containing 5 callus pieces for each BAP concentration. Experiments were carried out in

duplicate.
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Figure 5.16

Maturation of oak embryogenic callus. Embryogénie callus had previously been cultured

on ViMS medium plus 0.5 mgdm'3, 1.0 mgdm'32,4 D (A) and 2 mgdm'3BAP, 1.0 mgdm'3

24 D (B) in the dark for 4-6 weeks. Graphs A and B show % callus greening and

cotyledon formation on transfer to WPM plus 0.2 mgdm'3, 0.4 mgdm"3 and 0.6 mgdm'3
BAP in the light. Results were recorded from 3 plates each containing 5 callus pieces for
each benzylaminopurine concentration. Experiments were carried out in duplicate.
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5.2.4 0ak (Quercus robur L.) Embryogénie Callus Maturation and Regeneration

Experiment 4

The following experiment was based on the use ofthidiazuron. Thidiazuron has
been described as being amongst the most active cytokinin—ike substances for woody
plant tissue culture. There are a number ofreports on the effect o fthidiazuron on shoot
proliferation (Kim etal., 1997; Bhagwat et al., 1996)

Murashige and Skoog medium was prepared as normal. To the medium 0.3
mgdm'3gelrite was added. Concentrations 0f0.5 pM and 1 pM TDZ were added to the
autoclaved medium. For each TDZ concentration 5 plates were cultured each with 5
pieces of Oak embryogenic callus. Plates were transferred to the growth room and
cultured in the dark for 3 d then exposed to the light for a further 3 weeks. Cultures
exhibiting shoot formation should have been transferred to MS medium plus 2 pM NAA
or2 pM BAP and cultured in the light for root establishment.

A ll Oak embryogenic callus cultures before transfer to root establishment medium
became extremely soft and did not exhibit any o fthe characteristics which regenerating
Oak should exhibit. These characteristics include greening, cotyledon form ation and root
or shoot development. The experiment was abandoned before transfer to rooting medium

as it was evidentthatroot or shoot establishmentwould not occur.
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5.2.5 Oak (Quercus robur L.) Embryogenic Callus M aturation and Regeneration

Experiment5

These experiments examined the effectof P24 medium (Eva W ilhelm and Renate
Rodler, percomm) on shooting o fOak embryogenic callus cultures.

P24 medium was prepared as normal. Into one batch 0.9 pM BAP was added to
the autoclaved medium. The second batch remained hormone free. Embryogenic
cultures were plated onto the two medium types and left for 6 weeks in the growth room
with halfofthe cultures subjected to the light and halfgrown in the dark. Cultures were
then transferred to 6 types ofmaturation medium (Table 2.9) all o fwhich were variations
ofP24 medium. For each maturation treatment we plated atotal of 10 plates each with 5
pieces o fcallus from P24 medium plus 0.9 pM BAP and P24 medium minus BAP. H alf
ofthe plates were grown in the light and halfin the dark. A Il cultures were subcultured
every 5-6 weeks onto fresh medium. A Il experiments were carried out in duplicate.

Results showed a very high level o fshootproliferation on medium 1 and medium
3 (Fig. 5.17). However results for rooting proved less favourable with roots only
occurring in medium 2 at 20%. Anthocyanin production was much reduced at 0% in
most cases. Cultures transferred from P24 minus antibiotics from the dark to all
maturation mediums in the light did not yield any roots, shoots or anthocyanin
production.

Results of transferring cultures from P24 plus 0.9 pM BAP in the light to

maturation media 2, 3, 4, 5 and 6 grown in the dark are outlined in Figure 5.18. Results
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showed a high level of shoot proliferation. However embryos exhibiting both root and
shoot development were recorded at a low percentage.

Figure 5.19 shows results on transfer of cultures from P24 medium minus
hormones in the light to maturation media 3 and 5 in the dark. Again, results showed
high levels ofshoot formation, as high as 80% on medium 3. Root formation however,
was low at 0% for medium 3 and 30% for medium 5.

Figure 5.20 shows results recorded on transfer o f cultures from P24 medium plus
0.9 |[iM BAP in the lightto maturation media 2, 3 and 6 in the light. Results showed high
percentage root formation for medium 3 and 6 but no root formation for either medium
type. Results from the transfer ofcultures from P24 medium minus hormones in the light
to all six maturation mediums in the light did notyield any roots, shoots or production of
anthocyanin on cultures.

Figure 5.21 shows results on transfer of cultures from P24 medium plus 0.9 (UM
BAP in the dark to maturation media 2, 3, 4, 5 and 6 in the dark. A reduction in shoot
development was recorded at 10% for medium 6 but 0% for all other media. Again root
form ation was recorded at very low levels. Anthocyanin production was present at low
levels. Results recorded for transfer o fcultures from P24 minus hormones in the dark to
all six maturation media in the dark showed the absence of rooting, shooting and
production o fanthocyanin.

Results from experiments on P24 medium concluded that there was an increase in
shoot proliferation and root development either alone or on the same embryo. A
significant reduction in anthocyanin production was recorded. Although rooting

increased it was at a low level and rarely occurred in collaboration with shooting. The
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reduction in anthocyanin production indicated that embryogenic callus were not as
stressed as previously in the presence o f ABA. A medium has been devised that yields an
increase in shooting and reduces anthocyanin production but it was not yielding enough
of an increase in root proliferation from germinating embryos. It also appeared that a
period o f exposure to the light was favourable along with culture in the dark to promote

this increase in shooting.
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Media 6

Figure 5.17

Regeneration o f Oak embryogenic callus on P24 maturation medium. Formation ofroots,
shoots and the production o fanthocyanin on P24 maturation media 1, 2, 3 and 6 in the light
following 6 weeks growth on P24 medium plus 0.9 (iM BAP in the dark. Maturation media
not graphed did not exhibit any root, shoot or anthocyanin production. Percentages were
calculated from 10 plates each containing 5 callus pieces per treatment. Results for P24
medium minus BAP did not show root, shoot or anthocyanin production for all 6 maturation

media. Experiments were carried out in duplicate.
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Figure 5.18

Regeneration o f Oak embryogenic callus on P24 maturation medium. Formation ofroots,
shoots and production o fanthocyanin on P24 maturation media 2, 3, 4, 5 and 6 in the dark
following 6 weeks growth on P24 medium plus 0.9 pM BAP in the light. Maturation media
not graphed failed to exhibit root, shoot or anthocyanin production. Percentages were
calculated from 10 plates each containing 5 callus pieces per treatment. Experiments were

carried out in duplicate.
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Figure 5.19

Regeneration o f Oak embryogenic callus on P24 maturation medium. Formation ofroots,
shoots and the production of anthocyanin on P24 maturation media 3 and 5 in the dark
following 6 weeks growth on P24 medium minus BAP in the light. Maturation media not
graphed did not exhibit any root, shoot or anthocyanin production. Percentages were
calculated from 10 plates each containing 5 pieces of callus per treatment. Experiments

were carried out in duplicate.
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Figure 5.20

Regeneration of Oak embryogenic callus on P24 maturation medium. Formation ofroots,
shoots and the production ofanthocyanin on P24 maturation media 2, 3 and 6 in the light
following 6 weeks growth on P24 medium plus 0.9 fxM BAP in the light. Maturation
medium not graphed did not exhibit any root, shoot or anthocyanin production. Percentages
were calculated from 10 plates each containing 5 calli pieces per treatment. Results for P24
medium minus BAP showed no root, shoot or anthocyanin production and results were

therefore not presented. Experiments were carried out in duplicate.
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Figure 5.21

Regeneration of Oak embryogenic callus on P24 maturation medium. Formation ofroots
and shoots and the production o fanthocyanin on P24 maturation media 2, 3, 4, 5 and 6 in
the dark following 6 weeks growth on P24 medium plus 0.9 |iM BAP in the dark.
M aturation media not graphed did not exhibit roots, shoots or anthocyanin production.
Percentages were calculated from 10 plates each containing 5 callus pieces per treatment.
Results for P24 medium minus BAP showed no root, shoot or anthocyanin production and

results were therefore not graphed. Experiments were carried out in duplicate.
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5.2.6 Oak (Quercus robur L.) Embryogenic Callus M aturation and Regeneration

Experiment 6

Following results from the previous experiment it appeared that this P24 medium
plus 0.9 (iM BAP was proving to be the most beneficial for Oak embryogenic callus
regeneration. P24 maturation media 1 and 6 exhibited the best results. On observation of
Oak callus on these plates it became evident that although not recorded in graphs as a
number became contaminated, P24 medium 1 yielded callus which looked most like
maturing into full plantlets complete with aroot and shoot.

P24 medium was prepared as normal and into the autoclaved medium 0.9 |JM BAP
was added. Oak embryogenic callus was cultured on 30 plates each containing 5 pieces of
callus. Cultures were transferred to the growth room and cultured in the light for 5-7
weeks. The six P24 maturation media were prepared and for each medium 5 plates were
allocated from the 0.9 (iM BAP P24 medium. Cultures were transferred to the growth
room and halfo fthe plates cultured in the light and halfcultured in the dark for a further 7
weeks.

A ll cultures were then transferred to P24 medium 1 and subcultured onto fresh P24
medium 1 every 5 weeks. Each piece of Oak callus was scored for roots, shoots and
cotyledon form ation at each subculture.

Figure 5.22 shows % root, shoot and cotyledon formation on Oak embryogenic
callus following a 7 week incubation period on all six P24 maturation media. Graph A
shows the results of plates which were incubated in the light and Graph B shows plates
which were cultured in the dark. Results indicated that culture in the light gave

significantly better regeneration results than culture in the dark. Culturing in the dark did
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notyield any root or shoot growth whereas exposure to the light yielded root proliferation
in media 1 and 2 though at arelatively low percentage and shoot establishment in media 1
and 5. Both root and shoot establishment was achieved in medium I.

Figure 5.23 shows regeneration following transfer to P24 medium 1 in the light.
Results were extremely favourable exhibiting almost 50% root formation and 30% shoot
form ation (Plate 5.4). Cotyledon form ation was also recorded at a high percentage of70%
(Plate 5.5). These results are farther discussed in the discussion section on page 221 and

conclusions drawn on page 228.

207



Cotyledons

Shoots

Media 1 Roots

Media 2 Media 3
edlas vedia 4

Media S Media 6

Figure 5.22

M aturation of Oak embryogenic callus on P24 maturation medium. Oak embryogenic
callus was cultured on P24 medium plus 0.9 joM BAP for 5-7 weeks in the light. Cultures
were then transferred to P24 maturation media 1-6 and cultured for afurther 7 weeks in the
light (A) or in the dark (B). Percentages were calculated from 5 plates for each media type

w ith each plate containing 5 pieces o foak callus.
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Figure 5.23
M aturation of Oak embryogenic callus. Graph shows percentage root, shoot and cotyledon
formation following transfer ofall cultures from P24 maturation media 1-6 after a 7 week
culture period to P24 maturation medium type 1. All cultures were grown in the light for a
further 5-7 weeks. Percentages were calculated from a total o f 60 plates each containing 5

oak callus pieces.
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Plate 5.4

Oak embryogenic callus following maturation on P24 medium plus 0.9 |IM BAP for 5
weeks in the light with transfer to P24 maturation medium 1 in the dark for a further 7
weeks and final transfer to fresh P24 maturation medium 1 in the light for a further 7
weeks. The plate indicates the presence of cotyledon formation and greening (A). Cell

necrosis (B) and callus greening (C) were also exhibited. Bar = 5mm.
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Plate 5.5

Oak callus following maturation on P24 medium plus 0.9 |iM BAP for 5 weeks in the light
with transfer to P24 maturation medium 1 in the dark for a further 7 weeks and a final
transfer to fresh media type 1 and culture in the light for 7 weeks. The plate indicates root

(A) and shoot (B,C) development. Bar = 5mm.

211



5.2.7 Maturation of Sitka Spruce (Picea sitchensis (Bong.) Carr.) Embryonal

Suspensor Masses

M aturation protocols for Sitka Spruce embryonal suspensor masses have
previously been published (Krogstrup, 1988). However growth of Sitka Spruce
embryonal suspensor masses can vary in different environments and therefore it was
important confirm that regeneration could be achieved from our ESMs. Successful
regeneration experiments would mean that we could then regenerate plantlets from our
transformed ESMs.

Following 374 subcultures on somatic embryo initiation and maintenance medium
ESMs (Plate 5.6) were transferred to Sitka Spruce somatic embryogenesis, embryo
development medium. Embryonal suspensor masses were cultured on this medium for 6-
8 weeks in the dark. Developing somatic embryos were seen on the ESMs after 6—38
weeks and were heart shaped and yellow in appearance. Each developing embryo was
transferred with a sterile watchmakers forceps to plates containing Sitka Spruce
embryogenesis, embryo germination medium. Each plate was cultured in the dark for 5-
7d and then taken into the light for the next 5-7 weeks. The individual plantlets were
separated out as they developed and placed on fresh germination medium every 6-8
weeks.

Figure 5.24 shows percentage root and shoot production on germinating Sitka
Spruce embryos. Results showed that shoot formation (90%) was almost twice that of
root formation (50%). However the number of germinating embryos present with both

roots and shoots (50%) (Plate 5.7) was sufficiently satisfactory.
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Transformation of Sitka Spruce ESMs involved the addition of cefotaxime into
the medium in order to inhibit continued growth of Agrobacterium following a co-
cultivation period. The effect of cefotaxime on the growth of ESMs has already been
investigated and shown to have no affect at levels as high as 1000 mgduf3. However we
also needed to assess the affects of high levels of cefotaxime on the regeneration of

ESMs. The next experiment investigates these affects.
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Figure 5.24

M aturation of Sitka Spruce germinating embryos. Figure shows percentage root and shoot
form ation on sitka spruce germinating embryos. Embryos were germinated on sitka spruce
embryogenesis, embryo germination medium for 15 weeks in the light. Percentages were

calculated from 60 plates each containing between 5-10 germinating embryos.
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Plate 5.6

Sitka Spruce (Picea sitchensis (Bong) Carr.) ESMs showing stage 1 somatic embryos in

sitka spruce embryogenesis, embryo development medium. The presence of an

embryogenic head (A) and elongated suspensor cells (B) are evident from the plate.
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Plate 5.7

Germination of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor masses

on embryo germination medium. Plate shows the root (A) and shoot (B) proliferation. 9

cm Petri dishes.



5.2.8 Regeneration of Sitka Spruce (Picea sitchensis (Bong.) Carr.) Embryonal

Suspensor Masses in Varying Concentrations of Cefotaxime Antibiotic

Sitka Spruce embryonal suspensor masses were regenerated in the presence of
varying concentrations o fcefotaxime antibiotic. Sarma et al., 1995 reported a significant
reduction in the number of maturing somatic embryos o f Sitka Spruce in the presence of
cefotaxime antibiotic.

Sitka Spruce embryogenesis, embryo development medium and embryo
germination medium were prepared as normal. Cefotaxime at concentrations varying
from O mgdm'31000 mgdm'3 were added to the autoclaved medium. Embryonal
suspensor masses were regenerated in the same manner as above.

Figure 5.25 shows the number of developing embryos present on embryo
development medium. Results showed areduction in the number ofdeveloping embryos
in cefotaxime containing medium compared to numbers present in the absence of
cefotaxime. However, the number ofdeveloping embryos on cefotaxime concentrations
up to 700 mgdm'3 are relatively high at about 1/5 of that produced at 0 mgdm'3
cefotaxime. The number of developing embryos produced on medium containing
cefotaxime concentrations above 700 mgdm'3 were however significantly lower than at
700 mgdm '3.

Results showed that below 700 mgdm'3cefotaxime (Fig. 5.26) there was no effect
on shoot formation. Shoot formation at 800-1000 mgdm'3 was reduced but not
significantly. The growth ofroots was recorded as 50% for 0 mgdm'3cefotaxime, which

was similar to results recorded in the previous experiment. However, root formation for

217



100 mgdm'3and 300 mgdm'3was recorded in less than 10% o fdeveloping embryos. This
level ofroot formation was however increased for all other cefotaxime concentrations
ranging from 20%-60% .

Results on the affect of cefotaxime showed that it decreases the numbers of
developing embryos produced. Further germination o fthese embryos was successful and
all embryos developed into plantlets complete with roots and shoots, but does not affect
the subsequent development o froots and shoots. Therefore, it can be concluded that the
use of cefotaxime for the elimination of Agrobacterium following co-cultivation was

advisable as its effects on growth and regeneration o f Sitka Spruce ESMs was negligible.
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Figure 5.25

M aturation of Sitka Spruce embryonal suspensor masses on Sitka Spruce embryo

development medium. Figure shows number of developing embryo formation on Sitka

Spruce embryo development medium plus varying concentrations of cefotaxime

antibiotic (0 mgdm'31000 mgdm'3). Embryo suspensor masses were cultured for 7

weeks in the dark. Developing embryos were excised aseptically from 11 embryo

suspensor masses per cefotaxime concentration and counted before culturing on embryo

germination medium.
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Figure 5.26

M aturation o f Sitka Spruce developing embryos on Sitka Spruce embryo

medium. Figure shows percentage root and shoot form ation from developing embryos on
embryo developing medium plus varying concentrations o fcefotaxime antibiotic.
Developing embryos were cultured on this medium for 15 weeks in the light. Percentages

were calculated from between 18-26 developing embryos per cefotaxime concentration.
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5.3 Discussion

A serious problem ofwoody plant regeneration via somatic embryogenesis is either
the absence or low frequency o fsomatic embryo conversion into plantlets. Germination o f
somatic embryos is more often stimulated by alteration o fphysical conditions and medium
changes. The addition o fexogenous hormones has proved to be most successful.

The development of somatic embryos is often blocked after the formation of
cotyledons (Chalupa, 1995). Therefore for the development of somatic embryos into plants
various treatments were tested. The alteration ofphysical conditions appeared to induce
embryo germination. It is well established that desiccation plays a role in switching
zygotic embryos from embryogenic to germinative stage (Kermode et al.,, 1977). Oak
embryogenic cultures were desiccated with increasing concentrations o fsorbitol (0% -12%)
on ViMS and WPM medium. Results showed 0% shoot formation and a low frequency
root formation (15%) on transfer of cultures to WPM and Vi MS in the light. Chalupa,
1995 reported stimulation of Q. petraea embryo conversion by desiccation and exposure to
cold followed by transfer to WPM containing low concentrations of BAP (0.44 fiM).
However, high osmoticum and chilling treatment had no effect on germination frequency of
Q. acutissima embryos (Kim et al., 1994). Ostrolucka et al., 1996 reported 0. robur
embryo germination on medium containing 0.1 mgdm'3 BAP after previous culture on
WPM hormone-free medium supplemented with 6 % sorbitol. Osmotic stress can also be
induced by increasing the agar concentration. Experiments on P24 maturation media w ith
increased agar concentrations showed increased embryo germination. The frequency of
root (15%-40%) and shoot (15%—100%) proliferation was greatly improved w ith the use of

agar as an osmoticum and previous culture on P24 medium plus 0.9 (XM BAP or hormone
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free P24 and culture in the light. Eva W lihelm (per comm) achieved an 80% increase in

the maturation of Q. robur somatic embryos by a partial desiccation treatment with 0.8-1

% agar during light culture conditions. The maturation phase was an important step for the

fate and survival o fsomatic embryos.

The addition of exogenous medium components also proved beneficial in the

germination of embryo cultures. Abscisic acid has been used in a number of maturation

protocols (Kim etal., 1994; Cuenca el al., 1999). Addition ofABA concentrations ranging

from 0-100 [iM in the presence of sorbitol desiccation had little effect on root and shoot

proliferation of Oak embryo cultures. Anthocyanin production was recorded at a higher

percentage in the presence o fABA in the culture medium. Shoot formation was absent and

root formation was recorded in the presence of ABA however at a higher frequency on

cultures grown on medium containing 0 pM ABA. Kim et al.,, 1994 reported root and

shoot formation on medium supplemented with 0.1 mgdm'3 ABA on MS medium.

Embryos matured on medium supplemented with 8% sucrose and 2.7 mgdm'3 ABA

showed root development and root and shoot development at frequencies up to 43% and

36% respectively (Cuenca et al.,, 1999). Germination of Q. robur embryos occurred on

media with ABA and GA3 (0.2 mgdm'3) after previous culture on WPM hormone free

medium supplemented with 6% sorbitol (Ostrolucka el al., 1996).

M aturation of Sitka Spruce embryonal suspensor masses is greatly affected by the

presence of exogenous ABA. Sitka Spruce embryo development medium was

supplemented with ABA (50 mgdm'3) and yielded up to 230 yellow globular embryos.

Krogstrup, 1988 observed that the use of ABA in maturation medium resulted in

synchronised maturation o f Sitka Spruce somatic embryos. The best maturation in terms o f

morphological characters he reported was obtained on medium with ABA as the sole
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growth regulator. Boulay et al.,, 1988 reported that in ESMs o fPicea abies ABA inhibited
the cleavage process in ESMs and stimulated development of proembryos. On medium
without ABA fewer proembryos developed into mature embryos. Addition of ABA to
coniferous tissue has also been investigated by Gupta and Durzan, 1987a who used 0.5 |iM
ABA to promote embryo maturation from protoplasts of Loblolly pine and by Durzan and
Gupta, 1987 who reported the promotion of embryo maturation by 05 (iM ABA in
embryogenc suspensions cultures of Douglas Fir. Von Arnold and Hakmann, 1988 have
showed that maturation of Norway spruce embryos occurred after treatment with 7.6 (J.M
ABA.

The addition of exogenous cytokinins to the medium in particular
benzylaminopurine proved necessary in the germination of Oak embryo cultures and in
particular for shoot proliferation. Our experiments utiised BAP alone or in combination
w ith exogenous auxins (2,4-D, GA3, IBA). In all experiments induced embryoids were
always transferred to mediums with alow BAP concentration (0.2 mgdm'30.6 mgdm'3) or
initially cultured on medium with low BAP (0.9 pM) concentrations. Results showed that
culture of Oak embryogenic callus on WPM containing 0.5, 1 and 2 mgdm'3 BAP and
subsequent transfer to WPM plus 0.2-0.6 mgdm'3 BAP in the light produced high numbers
of secondary cotyledons (60%-100%) and callus greening (60%-100%). There was
however an absence of both root and shoot proliferation. Results on P24 medium showed
that in the majority of cases culture on medium plus 0.9 |iIM BAP and transfer to P24
m aturation media 1-6 yielded much higher root and shoot proliferation in contrast to
cultures transferred from hormone-free P24 medium. Chalupa, 1987a, 1990a, reported that
germination of Q. robur somatic embryos and formation of plantlets occurred rarely on

medium containing high concentrations of cytokinins. However, transfer of Oak
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embryogenic tissue with induced embryoids to WPM containing a reduced (0.2-0.6 mgdm'

3) cytokinin concentration, culturing them in the light led to callus greening and further

development of embryoids. However, he found that the frequency of conversion to

plantlets was low and the majority of cultures produced somatic embryos which did not

germinate. The germination of Q. acutissima somatic embryos into plantlets was reported

to be stimulated on WPM containing a low concentration of BAP (Sasaki et ah, 1988:

Shoyama et ah, 1992). Q. petraea embryogenic cultures were germinated on MS

containing 2.5 |[xM BAP (Jorgenson, 1988). Chalupa, 1988 suggested that shoot

proliferation of Q. robur cultures was greatly dependent on the type and concentration o f

cytokinin. The number o fshoots recorded on medium w ith low concentrations o fcytokinin

was significantly higher than on media lacking cytokinin. He reported that low BAP

concentrations ranging from 0.1-0.2 mgdm'3 promoted shoot proliferation. Increasing

BAP concentration to 0.4-0.6 mgdm'3 produced the largest number of shoots. Increasing

the concentration o fBAP to 2 mgdm'3produced short shoots with a large callus forming at

the basal part ofthe shoot. Vieitez et ah, 1985 showed that inclusion o f BAP in medium

significantly effected growth and proliferation o fOak shoots.

The introduction o f auxins into maturation mediums in combination with a source

o f cytokinin has proved favourable in the regeneration of somatic embryos ( Kim et ah,

1997; Chalupa, 1990; Ostrolucka et ah, 1996). Exogenous auxins used most frequently are

IBA, GA3 and 2,4-D. Results presented show the effects of all three auxins in

concentrations ranging from 0.1 mgdm'31 mgdm'3 in combination with BAP for

regeneration of Oak embryogenic callus. For all combinations both root and shoot

proliferation failed to occur. Inclusion ofIBA into WPM resulted in both callus greening

and cotyledon formation similar to levels observed in its absence from the medium.

Regeneration on Vi MS medium was less successful with a reduction in cotyledon
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form ation to 0% for some combinations and an absence o fcallus greening on transfer o fall
cultures from Vi MS medium plus BAP (0.5 mgdm'3, 1 mgdm"3, 2 mgdm'3) plus 1 mgdm'3
IBA with the exception oftransfer from 2 mgdm'3BAP plus 1 mgdm'3IBA to WPM plus
0.6 mgdm'3BAP where it was recorded at 100%. Chalupa, 1990 reported that development
of embryogenic cultures of Q. robur was best initiated on MS medium and WPM
containing BAP (1 mgdm'3) plus IBA (0.1 mgdm'3,] mgdm'3).

Chalupa also reported that 2,4-D appeared to be ineffective for stimulation of
somatic embryogenesis in Q. robur cultures and that substitution of IBA for 2,4-D led to
the stimulation of callus formation. Results presented indicate that cultures transferred
from /2 MS medium with BAP (0.5 mgdm'3| mgdm'3, 2 mgdm'3) plus 2,4-D (0.5 mgdm'3,
1mgdm'3) to WPM plus BAP (0.2 mgdm"30.6 mgdm'3) resulted in complete inhibition of
callus greening and a slight reduction in cotyledon formation. Gingus et al., 1989 reported
the production of high embryoid numbers from explants of Quercus cultured on modified
MS medium supplemented with 1 mgdm'32,4-D and 1 mgdm'3BAP. The use 0f2,4-D has
proven to be non-beneficial in the regeneration of other woody species. Bonneau et al.,
1994 reported the presence of somatic embryos in the European spindle tree (Euonymus
europaeus L.) in the presence of IAA and NAA in the induction medium but never with
IBA or2,4-D.

The substitution ofIBA and 2,4-D with GA 3 proved to be of little significance in
our results. GA3 (0.5 mgdm'3, 1 mgdm'3) in combination with BAP (0.5 mgdm'3, 1 mgdm'
3 2mgdm'3) on MS medium and subsequent transfer to WPM plus BAP (0.5 mgdm'3, 1
mgdm'3 , 2 mgdm'3) again showed areduction in cotyledon form ation and the inhibition of
callus greening. Chalupa, 1990 reported that embryogenic tissue of Q. robur produced on
MS medium and WPM containing BAP or BAP plus GA3 could easily be maintained and

subcultured and that within 8-10 weeks globular structures developed in 60-70% of
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cultures. Addition 0f0.2 mgdm'3 BAP or 0.1 mgdm'3 BAP plus 0.1 mgdm'3 GA3to WPM
results in effective epicotyl formation in Q. acutissima cultures (Kim et al., 1997). The
addition o fGA3 to growth medium has been reported to enhance the embryogenic potential
of a number of plants such as fennel (Hunaut et al., 1995) and Camellia japonica
hypocotyls (Vieitez and Bariela, 1990). In some systems GA3 treatment has been reported
to enhance the germination of somatic embryos into plantlets (Culafic et al., 1987; Chang
and Hsing, 1980). Both 2,4-D and BAP have been reported to enhance individual som atic
embryo formation in Sitka Spruce (Krogstrup, 1988).

Thidiazuron has been reported as being among the most active cytokinin like
substances in woody plant tissue culture. Low concentrations (< 1 jxM) can induce greater
axillary proliferation than many other cytokinins. It has however been suggested that TDZ
is more active in stimulating adventitious shoot formation than somatic embryogenesis
(Heutteman et al.,, 1993). Our results with TDZ were in total contrast to previous reports.
Results showed no root or shoot proliferation and complete absence of embryoid or
cotyledon formation. Navarrette el al., 1989 observed that 3 or 10 (iM TDZ stimulated
axillary shoot proliferation in white ash. Chalupa, 1988 showed that TDZ effected
elongation and morphology of Oak shoots very significantly. The presence of TDZ he
reported at very low concentrations (0.001 mgdm'30.004 mgdm'3) promoted shoot
form ation.

The presence o f activated charcoal appeared to increase Oak embryo regeneration
on P24 maturation medium 1. Results showed a substantial increase in the production of
roots and shoots together and a high percentage of cotyledon formation. The inclusion of
2% AC on Vi MS medium and WPM seemed ineffective in regeneration of Oak

embryogenic cultures with results yielding 0% root and shoot proliferation. Jorgenson,
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1988 reported that the embryogenic potential of Q. petraea was greater if activated

charcoal was added to the MS medium plus 2.5 |o,M BAP otherwise embryos turned to calli.

The presence ofAC in Sitka Spruce embryo development medium increases the production

ofgerminating embryos.

The growth ofcultures in the presence or absence oflight in the culture room had a

large eifect on the regeneration o f Oak embryogenic cultures. Transfer o fcultures from the

light to the dark on /2MS medium or WPM for the final stages ofgermination resulted in

all cases in the absence o fcallus greening and a reduction in cotyledon formation. On P24

medium transfer ofcultures from the light to the dark resulted in most cases in a reduction

ofroot and shoot formation. W ilhelm (per comm) suggested that for Q. robur light

conditions favoured development of somatic embryos in general more than cultivation

without light. Survival rate (%) Oak somatic embryos after cultivation in the dark was

reported to be at least 10% below Oak somatic embryos cultured in the light after

desiccation treatment.

We showed that cefotaxime antibiotic had no effect on the growth of Sitka Spruce

ESMs in liquid culture up to 1000 mgdm'3in chapter 3. Sarma et al., 1995 reported a 20%

reduction in stage 2 somatic embryo production in Sitka Spruce in the presence of

cefotaxime with a subsequent reduction of 80% (stage 3 embryos) and 60% (stage 4).

Results however showed that high (800-1000 mgdm'3) concentrations of cefotaxime

reduced the number of germinating embryos produced on Sitka Spruce embryo

development medium by about 10% compared to 0 mgdm'3 cefotaxime. However it did

not effect the subsequent root and shoot proliferation on these embryos on embryo

germination medium. Drake et al., 1997 also reported that cefotaxime had no effect on

tissue growth of Sitka Spruce. However their results reported that cefotaxime inhibited

somatic embryogenesis.
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5.4 Conclusion

To conclude Oak regeneration experiments performed on full or half strength
Murashige and Skoog medium yielded poor results for root and shoot proliferation in the
presence o fall external growth hormones. Regeneration on WPM medium proved slightly
better but did not achieve the production ofwhole plantlets. Results on P24 maturation
media produced results ofa much higher standard and in particular results yielded on P24
maturation medium 1 were particularly promising with the growth o fboth roots and shoots
on the same germinating embryos. It was evident that culture in the light was more
beneficial for both greening and cotyledon formation. The use of 0.9 pM BAP in P24
m aturation medium proved to be advantageous for callus rooting and shooting. However,
external hormones IBA, 2,4-D, GA3and TDZ had anegligible effect on regeneration.
Regeneration of Sitka Spruce embryonal suspensor masses was more successful with the
production o fwhole plantlets complete with roots and w ell established shoots.

The next chapter examines the production o f single cells from both Oak and Sitka

Spruce embryonal cultures
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Optimized Protocol for the Maturation and Regeneration of Oak
Embryogénie Callus Cultures

Preparation of 1dm3P24 medium (0.9 |iM B.A.P.)

\/20cni3dispensed into sterile 9cm Petri dishes

5 pieces o foak callus cultures plated onto each

v /growth room, light, 5-7wks

Preparation o f500 cm30fP24 maturation media 1+6

\/2 0 cm3dispensed into steril 9 cm Petri dishes

From previous 30 plates, transfer 15 plates o fcallus to each P24 maturation media
1+6, /20 feach media type are cultured in light and Vi in the dark

v 7 wks in growth room

Prepare 1 dmJP24 maturation medium type 1

V 20 cm3is dispensed into sterile 9 cm Petri dishes

A ll cultures transferred to P24 maturation medium type 1

s/light, growth room

Cultures were subcultured every 5 wks onto fresh P24 maturation medium and observed
the development o froots and shoots.
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Chapter 6
Production, Regeneration and Agrobacterium -mediated

Transformation of Oak (Quercus robur L.) and Sitka Spruce (Picea
sitchensis (Bong) Carr.) Single Cell cultures.
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6.1 Introduction

W ith the development o fplant biotechnology protoplast culture has become widely
applied to cell biology and molecular biology because of its importance in gene
transformation, somatic hybridisation and variation of somatic clones. Although progress
has already been made in many crop plants the biotechnology of forest trees is behind in
many respects because o fits long regeneration time (Qiao et al., 1998).

Regeneration o f shoots fromprotoplasts is a useful tool for the genetic manipulation
and improvement of plants. There are only a few forest tree species in which plant
regeneration from protoplasts have been successful Pinus glauca (Attree et al., 1987),
Pseudosuga meniesii, Pinus taeda (Gupta and Durzan, 1987; Gupta et al., 1988).

Direct gene transfer using protoplasts has been successful to obtain stable
transgenic plants (Koop et al.,, 1996; D hir et al., 1992; Lazzeri et al., 1991; Shimamoto et
al., 1989). In the majority of studies, researchers used embryogenic cell suspension
cultures as a source ofmaterial. Therefore the use o fembryogenic cultures as a source of
protoplasts offers aunique opportunity to regenerate plants.

The following chapter examines the potential o f single cells o f Oak (Quercus robur
L.) and Sitka Spruce (Picea sitchensis (Bong) Carr.) from embryogenic suspension
cultures. This chapter investigates the growth of embryogenic cultures and single cell
cultures in 24 well multi-well plates and the capacity to regenerate microcalli from cultures
of single cells. Finally, we looked at the possibilty of Agrobacterium-mediated

transformation o fsingle cell cultures o fOak (Quercus robur L.).
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6.2 Results

The production o f single cells from embryogenic suspension cultures ofboth Oak
and Sitka Spruce was investigated. The ability to produce single cells and monitor their
growth in multi-w ell plates could be seen as another method o f assessing embryogenesis in
both tree species. Production of single cell cultures would lead to a second source of
m aterial for transform ation experiments.

The following chapter assesses ways of producing single cells from embryogenic

cultures.

6.2.1 Manufacture ofa Plate Reader for Continuous Monitoring of Cell Grow th

In order to quantitatively measure growth o f isolated single cells in culture, it was
necessary to use a device that could measure growth in small volumes (1-2 cm3) with a
high accuracy and precision. This was achieved using a 24 well multi-well plate reader

described in section 2.3.2. A photograph o fthe readeris shown in Plate 6.1.
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Plate 6.1

External (top) and internal (bottom) view of 24 well plate reader used to continuously

monitor cell growth in the plant culture room. The arrow shows the position ofthe LDR

over which each well o fthe plate sits.
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6.2.2 Monitoring of Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.)

Embryonal Suspensor Masses in the 24 well Multi-Well Plate Reader

Growth of Sitka Spruce embryonal suspensor masses in 24 well multi-well plates
needed to be assessed, firstly to see if the plate reader was working and secondly to assess
its suitability for monitoring the growth ofembryonal suspensor masses.

From a freshly subcultured flask of Sitka Spruce embryogenic suspension cells, 1
cm3 aliquots were taken and placed in the individual wells of a sterile 24 well multi-well
plate. The 24 well plate was sealed with a single layer of parafilm being careful not to
splash the cells onto the lid o fthe plate. Splashing would have led to inconsistencies in the
readings. The plate was then inserted into the plate reader which was located on top of a
gyratory shaker set at 100 r.p.m. in the plant culture room. The plate reader was set to
continuously read the OD (IA 565mm = 25gdm'3 fr. wt)ofthe plant cells and readings were
saved periodically onto a floppy disc to avoid loss of results. A number of wells were
selected (Fig. 6.1) and the mean of their readings taken for certain time intervals. The
graph shows that there was an increase in cell growth for all wells from 0h-250h. Plates
were removed from the plate reader and checked for bacterial contamination on a twice
daily basis to ensure that increases in readings were not due bacterial comtamination.
However, it was observed that beyond this period the plate reader was not suitable for
reading these cells as the well volume restricted continued growth. It was observed that the
cells became highly aggregated.

Results here show that the plate reader was working effectively and could be used
for monitoring cell growth. It appears that it would be more suitable for monitoring single
cell growth due to the limited capacity ofthe wells in the multi well plate. Cultures grow

equally well in light and dark so light does not appear to be an important for growth of
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embryo cultures. Green light is at a minimum for phytochrome. The next section

investigates the production ofboth Oak and Sitka Spruce single cells from embryogenic

cultures.
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Time from start (h)

Figure 6.1

Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) embryonal suspensor masses in a
24 well-multi well plate. The mean growth of cells (OD) in wells 7, 9 and 20 was

calculated and graphed. The experiment was carried out in duplicate and standard errors o f

the mean are included.
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6.2.3 Pectinase Digestion of Oak (Quercus robur L.) and Sitka Spruce (Picea sitchensis

(Bong) Carr.) Embryogenic Suspension Cultures

In orderto produce single cells the first factor investigated was the use o fpectinase
to release embryogenc heads from the suspensor cells.

Aliquots of 5 cm3 ofboth MS medium and Sitka Spruce embryogenesis initiation
media were aseptically transferred to sterile 20 cm3 Universal bottles. Pectinase
concentrations of 0 gdm'3, 0.01 gdm'3, 0.03 gdm'3, 0.05 gdm'3, 0.07 gdm 3 and 0.1 gdrrf3
were added to the media. The mixtures were then filter sterilized. The contents of 7d old
Oak and Sitka Spruce suspension cultures were sieved through 500 jam mesh. The cell
retentate was weighed in a sterile petri dish and to each Universal bottle 0.5 g fr. wt. of
cells were added. The cells were vortexed at lu Il speed for 40s and placed on a shaker at
100 r.p.m in the plant culture room for 9h. Samples were then removed and 200 jil aliquots
were observed under 10 X magnification and images recorded using the OPTIMAS 6
image analysis programme.

The progression in cell digestion can be seen for Oak in Plate 6.2. At 0 gdm'3
pectinase cells were highly aggregated embryogenic clusters however, at increased enzyme
concentrations it could be clearly seenthatindividual cells and m ulti cell clusters started to
dissociate themselves from the main cell clumps. At concentrations above 0.03 gdm'3
pectinase, virtually all ofthe cell clumps were digested and only single cells remained in
culture after 9h.

Pectinase digestion of Sitka Spruce embryonal suspensor masses can be seen in
Plate 6.3. Again as with Oak there was an obvious progression from 0 gdm'30.1 gdm'3

pectinase. Pectinase concentrations of 0.01 gdm'3 and 0.03 gdm'3 appeared to simply
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separate the stage 1 embryos from each other but left the basic structure of embryogenic
head with elongated suspensor cells attached intact. Increasing the concentration to 0.05
gdnf3 resulted in the detachment of the majority of the suspensor cells from the
embryogenic head. To dissociate single cells from the embryogenic head the pectinase
concentration needed to be increased to 0.07 gdm'3-0.1 gdm'3. However, although single
cells were now evident they tended to be mixed with cell fragments and suspensor cells. In
order to free cultures of cell debris a method of fractionation needed to be investigated.

The following experiment investigates this notion o f cell fractionation.
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Plate 6.2
Digestion o fOak embryogenic suspension cultures in different concentrations o f pectinase.

Plate shows Oak cells following a 9 h digestion in 0 gdm'3(A), 0.01 gdm'3(B), 0.03 gdm'3
(C), 0 gdm'3 (D), 0.07 gdm'3(E) and 0.1 gdm'3(F) pectinase in MS medium. Images were
obtained using the OPTIMAS 6 image analysis programme under 10 X magnification. Bar

=2mm (A), 150 Nim3 (B, C, D), 60 *m3(E, F).
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Plate 6.3 Digestion of Sitka Spruce embryogenic suspension cultures in different
concentrations o f pectinase. Plate shows Sitka Spruce cells following a 9 h digestion in 0
gdm'3 (A), 0.01 gdm'3(B), 0.03 gdm'3(C), 0.05 gdm'3 (D), 0.07 gdnf3 (E) and 0.1 gdm'3 (F)
pectinase in Sitka Spruce embryo initiation medium. Images were obtained using the
OPTIMAS 6 image analysis programme under 10 X magnification. Bar = 200 |am (A, B,
C,D), 30 pm (E, F).
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6.2.4 Pectinase Digestion and Percoll Fractionation of Sitka Spruce (Picea sitchensis

(Bong) Carr.) Embryonal Suspensor Masses

In orderto produce cultures which consist solely ofembryogenic head single cells,
a method for separation of embryogenic head single cells from suspensor cells was
investigated. Klimaszewska, 1989 produced protoplast cultures o fLarix X eurolepis using
a discontinuous Percoll density gradient.

From the previous experiment a pectinase concentration of 0.07 gdm'3 pectinase
was identified as the optimum enzyme concentration for the production ofsingle cells. The
pectinase solution was prepared as in the previous experiment and 0.5 g of 7d old cells
were added. Digestions were vortexed at full speed for 40s and placed on a shaker at 100
r.p.m in the plant culture room for a 9h incubation period. Digestions were then removed
and vortexed for a further 40s before spinning for 15 min at 4,000 x g in a centrifuge. The
enzyme was then decanted and discarded. The cell pellet was resuspended in 1.2 cm3of
Sitka Spruce embryogenesis initiation medium. An optimum Percoll concentration was
obtained in the laboratory by a taught masters student under my direct guidance and
supervision and this was then utilized in this experiment. A 90% Percoll stock was pre
prepared from which a 19 % Percoll solution was prepared (0.95 cm'30f90% Percoll stock
and 4.05 cm3ofembryogenesis medium). Priorto fractionation a 100 fil aliquot was taken
from the cell suspension and examined under 10 X magnification on a compound
microscope. The number of intact embryogenic heads and free suspensors in the sample
were recorded. O fthe resuspended mixture o f heads and suspensor cells 1 cm3 was added
to 5cm3o0f19% Percoll and centrifuged at 4,000 x g for 40 min for fractionation to occur.

The top fraction was removed and discarded and from the pellet a 100 (il sample was taken
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for examination of embryogenie head and suspensor cell numbers. Al samples were

examined under 10X magnification and embryogenie heads and suspensor cells counted

using a cell counter. The remainder of the pellet was resuspended in another 5 cm3 of

pectinase mixture and incubated as above for 5-6h. The enzyme was again removed as

before and another 100 |il sample taken for examination. The remainder ofthe cells were

transferred to a 24 well plate and their growth monitored. Growth w ill be discussed in the

next section.

The reduction in the number of intact embryogenie heads following fractionation

and again following the second digest is evident in Figure 6.2. The frequency o f suspensor

cells following fractionation decreased from over 600 to less than 200 and again to less

than 100 following the second digestion. It was clear that fractionation reduced the

suspensor cell content but they were still present. The next section examines how well

these single cells grew in 24 well multi-well plates when monitored with the multi-well

plate reader.
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Figure 6.2

Pectinase digestion and Pereoll fractionation of Sitka Spruce embryonal suspensor masses.
Graphs show the number of embryogenic heads and suspensor cells present after each
digestion and fractionation. Samples of 100 \0 were observed on the compound

microscope under 10 X magnification.
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6.2.5 Growth of Sitka Spruce (Picea sitchensis (Bong) Carr.) Single Cells in 24 Well

Multi-W ell Plates

Following pectinase digestion and Percoll fractionation whether or not these embryogenic
head single cells would grow in 24 well plates was analysed.

The pellet from the second pectinase digestion was resuspended in Icm3 of Sitka
Spruce embryogenesis initiation medium. A number of digests had been carried out and
therefore an abundance ofcells were available for manipulation. 50% dilutions with fresh
Sitka Spruce embryogenesis initiation medium and embryogenic head single cells were
prepared up to 1 cm3and placed in the wells o fthe 24 well multi-well plate reader. The 24
well plate was sealed in a single layer ofparafilm and inserted into the plate reader in the
plant culture room on a shaker at 100 r.p.m. Growth was monitored for 8d.

Cell growth increased from Od (Fig. 6.3) and was still increasing at 7d. Incontrast
to growth ofembryonal suspensor masses there was no clumping or contamination and it
appeared that cells could have remained in the wells for a much longer growth period. The
24 well multi-well plate readers proved suitable for the culture ofembryogenic head single

cells asthey continued to grow up to 7d without contamination or clumping.
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Figure 6.3

Growth o f Sitka Spruce single cells in 24 well multi-well plates. Growth was monitored in
a 24 well multi-well plate reader in the plant culture room. Results were recorded from 3

wells and experiments were carried out in duplicate and standard error bars included.
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6.2.6 Production and Regeneration of Oak (Quercus robur L.) Single Cells

Oak single cells can be produced by pectinase digestion. However, pectinase is
impure and can lead to complete cell digestion. A method of single cell production other
than pectinase digestion was investigated in the experiments below.

Oak embryogenic suspension cultures were transferred to MS medium with a 100-
fold reduction in BAP from 1 mgdm'3to 0.01 mgdm'3. Cultures were left in the growth
room on a shaker at 100 r.p.m for IOd. A 1 cm3 sample was taken and image analysis
performed on the OPTIMAS 6 image analysis programme. The single cells were sieved
out with a 500 micron mesh and subcultured into MS medium with an increased BAP
concentration of 100 fil. Again cultures were placed in the growth room for a further 10d
and a 1 cm3 sample taken again for image analysis. Cultures were then subcultured onto
MS medium with 0.20 mgdm'3o0fBAP and treated as above. The final subculture was onto
MS medium plus 0.3 mgdm'3 of BAP. Image analysis samples were analysed for single
cell growth and regeneration into callus. Cell samples (100 (il) were taken aseptically
every 5d and viability studies carried out with Evans blue (Imgdmf ).

Results show thatreducing the BAP concentration leads to the dissociation o f single
cells from larger callus pieces in suspension culture (Plate 6.4). Results also show that
increasing the BAP concentration induced the development ofcell clusters and micro-calli
from these dissociated single cells. Cell viability o fdissociated single cells decreased from
Od but levelled o ffagain at 30d to approximately 65% (Fig. 6.4).

Large volumes o fsingle cells were then available for experimentation. The next set
of experiments examines the growth of Oak single cells in varying concentrations o f
cefotaxime. Agrobacterium-mediated transformation of these dissocitaed single cells

should be possible and the following experiments examine this theory.
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Plate 6.4

Growth of Oak embryogenic cells in increasing concentrations of benzylaminopurine.
Plate shows growth of Oak single cells (A) produced from decreasing the BAP
concentration from 1 mgdm’3 to 0.01 mgdm'3 in suspension cultures. Every 10d the
concentration was increased from 0.1 mgdm'3 (B) to 0.2 mgdm'3 (C) and finally at 30 d to
0.3 mgdm"3 BAP (D). Images were taken using the OPTtMAS 6 image analysis

programme under 40 X magnification Bar =15 jim.
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Figure 6.4

Cellviability (%) ofdissociated Oak single cell cultures. 100 (il samples were stained w ith
Evans blue and examined under 10 X magnification on a compound microscope. Samples

were taken in duplicate and standard errors o fthe means are included.
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6.2.7 Growth of Oak (Quercus robur L.) Single Cells in Varying Concentrations of

Cefotaxime Antibiotic

The growth o fdissociated Oak single cells in varying concentrations o f cefotaxime
antibiotic was assessed with aview to transforming single cells with Agrobacterium.

The contents offive 7d old liquid cultures of Oak single cells were dispensed into
20 cm3 sterile Universal bottles in 6 cm3 aliguots and spun down at 3,500 x g for 10min.
The supernatant was removed and cells were resuspended in 6 cm3 of MS in different
concentrations of cefotaxime antibiotic 0 mgdm'3, 500 mgdm'3, 1000 mgdm'3 and 2000
mgdm'3. In a24 wellplate, the medium plus cefotaxime plus Oak cells were dispensed in 1
cm3aliquots perwell filling 6 wells per antibiotic concentration. Plates were sealed with a
single layer of parafiim and placed on a gyratory shaker at 100 r.p.m in the plant culture
room. Cellgrowth readings were taken three times a day for 7d.

Results show that as was previously found with Oak embryogenic suspension
cultures, concentrations cefotaxime above 500 mgdm'3 hinder cell growth (Fig. 6.5).
Growth at 1000 mgdm-3 and 2000 mgdm'3 cefotaxime concentration resulted in a decrease
in cell growth after Id.

Cefotaxime was proven to be suitable for the elimination of Agrobacterium at
concentrations o f500 mgdm'3and below. These results lead the way for the transform ation

ofsingle cells and this was investigated in the following experiment.
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Figure 6.5

Growth of Oak (Quercus robur L.) single cell suspensions in different concentrations o f

cefotaxime antibiotic (0 mgdm'3 - 2000 mgdrn'3). Cell growth was monitored in a 24 well

m ulti-w ell plate reader in the plant culture room. Results were taken from the average of 6

wells pertreatment. The experiment was carried out in duplicate and standard error bars ae

included.
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6.2.8 Agrobacterium-mediated Transformation of Oak (Quercus robur L.) Single Cell

Cultures

Expression of GUS A gene in Oak single cell cultures was investigated in the
following experiment.

From 7d old Oak single cell suspensions, 5 cm3 aliquots were dispensed into sterile
20 cm3Universal bottles. Samples were spun down for 15min at 3,500 x g and the medium
removed and discarded. Cells were resuspended in a 50% dilution ofan overnight culture
ofAgrobacterium LBA4404::pBl1121 plus 25 pM acetosyringone in MS medium to 5 cm3.
Cells were incubated in the bacterial suspension for 60min on a shaker at 100 r.p.m in the
plant culture room. Cells were then spun again for a further 15min at 3,500 g and the
supernatant removed and discarded. The cells were washed twice in sterile distilled water
and finally resuspended in 5 cm3 of MS minus antibiotics and co-cultivated with the
residual Agrobacterium for 48h on a shaker at 100 r.p.m in the plant culture room.
Following co-cultivation, cells were again spun to remove the medium and resuspended in
5 cm3 of MS plus 500 mgdm'3 cefotaxime antibiotic to inhibit further growth of
Agrobacterium. Every 3d a 100 jal sample was taken and a histochemical assay performed
to test for the continued expression ofthe GUS A gene. The cells were subcultured as
normal every 10d. Control transformations were carried out in the same manner but with
Agrobacterium LBA4404 which did not contain the plasmid.

GUS A expressing Oak single cells can be seen in Plate 6.5. The blue colouration
confirms expression ofthe GUS gene. Cell numbers were not recorded as this was simply
an experiment to investigate whether or not transformation would occur. Control

transform ations failed to stain blue.
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C 1 ~ 1

Plate 6.5

Oak single cells and cell aggregates expressing GUS A gene at 5d (A), 10d (B), 20 d (C)
and 30 d (D) after inoculation with Agrobacterium dilutions. Bar = 60 |xm3. Debris seen

around cells (C) were single cells which burst and released their contents to the

environment.
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6.3 Discussion

The main aims o f producing single cells from embryogenic suspension cultures of
Oak (Quercus robur L.) and Sitka Spruce (Picea sitchensis (Bong) Carr.) were both to
study regeneration ability and to eventually transform cells and produce a whole
transformed plantlet.

The production of a 24 well multi-well plate reader to monitor cell growth in 24
well multi-well plates proved extremely fruitful for monitoring single cell growth in
particular. Previous reports on protoplast culture of woody species have cultured
protoplasts in petri dishes ranging in size from 60mm-3.5 cm in diameter (Wang et al.,
1995; Brison et al., 1990). The use ofthis 24 well multi-w ell plate reader allowed for non-
invasive monitoring of cell growth, in contrast to petri dish culture which needed to be
sampled and thus introducing the element o fpossible contamination.

An important factor in single cell isolation is to establish rapidly growing cell
suspensions o fdonor species. Oak and Sitka Spruce embryogenic suspension cultures at 7d
after subculture were used as a source o fcells in this experiment. In the m ajority o f studies
on protoplast culture, suspension cultures ranging from 3d-7d after subculture were used.
Fowke et al.,, 1995 reported that embryogenic suspensions o f spruce consisting ofimmature
embryos are excellent source o fregenerable protoplasts.

Methods for isolation of protoplasts vary considerably in published reports. Al
reports included an enzyme digestion step. The optimum pectinase concentration for
producing Sitka Spruce single cells was recorded at 0.07 gdm'3 for 9h and a second
digestion for 5- 6h on a gyratory shaker at 100 r.p.m. A combination of cellulase and
macerozyme digestion was utilised in most reports of protoplast production (Wang et al.,

1995; Qiao et al., 1998; Klimaszewska, 1989; Brison et al., 1990). Digestion times ranged
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from 1.5h-6h. A ll digestions were incubated in plant culture rooms on a gyratory shaker at
speeds ranging from 16 r.p.m-40 r.p.m. Single cell cultures of Oak were produced by
incubating embryogenic suspension cultures in 0.07 gdm'3 pectinase for 9h. However, as a
cheaper and more efficient alternative single cell cultures o f Oak could be easily produced
by reducing the concentration of benzylaminopurine in the medium. Embryogenic head
single cells o f Sitka Spruce were separated from single suspensor cells and cell debris by a
19% Percoll density gradient. Pellets formed contained embryogenic head single cells
whereas the middle and top fractions contained cell debris and suspensor cells. A
discontinuous Percoll density gradient has been used for protoplast fractionation ofLarix X
eurolepis (Klimaszewska, 1989). Ficoll density gradient separation has been performed for
the production ofroot protoplasts o fQ. rubra L. (Brison et al., 1990).

Regeneration o fwhole plants from protoplast cultures has been reported for Larix X
eurolepis (Klimaszewska, 1989); Populus alba L. (Qiao et al.,, 1998); Simon populus
(Wang et al., 1995). Brison et al., 1990, reported callus regeneration from root protoplasts
ofQuercus rubra L. Protoplasts from embryogenic material can be regenerated to embryos
and consequently to plants in Q. petraea (Jorgenson, 1993). Studies carried out on Picea
abies by Egertsdotter and von Arnold, 1993 revealed that even with this model conifer
species problems with the regeneration of protoplasts were experienced. Protoplasts
derived from embryogenic cultures which grew well in suspension and exhibited an
embryogenic head ofloosely packed cells went on to enter the embryogenic pathway and
continued to grow to give rise to somatic embryos. However it was noted that fewer
protoplasts from these suspension cultures entered the embryogenic pathway than did
protoplasts derived from embryogenic cultures which grew well on solid media and
exhibited an embryogenic head region ofdensely packed cells. These protoplasts however,

did not continue to grow and give rise to somatic embryos. Increasing the BAP
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concentration in Oak (Quercus robur L.) single cell cultures resulted in the formation of
large cell aggregates and micro-calli after 40d in culture. Studies on the regeneration of
Sitka Spruce protoplasts were not carried out. However it has been reported that for
protoplast cultures of Loblolly pine and Douglas fir, the colonies of regenerated
embryogenic tissue originated from small highly cytoplasmic protoplasts rather than larger
vacuolated suspensor protoplasts (Gupta and Durzan, 1987; Gupta et al., 1988). Behrendt
and Zoglauer, 1996 reported that protoplasts prepared from an embryogenic suspension
culture oflLarix decidua M ill, required high levels ofboric acid (100 mu M ) in order for
the compact colonies formed to produce polar suspensors.

Successful transform ation o f protoplast cultures has been reported for a number of
plant species, Triticum-aestivium L. (Zaghmont, 1994); Oryza-sativa (Biswas et al., 1994);
Poplar spp. (Chupeau et al., 1994); Glycine max [L.] Merr. (Dhir et al.,, 1992). Al
transformations however were carried out by electroporation or polyethylene glycol with
the exception ofwheat which was transformed by Agrobacterium-mediated transform ation.
Transient Agrobacterium-mediated transform ation of Oak (Quercus robur L.) single cells
was confirmed by the presence o fblue stained cells following a histochemical GUS assay.
The ability of single cells to continuously grow in medium containing concentrations o f
cefotaxime antibiotic as high as 500 mgdm'3 allowed for the use of cefotaxime in the

elimination o fAgrobacterium after the co-cultivation period.
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6.4 Conclusion

Suspension cultures o f single cells of Oak (Quercus robur L.) and Sitka Spruce
(Picea sitchensis (Bong) Carr.) were produced from 7d old embryogenic suspension
cultures. The growth ofsingle cell cultures was continuously monitored with the use ofa
24 well multi-well plate reader constructed in the laboratory. Growth of Oak single cells
was monitored in MS medium containing cefotaxime antibiotic. Oak single cells were
capable of growing in concentrations of cefotaxime as high as 500 mgdm'3. Oak single
cells were regenerated to micro-calli by increasing the BAP concentration in the medium.
Oak single cells expressing the GUS A gene were achieved using the Agrobacterium
tumefaciens strain LBA4404::pBI1121 containing the gus and npt Il genes. These results

lead the way to the production ofwhole Oak plantlets expressing the GUS A gene.
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Optimized Protocol for the Production of Oak Single Cell Cultures From
Embryogénie Suspension Cultures

Preparation of 1 dm3MS medium (200 mgdm'3L-glutamine, 0.01 mgdm"3BAP)

v 50cm3dispensed into sterile 250 cm3Erlenmeyer flasks

Oak embryogenic suspension cultures sieved through 100 jam mesh and transferred to 250
cm3Erlenmeyer flasks plus 50 cm3MS (200 mgdm'3 L-glutamine, 0.01 mgdm'3BAP.)

v growth room, IOOrpin, 10d

Cells sieved (100 (ammesh) and cell aggregates removed and discarded
Single cells and small cell aggregates subcultured into fresh MS medium (200 mgdm'3 L-
glutamine, 0.01 mgdm'3BAP.)

V
Single cells subcultured as normal every 10d into fresh MS medium (200 mgdm'3L-
glutamine, 1 mgern3BAP.)

To reform cell aggregates from Oak single cell cultures increase the BAP concentration in
the MS medium to 1 mgdm'3and subculture every 10d into fresh MS (200 mgdm'3L-
glutamine,! mgdm'3B.A.P.)

257



Optimized Protocol for the Production of Sitka Spruce Single Cell
Cultures From Embryonal Suspensor Masses

Sieve (100 (im mesh) 7d old cultures of Sitka Spruce

N\
Pectinase (0.07gdm ) dissolved in 5 cm® Sitka Spruce embryogenesis, embryo

medium and filter sterilize into sterile 20 cm3plastic universal

V
0.5 g ESM added to pectinase solution

\ / vortex 40s, 100 rpm, 9h, growth room
Cells vortexed 40s and centrifuged to pellet cells

V" 15 min, 4,000 g
Supernatant removed and discarded
Pellet resuspended in 1.2 cm3 Sitka Spruce embryogenesis, embryo initiation

Y

1cm sample removed and added to 5 cm” 19% Percoll solution in 200m35terile plastic
Universal, Sample centrifuged to fractionate

N /40 mill, 4.000 g
Remove top fraction and discard

V
Resuspend pellet in 5 cm3pectinase solution

\7vortex 40s, 100 rpm, 5-6h, growth room
Vortex 40s and centrifuge to pellet cells

Discard supernatant and resuspend cells'in 5 cm® Sitka Spruce embryogenesis,
initiation medium

\7
In a sterile 24 well multi-well plate add 0.5 cm3of Sitka Spruce embryogenesis,

initiation medium plus 0.5 cm3of cells from sample to give a 50% cell dilution. Place on
shaker in growth room
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Chapter 7

General Discussion
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7.1 General Discussion

The ability to develop somatic embryo cultures from a number of softwood
(Hakman and Yon Arnold, 1985; Gupta and Durzan, 1987a; Durzan and Gupta, 1987,
Hakman and Fowke, 1987a; Krogstrup et al., 1988; Boulay et al.,, 1988) and hardwood
(Chalupa, 1985b; EI Maatoui and Espagnac, 1987; Gingus and Lineberger, 1989; Feraud-
Keller and Espagnac, 1989; Manzanera et al., 1992) species, has led to increased
experimentation into the production of transgenic trees. The application of classical
breeding techniques to tree species has been limited by their long regeneration times.
Genetic engineering of somatic embryo cultures is potentially useful in forestry as specific
genetic changes could be made in a relatively short period of time. However, the major
limitation of genetic engineering of somatic embryos is the low frequency of somatic
embryo conversion to plantlets.

Agrobacterium is capable of infecting a number of conifer (Sederoff et al., 1986;
Ellis et al, 1989; Loopstra et al., 1990; Stomp el al., 1990; Bergmann and Stomp, 1992;
Confalonieri et al., 1994; Tzfira et al., 1996) and Quercus species (Evers et al., 1988; Roest
et al., 1991) and was therefore the transformation method of choice for our experiments.
Agrobacterium-mediated transformation is inexpensive in comparison with biolistic
methods of transformation. Before commencing any transformation procedures with
Agrobacterium a number of preliminary experiments were carried out. Most importantly, a
method of eliminating Agrobacterium from the cultures following transformation was
examined. Results showed that concentrations of cefotaxime as high as 1000 mgdm‘3
allowed for the continued growth of both Oak and Sitka Spruce embryogenic suspension
cultures. Cultures required the continued presence of cefotaxime for at least a further 5-6

subcultures to ensure complete elimination of the bacteria. Levels of cefotaxime must
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remain as high as 500 mgdm’3for the duration ofall subcultures as it is capable of breaking
down in the presence of light. Studies suggested the use of timentin as an alternative to
cefotaxime (Naubery et al.,1991; Cheng et al., 1998). Lower levels of timentin (150
mgdm'3) were required to eliminate Agrobacterium from transformed tobacco plants. The
effects of timentin on the growth of Oak and Sitka Spruce cultures would however need to
be investigated. Experiments on the maturation of Sitka Spruce ESMs showed that
although cefotaxime had an effect on the number of embryos produced (Figure 5.25) in
embryo development medium, the subsequent germination of these embryos into plantlets
was not significantly different (Fig. 5.26) to results produced in the absence of cefotaxime.
Sufficiently large numbers of embryos were still produced and therefore a reduction due to
the presence of cefotaxime was not a major concern.

The selectable marker NPT Il which confers resistance to a number of amino
glycoside antibiotics (Herrrera-Estrella et al., 1988) has been routinely used in a number of
transformations for the selection oftransgenic plant material (Loopstra et al., 1990; Roest et
al., 1991; Bommineni et al., 1993, 1994; Shin et al.,1994; Howe et al.,, 1994; Charest et
al., 1996; Drake et al., 1997; Gonzalez et al., 1998). Kanamycin was shown to have no
inhibitory effect on the growth of the cultures (Fig. 3.5, 3.13) in fact, levels as high as 700
mgdm'3 seemed to reduce the doubling time of the Sitka cultures (Fig. 3.6, 3.14).
However, Drake et al., 1997 while working on Picea sitchensis ESMs on solid medium
reported inhibition of growth of cultures at 5 mgdm'3. A possible explanation for this large
difference may be that Drake and his co workers were working with a different clone of
Sitka Spruce (IL-1, IL-2, IL-3) which had been maintained on Selby MPM medium with
I0jaM 2,4-D (John et al., 1995). Culture in suspension medium leads to a relatively
homogenous and finely dispersed culture at a relatively fast rate. Drake et al, results may

have been more understandable ifthey had cultured their Sitka in liquid rather than on solid
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medium where only certain areas of the culture may have been in direct contact with the
medium. Paromomycin as an antibiotic proved strongly inhibitory to our Oak and Sitka
Spruce (30 mgdm'3, 3 mgdm'3 embryogenic suspension cultures in the short term growth
studies. It was obvious however in cultures of Oak which had been expressing 3
glucuronidase activity for up to 1year (Plate 4.1) that some cells had escaped the effects of
paromomycin and were present between large sections of ~-glucuronidase expressing
tissue. Park etal., 1998 examined two selectable markers in the transformation of tobacco,
phosphinotricin acetyl transferase (PAT) and hygromycin phosphotransferase (HPT).
Experiments were carried out to determine the lethal level of the herbicide glufosinate-
ammonium (phosphinotricin) (PPT) using a leafdisc regeneration assay established that no
shoots regenerated at 2-4mg PPT per 1. With the antibiotic hygromycin no plants
regenerated at 50 mg per 1. In contrast after co-cultivation of the leaf discs with
Agrobacterium tumefaciens containing either PAT or HPT gene in combination with a Bt
gene for insect resistance plants were successfully regenerated from leafdiscs at 2-4 mg per
1PPT and 50 mg hygromycin per 1. However plants regenerated at 2 and 3 mg PPT per 1
were found to be non-transformed. This study showed a significant level of cross
protection and/or transient expression of the PAT selectable marker gene allowing 95-
100% escapes at selection levels of 2-3 mg PPT per 1 which completely kill controls. On
the other hand, the HPT gene at 50 mg is efficient in selecting for T-DNA integration.
Agrobacterium-medated transformation of sugar pine (Loopstra et al., 1990) revealed that
following transformation with the NPT Il gene as a selectable marker not all callus lines
expressed NPT Il activity. It was also reported that not all NPT Il positive callus lines had
the same level of activity. Some lines also survived selection but had no detectable NPT 11
activity. Stable transformation of black spruce was reported by Charest et al., 1996.

Cotyledonary somatic embryos and suspensions from embryonal masses were transformed



via particle bombardment. Charest reported a high percentage of tissues escaped
kanamycin selection without being genetically transformed. With a low frequency of
transformed tissue recovery it was questionable if kanamycin selection had any effect.
However kanamycin toxicity data indicated that there was a proportion of cells that were
killed and that selection was occurring. Liquid selection appeared more effective in
eliminating non-transformed or non-expressing tissues.

The use of P-glucuronidase as our reporter gene proved highly successful and
assays were easily performed. The major disadvantage however was the destruction of
valuable transformed material at regular intervals (3-5d) to carry out histochemical assays.
The green fluorescent protein (GFP) is proving to be very useful as a reporter gene because
it requires no additional substrate to assay merely excitation with near ultra violet (U.V.) or
blue light. The advantage of GFP is that assays can be carried out in a non-destructive
manner and therefore continued presence of the gene can be monitored without
destructively harvesting valuable material. The fluorescence of GFP is very stable and
easily visible under normal room fluorescent lighting (Chalfie el al., 1994). Eu et al., 1998
reported on the use ofthe chlorophyll florescence assay for kanamycin resistance screening
in transgenic plants. Chlorophyll fluorescence has been widely used as a quantitative,
sensitive and non-destructive technique to screen photosynthetic mutants (Bennoun and
Levine, 1967; Yorvan et al., 1983) and to evaluate plant disease progression (Peterson and
Aylor, 1995). It should be possible to apply the chlorophyll fluorescence assay to the
screening of transgenic plants carrying selectable marker genes which detoxify amino-
glycosides, since these antibiotics inhibit protein synthesis by binding at several sites
involved in the translation process. Eu et al., 1998 using this chlorophyll fluorescence assay
was able to score kanamycin sensitive tobacco plants which had been transformed with the

NPT Il gene via Agrobacterium. This demonstrates its use as a reliable and efficient non-
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destructive assay for kanamycin resistance screening oftransgenic plants. The assay can be
used to screen any plant with green tissues showing resistance to a chemical. It may be
advantageous to study the use of this assay with paromomycin as a non-destructive method
of assaying Oak and Sitka Spruce cultures. However, it would only be of use for assaying
maturing cultures at the later stages of development due to the absence of a green pigment
in the early stages of embryogenic cultures.

Workable transformation protocols for transient transformation of Oak and Sitka
Spruce embryogenic suspension cultures were developed. Results for the transformation of
Sitka Spruce ESMs in liquid culture differed from those reported by Drake et al., 1997 with
Sitka Spruce ESMs on solid medium. Incubation times and acetosyringone concentrations
differed. However, numbers of GUS positive loci per gram of cells were significantly
lower than those recorded in our experiments (Table 4.14). These variations could be
explained by the fact that the cell lines used were different and the fact that our experiments
utilized ESMs in liquid culture whereas Drake et al., utilized ESMs on solid medium.
Humara et al.,, 1998 reported on the significance of introns to enhance gene expression.
Drake et al., used a CaMV35-gw.y-intron gene in their transformations. Humara
experienced an increase in gene expression in pine species by the addition of the intron
Shrunken-1. In the pine species tested, the SW-intl increased transient GUS expression
from 2 to 6-fold compared to the intron-less construction. This construct also eliminates
Bacterial expression. The construct used in our experiments did not contain an intron and
this should therefore be considered when designing future experiments to achieve stable
transformation.

Gus expression was present in transformed Sitka Spruce (Plate 4.2.) cultures for up
to 4-5 months and up to 1 year for transformed Oak embryogenic cultures (Plate 4.1).

Reasons for transgene loss are unknown but a number of hypotheses have been developed.
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Several factors relating to integration and structure of the transgene DNA such as number
of transgenic copies, position in the genome, and methylation, may greatly influence
expression of transgenes. Transgene silencing is the inactivation of transgene expression
despite the presence of an unchanged but possibly methylated transgene sequence in the
plant genome. Transgene silencing is associated with specific changes in the transgene
integration pattern. The presence of multiple copies at the integration locus was reported to
be a causative factor in transgene silencing (Matzke and Matzke, 1997). This phenomenon
of transgene silencing is the most plausible reason for the loss of transgenes in our
transformed embryogenic cultures. In the optimization of our transformation protocols it is
possible that we incubated the cultures with too large quantities of Agrobacterium resulting
in the integration of multiple copies of our transgenes. Although single copy transgenes
can be inactivated (Meyer et al., 1992) transgene inactivation generally occurs at highest
frequencies when multiple copies of the gene are integrated either in a single insertion site
or when dispersed throughout the genome (Finnegan et al., 1994). Transgene silencing in
rice was recently reported (Chareonpomwattana et al., 1999) and was thought to be due to
multiple copies ofthe gene at the integration locus.

A number of methods for improving transgene stability have been suggested; 1). the
selection of transgenic plants which contain a single intact copy of the transgene 2).
inclusion of nuclear scaffold or a matrix attachment region flanking a transgene can
increase the level and reduce the variability associated with transgene expression in plants
3). the use of enhancers from tissue specific or developmentally regulated genes may
ensure the expression of linked transgenes occurs in the appropriately regulated manner
(Pawlowski et al., 1997).

Transformed Oak embryogenic cultures expressed p-glucuronidase activity up to 1

year in culture. Southern blot analysis was not carried out due to the lack of transformed
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tissue. Results showed that the highest number of GUS positive loci identified per gram of
transformed tissue was 627 (Table 4.7). Taking into account that each cell is
approximately 60 (j.m3cell size this produces a transformation efficiency of approximately
0.0063%. It was estimated that to carry out Southern hybridization analysis, at least 10 g of
P-glucuronidase expressing tissue would be required. To produce 1 g oftransformed tissue
up to 20 cell doublings are required and this alone would take up to 200d in culture. As
mentioned continuous assaying oftransformed tissue to confirm continued p-glucuronidase
activity leads to the destructive harvesting of a large quantity of transformed tissue.
Repetitive sampling also led to contamination due to continuous disruption of cultures. We
feel however that Oak embryogenic cultures assayed 1 year after transformation which
exhibited evidence of large GUS expressing sectors were indeed stably transformed
although there is no concrete evidence to prove this. Southern blots would have been the
best test for stable integration of these genes. Blue staining may have been due to residual
Agrobacterium in the culture medium however, if this was the case the culture medium
would have also stained blue but it remained colourless. If Agrobacterium were still
present, it would tend to be present throughout the cultures instead of specific locations
within the cells.

It is obvious therefore that experiments to increase transformation efficiency must
be investigated to bulk up stocks of transformed material. Increased amounts of
transformed tissue will allow for Southern hybridization analysis to be carried out. More
importantly a non-destructive method of assaying transgene expression is required to
reduce the loss of very valuable transgenic material.

Somatic embryogenesis is regarded as the in vitro system of choice with
potential for eventual mass propagation of superior and genetically engineered forest tree

genotypes in both coniferous and hardwood species (Gupta et al., 1991). Limitations to



using this technology for mass propagation of elite tree species are the inability to initiate
embryogenic callus from non-embryogenic tissue, low frequency ofembryo formation, low
germination rate, inability to control aberrant morphology and difficulty in acclimatising
germinated plantlets to ex vitro environments.

Successful maturation and regeneration protocols are in place for Picea
sitchensis embryogenic cultures.  Plantlets of Sitka Spruce have been successfully
regenerated and grown in soil (Krogstrup, 1988). However, this is not the case for Quercus
robur L. embryogenic cultures. Somatic embryogenesis has been reported for a number of
Quercus species but plant regeneration from Oak somatic embryos has proven difficult.
The conversion of somatic embryos into plantlets has been achieved only in some species
(Q. rubra, Gingas and Lineberger, 1989; Q. robur, Chalupa, 1990,1995, Cuenca et al.,
1998, Tsvetkov, 1998; Q. acutissima, Kim et al., 1994; Q. petraea, Chalupa, 1995). Initial
source of explant, genotype, nutrient medium and phytohormones greatly influence the
induction of embryogenic cultures and plant regeneration.

A variety of treatments including media type, desiccation, addition of exogenous
hormones and changes in environmental conditions were utilized in attempts to mature and
regenerate Oak embryogenic cultures. Minimal success was achieved on MS and WPM
media where callus greening, cotyledon formation and some rooting occurred. However,
P24 medium and P24 maturation media yielded both root and shoot proliferation but
plantlets could not be recovered.

Desiccation treatment with high osmoticum although previously reported as
increasing the germination and production of shoot and roots of Q. robur and Q. petrea
(Chalupa, 1990, 1995) embryogenic cultures proved unsuccessful in our studies. Some

success was achieved by raising the agar concentration from 0.6-0.8% in P24 maturation
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media. The frequency of roots and shoot proliferation was increased to 15-40% and 15-
100% respectively when transferred from P24 medium plus 0.9 p,M BAP in the light.

Previous investigations into Quercus embryo conversion suggested that the
inclusion of exogenous ABA in the media was beneficial to root and shoot proliferation for
Q. robur embryo cultures (Ostrolucka et al., 1996; Cuenco et al., 1998). Concentrations of
ABA used in our experiments ranged from 0 (iM -100 (iM and showed no significant effect
on culture maturation but in fact may have distressed plants as higher levels of anthocyanin
were recorded in the presence of ABA in the culture medium. It is possible that these
concentrations were too high as concentrations used by Ostrolucka and Cuenco were 0.2
mgdm'3and 2.7 mgdm'3respectively.

Cytokinins and in particular BAP were an essential ingredient for Oak embryo
maturation and germination. Low concentrations (0.2 mgdm'3-0.6 mgdm'3 promoted
greening and further embryoid development in Q. robur cultures and in some cultures roots
and shoots developed. When cultured in the light on WPM or MS with low BAP
concentrations our cultures succeeded in producing embryoids and callus became green in
colour however, root and shoot proliferation did not occur. In the majority of cases transfer
of cultures from P24 medium plus 0.9 jiM BAP to P24 maturation media 1-6 yielded much
higher root and shoot proliferation compared to cultures transferred from hormone free P24
medium.

Conditions in the plant culture room most importantly light and dark
conditions were very significant. In all cultures transfer from light to dark for the final
stages of germination resulted in the absence of callus greening and a reduction in
cotyledon formation on WPM and MS media. Cultures maturing on P24 medium when

transferred from light to dark showed reductions in root and shoot development.
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An optimum protocol was developed for Oak (Quercus robur L.) embryo
maturation. It appears that conditions required for high frequency embryo conversion vary
between Quercus species. The reasons for failure to mature Q. robur cultures under
conditions outlined by Chalupa, 1990, 1995 and Cuenco el al., 1998 in our laboratory are
unknown. It is possible that environmental conditions may be playing a role or perhaps
these maturation conditions were very highly genotype dependent.

Suspensions containing single cells of Oak and Sitka Spruce were derived from
embryogenic suspension cultures. Successful regeneration of Oak single cells to micro-
calli stage of development was achieved. In this way, an efficient method for
transformation of all cells may be achieved without the complications associated with
protoplast isolation and culture. There have been numerous reports on protoplast culture
from a number of tree species (Gupta and Durzan, 1987; Gupta et al., 1988; Attree el al.,
1987; Klimazewska, 1989; Brison et al., 1990; Wang et al.,, 995; Qiao et al., 1998).
Successful regeneration has been achieved from most species. Protoplast isolation can be a
difficult process and in most cases requires a source of suspension cells. Embryogenic
suspensions consisting of immature embryos are an excellent source of regenerable
protoplasts (Fowke et al., 1995).

Egertsdotter and von Arnold, 1993 produced protoplasts from two cell lines
of Abies alba. Protoplasts were isolated from cell line A which grew on solid media and
exhibited a dense somatic head region, and protoplasts from cell line B which grew well in
suspension and exhibited an embryogenic head region of loosely packed cells. The highest
proportion of dividing cells entering the embryogenic pathway were obtained from cells
belonging to group A. However, only the protoplast derived colonies from cell lines
belonging to group B growing as suspensions continued to grow and give rise to many

somatic embryos. Attree et al., 1987 while working with white spruce protoplasts reported
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that protoplasts were only recovered from a line producing embryos at a low frequency as
opposed to a high embryo producing line reported by Bekkaoui et al., 1987.

A successful system for the production of Oak single cells from
embryogenic callus in liquid culture was achieved by simply reducing the BAP
concentration in MS medium. Single cells could easily be regenerated to micro-calli by
increasing the BAP concentration. No media changes were required unlike reports on
Abies alba by Hartmann et al., 1992, where at least two media changes were required for
the production of torpedo shaped somatic embryos from protoplasts isolated from
suspension medium. Although studies into regeneration of Sitka Spruce single cells were
not carried out in this thesis it has been suggested that (Behrendt and Zoglauer, 1996) that
suspensor development in somatic embryos may be dependent on the boron concentration
in the protoplast culture. Suspensor development in somatic embryos of L. decidua is
strongly dependent on boron concentration of the protoplast culture medium. A boron
deficiency suppresses suspensor formation. It is possible that boron may play a role in cell
wall development based on the assumption that the cell walls of the suspensor differ from
the cell walls that make up the embryo proper.

Direct gene transfer using protoplasts has been successfully used to obtain
stable transgenic plants (Koop et al., 1996; Dhir et al., 1992; Shimamoto et al., 1989).
More recently forest trees have received more attention and in particular Populus species
have proven to be a suitable model tree. Successful transient Agrobacterium-mediated
transformation was achieved in Oak single cell cultures in this study. Qiao et al., 1998 in
his studies on plantlet regeneration from protoplasts of Populus alba L. suggested that
Agrobacterium gene transfer is more successful in Agrobacterium host plants than direct
gene transfer. However based on regeneration systems for protoplasts direct gene transfer

is simple and reproducible for the production oftransgenic plants in any species.

270



Wheat protoplasts derived from slow growing embryogenic callus showed
that Agrobacterium-medmted transformation with a binary vector (pKIWI105) succeeded
in transforming a higher proportion of cells that electroporation and PEG with the same
vector. Soybean protoplasts have also been transformed using Agrobacterium but at a low
frequency (Baldes et al., 1987).

The advantage of the single cell system for transforming Oak is that instead
of large embryogenic aggregates where the Agrobacterium may not be capable of reaching
and transforming all ofthe cells, single cell transformation and transformation of small cell
aggregates allows all potentially embryogenic and regenerable cells to be transformed.
Studies into Sitka Spruce single cell transformation need to be investigated in future
experiments but it is reasonable to assume that transient transformation will be achievable

based on the results with Oak.

7.2 Future perspectives

Increasing research and success in the area of somatic embryogenesis in woody
species has led to their use in a variety of transformation procedures. Transformation of
embryogenic cultures eliminates the problems of long regeneration times previously
associated with conventional breeding programmes. Transient transformation of Oak and
Sitka Spruce embryogenic suspension cultures was achieved in this study. Stable
transformation was not conclusively proven. Factors such as the inclusion of introns and
most importantly the use of fluorescent selectable markers should be included in future
work. Southern blot analysis was not carried out as constant sampling for assays led to a

large reduction in the amount of transformed cells and to contamination leading to further

271



loss. Studies into transgene silencing and inactivation need to be examined in the future to
assess reasons for gene loss with time.

The production of single cell cultures for both tree species and the transient
transformation and regeneration of Oak single cells to micro-calli opens up a new avenue
for investigation into transformation without the problems associated with protoplast
culture. Problems with the regeneration of Oak embryogenic cultures have been discussed.
An optimized protocol is presented which succeeded in achieving both root and shoot
development. Further studies into the effects of cefotaxime on regeneration of Oak need to
be examined now that a method of regenerating embryogenic callus has been achieved in

the laboratory.
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