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Our goal was to develop knowledge that will enable insertion of

foreign genes into Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco]

trees. This required improvement of a tissue culture system for

producing adventitious shoots from cotyledons, and study of factors

affecting gene delivery, expression, and analysis.

Administering a short-duration, concentrated liquid pulse of

cytokinin induced more shoots than published protocols that

incorporate cytokinins in the growth medium. Cotyledons from the

youngest seedlings formed the most shoots, and medium solidified with

agarose was less inhibitory than media with gellan gum or either of

two agars tested.

Factors affecting transient expression of microprojectile-

introduced DNA were investigated in Douglas-fir cotyledons. Physical



factors---the number of bombardments, particle loading density, and

particle velocity---did not significantly affect the number of cells

expressing the B-glucuronidase (GUS) gene over the ranges tested.

Biological factors were more important; preculturing cotyledons with

cytokinins, or auxins plus cytokinins, enhanced expression after

approximately seven days of pretreatment.

A plasmid containing the GUS, Bacillus thuringiensis 6-endotoxin

(Bt), and neomycin phosphotransferase II (NPT-II) genes was introduced

into cotyledons on microprojectiles. Callus was grown from the

cotyledons on media with and without kanamycin, but no resistant cell

lines developed. Eight months after DNA introduction, callus lines on

kanamycin-free medium were selected on the basis of GUS expression for

further molecular analysis. Six callus lines consistently yielded

appropriately-sized PCR (polymerase chain reaction) fragments in DNA

amplification reactions using primers complementary to the GUS gene,

but no correctly-sized fragments were seen when Bt primers were used.

No GUS activity was observed in these callus lines despite

improvements to the sensitivity of the fluorometric assay. Callus fed

to larvae of the Douglas-fir tussock moth failed to inhibit growth.

Southern analysis demonstrated the absence of foreign genes in DNA of

the callus lines, and showed that the comigrating PCR fragment was not

homologous to the GUS gene.
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PREFACE

Organization.

The thesis is organized into three chapters. Chapter I reports

on factors affecting adventitious bud formation in Douglas-fir

cotyledons. A manuscript version of this chapter has been submitted

for publication to Plant Cell Reports. Chapter II reports on physical

and biological parameters that affect transient expression of

microprojectile-introduced DNA in cotyledons. This chapter will also

be submitted to Plant Cell Reports. Chapter III describes efforts to

select transformed callus from microprojectile-bombarded cotyledons.

This chapter is not intended for publication.

A general literature review precedes the three chapters. A

conclusions section discusses the relationships of the findings from

the three individual chapters, and possibilities for future research.

There are three appendices, corresponding to the chapters, that

contain supplementary information such as additional analyses and

1 aboratory protocol s.

Contributions of authors.

The authors for the manuscript version of Chapter I are B.

Goldfarb, G.T. Howe, L.M. Bailey, S.H. Strauss, and J.B. Zaerr. The

original idea for the work was Goldfarb's, and all authors contributed

helpful ideas toward the planning of research strategies,

interpretation of results, and preparation of the manuscript. Howe

assisted in the areas of experimental design and statistical analysis.



Bailey was responsible for technical aspects of conducting the

experiments. Goldfarb was ultimately responsible for all aspects of

experimentation, analysis, interpretation and manuscript preparation.

The authors for the manuscript version of Chapter II are B.

Goldfarb, S.H. Strauss, G.T. Howe, and J.B. Zaerr. Goldfarb was

responsible for all aspects of the research, with the other authors

contributing helpful ideas in the planning and interpretation of the

research and preparation of the manuscript.



Factors Affecting Adventitious Shoot Formation and Expression of

Microprojectile-Introduced DNA in Douglas-fir Cotyledons

INTRODUCTION

Genetic engineering of plants has emerged in recent years as a

powerful tool for improving crops (Goodman et a]. 1987) and studying

gene function and regulation (Weising et al. 1988; Benfey and Chua

1989). One of the principal advantages of genetic engineering is the

ability to introduce and express genes from phylogenetically distant

organisms due to the near universality of the genetic code (Wilke-

Douglas et a]. 1986). Genes from viruses (e.g. Harrison et al. 1987;

Wolf et al. 1989), bacteria (e.g. Barton et al. 1987; Jefferson et a].

1987), animals (Ow et a]. 1986; Eicholtz et a]. 1987), and other plant

species (Hilder et al. 1987; Sanchez-Serrano et al. 1987; Broglie et

al. 1989) have been introduced and expressed in plants. Genetic

engineering also provides the opportunity to modify the expression of

native genes. This can be done by introducing genes which interfere

with normal expression, such as antisense (van der Krol et al. 1990;

Robert et al. 1990) or ribozyme (Bruening et al. 1987) genes, or by

modifying the controlling regions of cloned genes and reintroducing

them to the plant.

Several genes of economic interest have been introduced into

crop plants. These include genes conferring herbicide resistance

(Fillatti et al. 1987; Haughn et al. 1988; Lyon et a]. 1989), insect

resistance (Barton et al. 1987; Fischhoff et al. 1987; Hilder et al.



1987; Sanchez-Serrano et al. 1987; Vaeck et al. 1987), and disease

resistance (Baulcombe et al. 1987; Beachy et a]. 1989; van den Elzen

et a]. 1989). In each of these cases, genes from other species have

been used to introduce new traits to the crops. In some instances,

excellent performance has been observed and these genotypes have

potential for incorporation into crop breeding programs for commercial

use (Gasser and Fraley 1989).

Another major application of plant transformation is the use of

introduced genes to study gene function and regulation. For example,

transformation has been used to analyze flanking regions of genes

important for control of gene expression. Potential control regions

are typically modified by deletion or in vitro mutagenesis, introduced

into plants, and changes in expression monitored. Often regions

located 5' (upstream) of the coding region (e.g. Dron et al. 1988;

Logemann et al. 1989) are fused to easily-analyzed reporter genes to

facilitate analysis. This approach has provided insights on

stimulation of gene expression by specific stimuli, including wounding

(Thornburg et a]. 1987), ethylene (Broglie et a]. 1989), and fungal

elicitors (Dron et al. 1988). In addition, transgenic plants have

been used to determine requirements for intron splicing (Goodall and

Filipowicz, 1990) and the importance of 3' (downstream) sequences for

mRNA processing and stability (An et a]. 1989; Hunt and MacDonald

1989).

The potential of genetic engineering is particularly important



for genetic improvement of forest trees. The long generation time of

most tree species, particularly conifers, slows improvement by

conventional breeding (Riemenschneider et al. 1987). The ability to

use genes from other sources is important because few useful genes

have been identified in trees (Kriebel 1988). Radical genetic

improvement of trees in the near future will probably come from

importation of economically important genes from other organisms (e.g.

Dunstan 1988; Strauss et al. 1991).

Several methods for introducing genes into plants have been

developed. The principal biological vector is Agrobacterium

tumefaciens, a soil-borne plant pathogen that transfers DNA (T-DNA) to

its host during infection (reviewed in Gheysen et al. 1985; Stachel

and Zambryski 1986; Hooykaas 1989). The transferred genes code for

enzymes that synthesize plant hormones; expression of these genes

cause cell proliferation and gall formation. Also transferred are

genes for opine synthesis. Opines are unususal amino acids that are

catabolized by Agrobacterium for nutrition. Wild-type genes within

the 1-DNA border sequences can be replaced by other genes, and these

useful genes will then be transferred to the host (Hoekema et al.

1983; Zambryski et al. 1983).

Agrobacterium has proven useful for transforming a variety of

plant species, including conifers. Galls resulting from infection by

wild-type Agrobacteriuni have been reported in a number of conifer

species (Clapham and Ekberg 1986; Sederoff et al. 1986; Dandekar et

al. 1987; Ellis et al. 1989; Morris et al. 1989; Hood et al. 1990;



Loopstra et al. 1990; Stomp et al. 1990). There are two major

limitations to using Agrobacterium for transforming conifers. Because

of variability in host specificity among strains, virulent strains

must be identified for each new host. Additionally, once plant

tissues have been cocultivated with Agrobacteriurn, the bacteria must

be eliminated from the tissues by including antibiotics in the culture

medium. This is sometimes troublesome, particularly for conifer

tissues which grow slowly in culture. Despite the almost routine

transformation of many dicotyledous species, other crops have proven

more difficult; to our knowledge, regeneration of transformed plants

resulting from Agrobacterium-mediated DNA transfer has not yet been

reported from graminaceous or coniferous species.

Another general strategy for introducing genes into plant cells

is termed direct DNA transfer, because it does not involve a

biological vector (reviewed in Davey et al. 1989). The primary

advantage of direct DNA transfer methods is that they are

theoretically free of host-specificity requirements (Christou 1990).

A substantial disadvantage is that inserted DNA tends to undergo more

rearrangement than with Agrobacterium-mediated transformation (Sanford

1990; Christou et al. 1990). There are a number of direct DNA

transfer techniques, but two have proven most useful. The first is

electrically (e.g. Fromm et al. 1985), or chemically (e.g. Potrykus et

al. 1985) stimulated transport of DNA into protoplasts (plant cells

without cell walls, reviewed in Potrykus and Shillito 1986; Davey and

Power 1988; Webb 1988). These methods have yielded transformants in

some recalcitrant species such as maize (Rhodes et al. 1988) and rice
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(Zhang and Wit 1988). DNA introduced into conifer protoplasts has been

transiently expressed (Bekkaoui et al. 1988; Gupta et al. 1988;

Tautorus et al. 1989; Wilson et al. 1989; Bekkaoui et al. 1990), but

as yet no stably-transformed tissues have been reported. Regeneration

of plants from untransformed conifer protoplasts has been achieved

(Attree et al. 1989; Lame and David 1990), but transformation and

regeneration have not yet been combined. The main disadvantage of

direct DNA insertion into protoplasts is the difficulty of

regenerating plants from many species and genotypes.

The second major strategy for direct DNA transfer is termed

biolistics (Sanford 1990). Microprojectiles coated with DNA are aimed

at target cells and accelerated to high velocity, allowing them to

penetrate plant cells. In contrast to protoplast-based techniques,

this method does not require the removal of plant cell walls, and it

can introduce DNA into cells located within multi-cellular tissues.

These advantages greatly broaden the potential host range for direct

DNA transfer. Several herbaceous plant species (Klein et a]. 1988b;

McCabe et al. 1988; Mendel et al. 1989; Cao et al. 1990; Finer and

McMullen 1990; Tomes et al. 1990) and one broadleaved tree (Wilde et

al. 1990) have been transformed using biolistics, but the method has

only recently been applied to conifers (Ellis et a]. 1989; Yibrah and

Clapham 1990). Transient expression has been demonstrated, but no

stably transformed tissues have been reported.

Producing transformed plants usually requires combining DNA

introduction with regeneration of plants from tissue culture. Three



kinds of culture systems have been developed for conifers. The first

uses organized tissues such as lateral shoot meristems. New shoots

are induced from preformed axillary buds and the shoots can sometimes

be rooted to form new plants (e.g. Gupta and Durzan 1985). These

systems have little potential for producing non-chimeric, transformed

plants, because the meristems giving rise to the new shoots are

already organized and made up of many cells. Transforming meristem

cells has been useful in soybean, but non-chimeric transformants were

obtained only after extensive analysis of plant sectoring and sexual

reproduction (Christou et al. 1990).

Two other culture systems are more compatible with gene transfer

because they involve de novo organization of meristems. They are

organogenesis, formation of an adventitious shoot or root meristem,

and somatic embryogenesis, formation of both root and shoot meristems

simultaneously. In conifers, organogenesis has been demonstrated in

many species (reviewed in Dunstan and Thorpe 1986), including Douglas-

fir [Pseudotsuga menziesii (Mirb.) Franco] (reviewed in Goldfarb and

Zaerr 1989). Typically, adventitious buds are induced in juvenile

tissues such as cotyledons or zygotic embryos (e.g. Cheng 1975).

After elongation of the buds, the resulting shoots can often be rooted

(e.g. Cheng and Voqui 1977). Somatic embryogenesis has more recently

been achieved in conifers (Hakman et al. 1985). Somatic embryos have

been produced in Pseudotsuga (Durzan and Gupta 1987), Larix (Nagmani

and Bonga 1985; Klimaszewska 1989), Pinus (Gupta and Durzan 1986;

Gupta and Durzan 1987; Lame and David 1990), and Picea (Hakman and

von Arnold 1985; Hakman and Fowke 1987; Lu and Thorpe 1987; Flakman and



von Arnold 1988; Tautorus et al. 1988; Webb et al. 1989; Tautorus et

al. 1990). Plantlets have in some cases been regenerated and

transferred to soil (Gupta and Durzan 1987; Boulay et al. 1988; von

Arnold and Hakman 1988; Klimaszewska 1989).

The advantages and disadvantages of each of these regeneration

pathways for genetic transformation can be compared in a number of

areas: the potential number of transformed plantlets produced, the

single-cell origin of new plantlets, the availability of explant

material for culture induction, the genotype-specificity of culture

conditions, and the maturation status of resulting plantlets (Table

1). The organogenesis pathway is limited in the speed with which a

large number of transformed regenerants can be produced from each

transformation event. In somatic embryogenesis, an unlimited number

of transformed plants can theoretically be obtained from a single

transformed cell in a relatively short period of time.

Each somatic embryo is clearly derived from a single cell

(Nagmani et al. 1987); if that cell could be transformed at the

appropriate time, a non-chimeric transformant would result. The

evidence for the single-cell origin of adventitious shoot meristems

formed during organogenesis is more equivocal. Villalobos et al.

(1985) and Rumary et al. (1986) report that a single cell begins the

divisions that lead to meristem organization. Others maintain that

peripheral cells are recruited into the meristems (Trevor Thorpe,

University of Calgary, Calgary, Alberta, Canada, personal

communication). If the latter is true, regenerated transformants
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would likely be chimeric. Obtaining non-chimeric plants would require

another round of segregation, either by sexual reproduction or

vegetative propagation.

Materials are more readily available for initiating organogenic

cultures. Zygotic embryos may be dissected from stored seed, or the

seed can be germinated to yield cotyledons. Alternatively,

embryogenic cultures have been generated, in many cases, from immature

zygotic embryos of specific genotypes at a precise point in their

maturation (for exceptions see von Arnold and Hakman 1986; Gupta and

Durzan 1986; von Arnold and Woodward 1988; Attree et al. 1990). This

limits the availability of material for year-round experimentation and

substantially increases the complexity of the approach. Individual

cone-bearing trees must be monitored for the appropriate time of cone

collection, embryo dissection, and culture initiation.

Another important consideration is how genetically-engineered

trees would be incorporated into breeding programs. In wide-ranging

species such as Douglas-fir, local adaptation of genotypes is critical

to the success of planted stands (Adams and Campbell 1982). Thus,

utilizing genetically-engineered trees would require introducing genes

into a number of genotypes for each breeding zone and elevation. The

culture conditions required to initiate and maintain embryogenic

cultures are often highly genotype-specific (D.J. Durzan, University

of California-Davis, personal communication). Only a small number of

genotypes of each species have to date been regenerated in this way.

Finding appropriate conditions for embryogenic culture of many



genotypes will probably involve a great deal of experimentation.

Organogenesis, on the other hand, seems to be considerably less

genotype-specific. Simple bud-inducing protocols are reasonably

effective on a wide array of genotypes (e.g. Wochok and Abo El-Nil

1977; McKeand 1985). Plantlets from many species, and many genotypes

within species, have been regenerated via organogenesis.

Plantlets regenerated via the organogenic pathway sometimes

exhibit advanced onset of mature characteristics, such as plagiotropic

growth (Goldfarb and Zaerr 1989), reduced growth rate, development of

mature foliage, and early flowering (McKeand 1985). Some have

speculated that this is due to poorly-developed root-shoot

connections, and that as rooting procedures and the vigor of cultures

are improved this will be less of a problem. Although extensive field

tests of plantlets derived from somatic embryos have not yet been

completed, as yet there are no reports of advanced maturation in

plantlets derived from somatic embryos.

We chose to develop the knowledge necessary for producing

transgenic Douglas-fir trees by biolistic transformation of

organogenic cotyledons. Douglas-fir is an important component of the

forests in the region, both from ecological (Franklin and Dyrness

1973) and economic (United States Department of Agriculture, Forest

Service 1982) standpoints. Several genes, cloned from other

organisms, could be useful if transferred to this species, including

those for insect and herbicide resistance. The biolistic process

provides an opportunity to couple transformation with existing



Organogenesi s

long

anbi guous

Table 1. Summary of advantages and disadvantages of organogenic and

somatic embryogenic systems for production of transgenic conifers.

Trait

Time needed for
multiplying
transformants

Single-cell origin
of transformants

Devel opmental
stage-specificity
of explant

Genotype-specificity
of culture conditions

somewhat specific

not specific

Somatic embrvogenesi s

short

clear

very specific

specific in many cases

10

Advanced maturation
status of
regenerants observed not yet reported
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organogenic regeneration protocols, because it can introduce DNA into

cells beneath the epidermis of the cotyledon. Future researchers will

no doubt improve protocols for obtaining Douglas-fir plantlets from

somatic embryogenic cultures and even protoplasts. To date, although

somatic embryos have been formed (Durzan and Gupta 1987), experiments

to regenerate plantlets are just beginning (P.K. Gupta, Weyerhaueser

Co. Federal Way, WA, personal communication). The procedures for

obtaining plantlets from somatic embryos of Douglas-fir will likely

need substantial refinement and modification before they can be

combined with gene delivery and selection protocols for producing

transgenic trees.

Preliminary experiments testing published organogenic protocols

(Cheng 1977; Cheng and Voqui 1977) showed that buds were formed, but

the number of buds per cotyledon was too low to give a high

probability of recovering transformed shoots in transformation

experiments. We decided, therefore, to examine factors limiting the

production of large numbers of buds from cotyledons. Concurrently, we

began experiments to study the transient expression and stable

incorporation of DNA in cotyledon cells. We chose to attempt to grow

and select transformed callus from the cotyledons, because of the

limitations of the existing organogenic methods, and because this

system afforded the opportunity to study transformation, selection,

and gene analysis in Douglas-fir tissue cultures---much of which would

also be applicable to transformation of cotyledons undergoing

organogenesi s.



CHAPTER I

A LIQUID CYTOKININ PULSE IMPROVES ADVENTITIOUS SHOOT FORMATION FROM

DOUGLAS- FIR COTYLEDONS

ABSTRACT

The effects of high concentration, 2-h liquid pulses of N6-

benzylaminopurine (BA) and thidiazuron (TD) on adventitious bud and

shoot formation were tested in cotyledons of Douglas-fir (Pseudotsuga

menziesii) seedlings at four developmental stages. Developmental

stage proved important; on average, cotyledons from the youngest

seedlings formed 10-fold more buds than from the oldest seedlings.

Optimal cytokinin concentrations for the youngest cotyledons were 400

and 800 M BA, and 100 and 200 M TD. Shoots developed best from buds

induced with 300, 400, and 800 M BA. Four gelling agents were

tested; BRL agarose yielded 3 times the number of buds, and Geirite

twice the number of buds, as either Sigma agar or Difco Bacto-agar.

One of the best treatments (400 pM BA, agarose) yielded more

cotyledons with buds and more buds per cotyledon than a published

protocol with cytokinins incorporated into the growth medium.

12



INTRODUCTION

Asexual multiplication of trees offers several advantages for

tree improvement. Elite genotypes can be produced in large numbers

for commercial use without disrupting beneficial gene combinations by

genetic recombination during sexual reproduction. In addition, de

nova plantlet formation may be required for introducing novel traits

by genetic engineering.

In vitro adventitious shoot formation from juvenile explants such

as cotyledons is possible in several conifer species (reviewed in

Dunstan and Thorpe 1986), including Douglas-fir (Pseudotsuga

menziesii) (reviewed in Goldfarb and Zaerr 1989). Buds are initiated

by exposing explants to cytokinin; subsequent removal of cytokinin

leads to shoot elongation. Two methods of cytokinin application are

common. Explants can be placed on nutrient medium containing

cytokinin for 3-4 weeks, then transferred to medium lacking plant

growth regulators (e.g., Cheng 1975). Alternatively, explants are

pulsed with a concentrated liquid cytokinin solution for several

hours, then placed on cytokinin-free medium (Bornman 1983; von Arnold

and Eriksson 1985; Patel et al. 1986). Bornman (1983) reported

improved organogenesis using the liquid-pulse method in Picea abies.

Cytokinins used to produce shoots from conifers include the

phytohormones zeatin and isopentenyl adenine, as well as the synthetic

growth regulators kinetin and N6-benzylaminopurine (BA). Cheng (1977)

tested BA, kinetin, and isopentenyl adenine, and found that BA was the

13
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most effective cytokinin for inducing buds in Douglas-fir cotyledons.

Thidiazuron (ID) (Nor-Am Agricultural Products, Inc., Woodstock, IL),

a new synthetic chemical with cytokinin activity, has proven effective

at inducing organogenesis in a variety of woody species (Chalupa and

Alden 1988). To our knowledge it has not yet been tested on Douglas-

fir.

We previously attempted to produce shoots from Douglas-fir

cotyledons using the protocols of Cheng (1977) and Cheng and Voqui

(1977), but felt that the number of buds produced per cotyledon,

usually 1-10, was too low for production of genetically engineered

trees. The objective of this study was to develop an improved system

for adventitious bud and shoot formation from Douglas-fir cotyledons.

We conducted experiments using a high-concentration, short-duration,

liquid cytokinin pulse. In one experiment, we investigated the

effects of three factors--cytokinin type, cytokinin concentration, and

seedling developmental stage--on bud and shoot formation.

Concurrently, we followed a published protocol that incorporated

cytokinins into the nutrient medium, and compared it to our "best

overall treatment." In a second experiment, we assessed the effects

of four gelling agents at each of three concentrations on bud

formation.



MATERIALS AND METHODS

ExDlant PreDaration.

Douglas-fir seeds from three comercial seedlots were stratified

(imbibed, then maintained at 4°C for 1-2 months), hydrated overnight,

and sowed in sterilized vermiculite. Seedlings were grown at 25°C

under a 16-h photoperiod with cool-white fluorescent lights. Eleven

days after sowing, seedlings were divided into four groups according

to stage of development, as characterized by morphology and cotyledon

length (Figure 1.1). Cotyledons of stage 1 seedlings were encased in

the seed coat with just the base of the cotyledons visible (mean

cotyledon length = 9.6 mm). Those of stage 2 seedlings were encased

in the seed coat by 1/2 to 2/3 of cotyledon length (mean cotyledon

length = 15.3 mm). Cotyledons of stage 3 seedlings were entirely free

of the seed coat, but not yet fully expanded (mean cotyledon length =

16.5 mm). Those of stage 4 seedlings were fully expanded (mean

cotyledon length = 18.7 mm). Seedling tops (intact cotyledonary node

and approximately 3 mm of hypocotyl) were surface-sterilized by

swirling for 20 mm in 10% "Ciorox" with one drop of Tween 20 for 20

mm, then rinsed three times in sterile, deionized water.

Liauid Cvtokinin Pulse.

The variously aged, surface-sterilized seedling tops were placed

in sterile 50-mi plastic centrifuge tubes containing filter-sterilized

liquid cytokinin solutions (BA or TO at various concentrations in

sterile, deionized water, at pH 5.6) and agitated on a shaker at 150

rpm for 2 h at room temperature. After incubation, the seedling tops

15



Figure 1.1. Douglas-fir seedlings of four developmental stages from

which cotyledons were taken for experiments in adventitious bud

induction.

16
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were removed and rinsed by dipping in sterile water. Cotyledons were

excised with a scalpel and placed in 100- x 15-mm plastic petri plates

on solid medium consisting of the mineral salts and vitamins of Schenk

and Hildebrandt (1972), plus 30 g/L sucrose, 0.1 g/L myo-inositol, 7

g/L BRL Ultrapure agarose (except for the gelling-agent experiment),

and no plant growth regulators. The pH was adjusted to 5.6 with NaOH

before adding the gelling agent, and the medium was autoclaved for 20-

25 mm at 121°C. All subsequent transfers were made to this same

medium.

Effects of Cvtokinin nd Seedlina Develonmental Staae.

This experiment used a factorial arrangement of treatments--two

cytokinin types (BA and TO), five cytokinin concentrations (100, 200,

300, 400, and 800 jIM), and the four seedling developmental stages

previously described--for a total of 40 treatment combinations (2

types x 5 concentrations x 4 stages). Each treatment combination was

applied to two plates containing ten cotyledons each. Although each

combination was tested twice, all treatments were not applied at any

one time. Therefore, replication is considered random, rather than

"blocked" by time.

Five weeks after the cytokinin pulse, adventitious buds on each

cotyledon were counted using a dissecting microscope. To determine

whether buds could elongate into viable shoots, buds from the most

promising treatment combinations (stage 1 and 2 cotyledons treated

with 300, 400, or 800 j.dl BA or 100, 200, or 300 M TD) were cultured

on nutrient medium in petri plates for an additional 3 weeks at 25°C.
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Individual shoots were separated from the explants when they were 5-6

mm tall and transferred to medium in Magenta GA7 vessels (Magenta

Corporation, Chicago, IL). Viable shoots originating from each

cotyledon were counted after an additional 4 weeks of growth (12 weeks

after the cytokinin pulse).

The average number of buds or shoots per cotyledon was calculated

for each plate. These values were transformed [ln(x + 1)], averaged

over both plates in each experimental unit, and entered in an analysis

of variance. Because we wanted to determine the single best treatment

rather than the average effects of cytokinin type or concentration,

the type-concentration combinations were considered for analysis as

ten independent treatments. Least-squares means for the 10 cytokinin

treatments and the four seedling-stage treatments were calculated with

the SAS GLM procedure, and Tukey's HSD criterion was used to test for

differences among the means (SAS Institute Inc. 1987). In addition,

the data for each cytokinin type were analyzed separately to test for

linear effects of concentration on bud formation.

Effect of Gellina Aaent.

BRL Ultrapure agarose (cat. #5510UB, Life Technologies, Inc.,

Gaithersburg, MD), Sigma agar (plant cell culture tested, cat. #Al296,

Sigma Chemical Co., St. Louis, MO), and Difco Bacto-Agar (cat. #0140-

01, Difco Laboratories, Detroit, MI) at 4, 6, and 8 g/L, and Geirite

Gellan Gum (cat. #4900-1890, Scott Laboratories, Inc., Fiskeville, RI)

at 1, 2, and 3 g/L were compared for their effects on bud formation.

Cotyledons from stage 1 seedlings were treated with 400 JLM BA and



scored for the number of buds as previously described.

The experimental design was a randomized complete block with

subsampling. Each gelling-agent-concentration treatment was applied

to two plates of 10 cotyledons each, with the cotyledons from a given

seedling distributed evenly among treatments. The treatments were

replicated by conducting the experiment at two different times.

The average number of buds per cotyledon was calculated for each

plate. The values were transformed [ln(x + 1)], averaged over both

plates in each experimental unit, and entered in an analysis of

variance to test for significant differences among gelling agents and

concentrations within gelling agent. Least-squares means were

calculated with the SAS GLM procedure, and Tukey's HSD criterion was

used to test for differences among the means (SAS Institute Inc.

1987).

Comparison with Previous Protocols.

To compare our results with those of previous workers, we

followed the protocol of Cheng and Voqui (1977), who induced Douglas-

fir cotyledons to form buds by supporting them on a polyester fleece

in liquid nutrient medium supplemented with 5 jiM BA and 5 nM 1-

naphthaleneacetic acid (NAA). For this trial, we used cotyledons from

stage 1 seedlings from the same seedlots as were used for our liquid-

pulse experiments.
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RESULTS

Three to four weeks after cytokinin pulse treatment, adventitious

meristems began to erupt through the epidermis of cotyledons (Figure

1.2). Eight weeks after pulsing, meristems had formed well-developed

shoots (Figure 1.3), that could be maintained as shoot cultures

indefinitely (Figure 1.4).

Effect of Seedlinq Develoomental Staqe.

Seedling developmental stage dramatically affected the number of

buds formed from cotyledons; the F-test for overall differences among

seedling stages was highly significant (Table 1.1), the number of buds

generally decreasing as seedlings aged (Table 1.2). For all cytokinin

treatments combined, the youngest seedlings (stage 1) produced

significantly more buds than stage 2 seedlings (p < 0.05), and both

stage 1 and 2 seedlings produced more buds than stage 3 and 4

seedlings (Table 1.2). The effect of seedling age was consistent;

cotyledons from the youngest seedlings produced the greatest number of

buds at each concentration of BA and ID tested, other than 800 jM TD

(Figure 1.5).

Stage 1 seedlings did not yield significantly more viable shoots

than stage 2 seedlings, when averaged over all cytokinin treatments

(Table 1.2). For cotyledons treated with BA, however, three times the

number of shoots were recovered from stage 1 as from stage 2 seedlings

(Figure 1.6).
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Figure 1.2. Douglas-fir cotyledons three weeks after treatment with

800 jiM BA. Magnification - 20X.

21



Figure 1.3. Adventitious shoots on Douglas-fir cotyledons eight weeks

after treatment with 800 ,tM BA. Magnification = 3X.

22



Figure 1.4. Douglas-fir shoot cultures derived from adventitious buds

induced by treatment with a liquid cytokinin pulse.
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Table 1.1. Analysis of variance of the number of adventitious buds and

shoots formed from Douglas-fir cotyledons receiving a liquid cytokinin

Dulse.

aAnalyses of variance performed on transformed [ln(x + 1)1 values.

bNumber of buds was measured on cotyledons receiving 10 cytokinin
treatments (BA and TD each at 100, 200, 300, 400 and 800 riM); number
of shoots was measured on a subset of the cotyledons (BA at 300, 400,
and 800 jLM, ID at 100, 200, and 300 iM).

cAll four stages tested for buds; stages 3 and 4 not tested for shoots.

No. of buds/cotvledona No. of shoots/cotvledona

Source of Mean Mean

variation d.f. square F-value Prob. d.f. square F-value Prob.

Cytoki ni n

treatment
(CT)b 9 1.397 5.66 0.0001 5 1.194 4.35 0.017

Seedling
stage (SS)c 3 10.549 42.71 0.0001 1 2.060 7.50 0.018

CT x SS 27 0.332 1.34 0.194 5 0.836 3.05 0.053

Error 40 0.247 12 0.275
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Table 1.2. Effect of seedling developmental stage on adventitious bud

and shoot formation from Douglas-fir cotyledons for the two cytokinins

tested.

Buds Shoots

Seedling
stagea BA TD BA and TDb BA TD BA and 1Db

aseedling developmental stage 1 = youngest, 4 = oldest. Stages 3 and 4

not tested for shoots.

ithin a column, means followed by the same letter are not
significantly different (Tukey's HSD, p < 0.05).

---Mean no./cotyledon--- ---Mean no./cotyledon---

1 17.8 16.3 17.0 a 18.0 5.8 11.9 a

2 6.2 8.9 7.6 b 5.7 5.3 5.5 a

3 3.5 3.5 3.5 c

4 1.9 1.3 1.6 c
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Figure 1.5. Effect of cytokinin type--(a) BA, (b) ID--and seedling

developmental stage on the number of adventitious buds formed from

Douglas-fir cotyledons. Seedling stage 1 = youngest and 4 = oldest.
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Figure 1.6. Effect of cytokinin type--(a) BA, (b) ID--and seedling

developmental stage on the number of adventitious shoots formed from

Douglas-fir cotyledons. Seedling stage 1 = youngest seedlings.
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Effect of Cvtokinin Treatment.

Both BA and ID induced buds on Douglas-fir cotyledons; the F-test

for differences among cytokinin treatments was significant (Table

1.1). When averaged over all seedling developmental stages, the 800

iM BA and 200 jiM ID treatments produced the most buds (Table 1.3). In

the most responsive seedlings (stage 1), four treatments--400 and 800

jiM BA and 100 and 200 jiM ID--induced a high level of bud production

(>25 buds/cotyledon)(Figure 1.5).

When each cytokinin type was analyzed separately, cytokinin

concentration was found to significantly and linearly affect bud

formation (p < 0.05, Appendix 1.1). When averaged over all seedling

stages, the number of buds increased with increasing BA concentration,

although stage 1 seedlings exhibited no increase between 400 and 800

jiM BA (Figure I.5a). The trend was opposite for cotyledons treated

with ID. In general, the number of buds decreased with increasing

concentration, although stage 1 and 2 seedlings exhibited no decrease

between 100 and 200 jiM ID (Figure I.5b).

Although the most promising BA and TD treatments yielded

comparable numbers of buds, more shoots were recovered from cotyledons

treated with BA than from cotyledons treated with ID (Table 1.3). For

stage 1 and 2 seedlings, the number of shoots per cotyledon differed

significantly only between the 800 jiM BA (14.8 shoots/cotyledon) and

100 jiM TD (4.4 shoots/cotyledon) treatments. In the youngest

cotyledons, however, trends for shoot formation were similar to those

for bud formation; more shoots were recovered from cotyledons treated



Table 1.3. Effect of cytokinin type (BA, ID) and concentration on

adventitious bud and shoot formation from Douglas-fir cotyledons,

averaged over all seedling developmental stages.

Cytokinin Budsb Shootsb

conc.

29

aShOOtS measured on subset of cotyledons (BA at 300, 400, 800 M, TO at

100, 200, 300 M) only.

bOver columns and rows for each variable (buds, shoots), means followed
by the same letter are not significantly different (Tukey's HSD, p <
0.05).

BA ID

--Mean no./cotyledon--

BA TD

--Mean no./cotyledon--

100 2.7 b 8.4 ab 4.4 b

200 3.1 b 11.3 a - 6.9 ab

300 6.3 ab 8.2 ab 10.4 ab 5.2 ab

400 9.1 ab 6.5 ab 10.3 ab

800 15.1 a 3.0 b 14.8 a



with increasing BA concentrations (Figure I.6a) and decreasing TD

concentrations (Figure I.6b).

Effect of Gellinci Aaent.

The type of gelling agent significantly affected the number of

buds formed (Table 1.4). More buds were produced from cotyledons

cultured on medium solidified with BRL agarose than with any other

gelling agent tested (Figure 1.7). About twice as many buds formed

from cotyledons cultured on Gelrite than on either Difco or Sigma

agar. The effect of gelling-agent concentration was not significant

(Table 1.4), however, possibly because of the lack of differences

among concentrations of the two agars (Figure 1.7). Increasing

concentrations of both agarose and Gelrite resulted in slightly

increased numbers of buds formed, but the differences were not

significant.

Comparison with Previous Protocols.

Cotyledons from stage 1 seedlings produced fewer buds when

cultured with the polyester-fleece system of Cheng and Voqui (1977)

than when given one of our best treatments (liquid pulse of 400 pM

BA). Fifty-eight of 80 (72.5%) cotyledons cultured with the

previously published protocol produced at least one bud (mean, 13.1

buds/cotyledon), whereas 39 of 40 (97.5%) cotyledons receiving the 400

pM BA liquid pulse treatment produced buds (mean, 29.5

buds/cotyledon).
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Table 1.4. Analysis of variance of the number of adventitious buds

formed from Douglas-fir cotyledons on media containing four gelling

aConcentration within gelling agent was used as the error term for
testing differences among gelling agents.

agents.

Source of variation d.f. Mean square F-value Probability

Block 0.146

Gelling agent 2.206 30.69a 0.0001

Concentration
within gelling
agent 8 0.072 0.58 0.775

Error 11 0.124



50

0

Concentration:

BRL agarose Geirite Difco agar Sigma agar

Gelling agent

Figure 1.7. Effect of type and concentration of gelling agent (BRL

agarose, Difco Bacto-agar and Sigma agar at 4, 6, and 8 g/L; Geirite

at 1, 2, and 3 g/L) on adventitious bud formation from Douglas-fir

cotyledons. Overall means followed by the same letter are not

significantly different (Tukey's HSD, p < 0.05).
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DISCUSSION

The single most important factor we identified in improving

organogenesis in Douglas-fir was age of the seedlings from which

cotyledons were taken. Cotyledons from the youngest seedlings were

the most responsive to 9 of the 10 cytokinin treatments tested, and

produced the greatest number of viable shoots. Morphological and

biochemical characteristics of conifer cotyledons change with age, and

these changes can affect cytokinin uptake and competency of cells to

initiate buds (Bornman 1983; Aitken-Christie et al. 1985).

Decreased bud formation with increasing seedling age has been observed

for several conifers species, including Picea abies (Bornman 1983),

Pinus radiata (Aitken et al. 1981), and Pinus rigida (Patel and Thorpe

1986). Wochok and Abo El-Nil (1977) have shown that 2- to 4-week-old

Douglas-fir cotyledons exhibit a greater response to bud-inducing

treatments than cotyledons twice as old. Cheng (1977), however, found

no decrease in bud formation in cotyledons from Douglas-fir seedlings

up to 2 months old. Our results further define the window of greatest

response as seedlings whose cotyledons have just begun to enlarge.

The number of shoots ultimately recovered can be at least doubled by

selecting very young seedlings.

Both BA and TD proved effective at inducing adventitious buds in

Douglas-fir cotyledons. Of the concentrations tested, the best BA

treatments were about equal with the best TO treatments. However, the

best BA treatments yielded more viable shoots, especially from the

youngest seedlings. TO was more active than BA at identical
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concentrations, confirming earlier reports for angiosperms (Mok et al.

1982) and conifers (Chalupa and Alden 1988) and also explaining the

differing responses of cotyledons to increasing cytokinin

concentration. The concentrations tested were apparently at, or

below, the optimum for BA; therefore, the number of buds formed

increased with increasing concentration. These same concentrations

were at, or above, the optimum for TD; therefore, the number of buds

formed decreased with increasing concentrations. In both cases there

may be other concentrations which yield higher numbers of buds per

cotyledon--for BA, between 400 and 800 jhM, and for TD below 100 M or

between 100 and 200 M. In neither case, however, is it clear that

more buds formed would lead to more shoots recovered. Cotyledons

pulsed with 300, 400, and 800 jiM BA yielded similar numbers of shoots.

Thus, there appears to be a maximum number of shoots that can develop

from a single cotyledon, perhaps because of competition for resources

or other interactions among buds. Cotyledons pulsed with TD never

yielded very many shoots. It is possible, however, that TD

concentrations lower than 100 jiM could yield more buds capable of

successful development into shoots.

The type of gelling agent used to solidify culture media can

markedly affect plant tissue cultures. Less highly purified agars may

have detrimental effects (Romberger and Tabor 1971; Debergh 1983). In

our study, medium solidified with BRL agarose yielded three times the

number of buds, and medium solidified with Geirite twice the number of

buds, as either of the agars tested. The difference between agarose

and Geirite is probably not important, however, because both produced



a sufficient number of buds for high levels of shoot recovery. The

lower cost of Gelrite, combined with its performance, makes it the

gelling agent of choice for production of adventitious buds in

Dougl as-fir.

The concentration of gelling agent may also be important. Low

concentrations can cause vitrification of developing shoots (Bornman

and Vogelmann 1984; von Arnold and Eriksson 1984), and high

concentrations can reduce the number of buds formed (Bornman and

Vogelmann 1984) or the growth of developing shoots (von Arnold and

Eriksson 1984). In our study, however, gelling-agent concentration

had a small effect over the range tested.

The liquid-pulse method of delivering cytokinins works well for

bud induction and shoot formation in Douglas-fir cotyledons. We

produced more buds per cotyledon, and a higher percentage of

cotyledons forming buds, with this method than with a published

protocol incorporating BA into the growth medium. In addition, we

observed that shoots produced with the liquid pulse were more vigorous

and developed more rapidly. Our current method of choice for

adventitious bud production from cotyledons is to use very young

(stage 1) seedlings, pulse them with BA (400 to 800 p11), and culture

them on medium solidified with Geirite (3 g/L).
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CHAPTER II

TRANSIENT EXPRESSION OF MICROPROJECTILE-INTRODUCED DNA IN DOUGLAS-FIR

COTYLEDONS

ABSTRACT

Plasmid DNA containing the reporter gene B-glucuronidase (GUS)

driven by a cauliflower mosaic virus 35s promoter was introduced into

cultured Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] cotyledons

on high-velocity microprojectiles. Transient expression was measured

by counting the number of distinct loci of GUS activity per cotyledon.

Expression remained constant up to three days following DNA

introduction. Contrary to previously published results on

angiosperms, repeated introductions did not increase expression.

Expression varied significantly among cotyledons from different

seedlings. The elapsed time since the cotyledons had been treated

with auxins and cytokinins strongly affected the number of cells

expressing the introduced DNA. The optimal cytokinin pretreatment

produced an average of 20 loci per cotyledon. In several experiments,

more than 95% of the treated cotyledons exhibited at least some

transient expression.



INTRODUCTION

Agrobacterium-mediated genetic transformation of conifer cells

has been demonstrated in several species (Clapham and Ekberg 1986;

Sederoff et al. 1986; Dandekar et al. 1987; Ellis et al. 1989; Morris

et al. 1989; Loopstra et al. 1990; Stomp et al. 1990), but as yet no

transformed plants have been reported. Direct DNA transfer to conifer

protoplasts has been used to study transient expression (Bekkaoui et

al. 1988; Gupta et al. 1988; Tautorus et al. 1989; Wilson et al. 1989;

Bekkaoui et al. 1990), and somatic embryos have been recovered from

protoplasts (Gupta et al. 1988; Attree et al. 1989; Lame and David

1990; Tautorus et al. 1990). The coupling of protoplast

transformation and regeneration, however, has not been reported.

Recently, the introduction of DNA on high-velocity

microprojectiles has been described for several herbaceous plant

species (Klein et al. 1988b; McCabe et al. 1988; Wang et al. 1988;

Mendel et al. 1989; Finer and McMullen 1990). We undertook this study

to investigate several factors affecting delivery and transient

expression of DNA in cultured tissues of Douglas-fir [Pseudotsuga

nenziesii (Mirb.) Franco]. Specifically, we used the B-glucuronidase

(GUS) gene (Jefferson et al. 1987) to study: (1) the effects of

pretreating tissues with phytohormones prior to DNA delivery; (2) the

effect of number of bombardments; and (3) the variability in

expression among individual seedlings and bombardments. We chose

cotyledons as the target tissue because they can be manipulated in

culture to form either callus or plantlets via organogenesis (reviewed
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in and Zaerr 1989).
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MATERIALS AND METHODS

Plant materials and culture.

Douglas-fir seeds from commercial seedlots (Yamhill County,

Oregon Coast Ranges; Douglas County, Oregon Cascades) were imbibed and

germinated in vermiculite in open trays. Seedling tops were collected

when the cotyledons had emerged from the seedcoat and begun to expand,

but before the first true leaves had begun to elongate. The seedling

tops were swirled vigorously in a 10% solution of commercial bleach

(Clorox) with two drops of Tween 20 for 30 minutes, and then rinsed

four times in sterile, distilled, deionized water. Cotyledons were

excised from the shoots and one piece, ranging from 7 to 12 mm long,

was cut from the basal end of each cotyledon and cultured. The

remainder of the cotyledon was discarded.

Cotyledons were placed in plastic petri dishes (100 mm X 15 mm)

containing approximately 30 ml of callus-forming medium. This medium

consisted of the mineral salts and vitamins of Schenk and Hildebrandt

(1972), 30 g/l sucrose, 0.1 g/l myo-inositol, 8 g/l agar (Difco), 5 iM

2,4-deoxyphenoxyacetic acid (2,4-D), and 0.5 ,.iM N6-benzylaminopurine

(BA). The medium was adjusted to pH 5.6 with NaOH before the agar was

added and the medium autoclaved.

To avoid confounding treatments with seedling differences,

whenever possible, cotyledons from a given seedling were distributed

systematically among treatments. Except where indicated otherwise,

cotyledons were placed on the medium 7-9 days before bombardment.
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Plates containing cotyledons were placed at 23-26°C under cool white

fluorescent light (30-60 pmol x m2 x s1) on an 18-hour photoperiod.

DNA delivery.

The plasmid used for transient expression assays contained the

GUS coding region preceded by a cauliflower mosaic virus (CMV) 35s

promoter and followed by a nopaline synthase (NOS) polyadenylation

sequence (McCabe et al. 1988). Plasmid DNA was precipitated onto gold

particles 1-3 pm in diameter (Christou et al. 1988) at a concentration

of 0.1 pg DNA per mg particles. Unless otherwise stated, the

particles were loaded onto the acceleration apparatus (Christou et al.

1988) at a density of 0.05 mg/cm2. An electric current of 17 kV was

discharged across a gap containing a water droplet, propelling the

particles toward the target tissues. Each discharge event propelling

particles into a group of cotyledons is subsequently referred to as a

bombardment.

Transient exDression assays.

One or two days after the DNA introductions, cotyledons were

placed in the GUS histochemical substrate, 5-bromo-4-chloro-3-indolyl

B-D-glucuronic acid (X-gluc) (Research Organics Inc., Cleveland,

Ohio), at a concentration of 1 mM in 50-mM sodium phosphate buffer, pH

7.0, with 1% N'N-dimethylformamide (Jefferson 1987) and incubated

overnight at 37°C. Each cotyledon was examined under a dissecting

microscope. The number of discrete loci of blue color was recorded.

This is a minimum estimate of the number of cells with activity,

because some loci may have resulted from more than one expressing cell.
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Experiments.

The preceding general methods were modified for individual

experiments, as listed below.

1) Time on callus-forming medium. Batches of 25 cotyledon

sections that had been placed on medium containing auxin (5.0 #M 2,4-

D) and cytokinin (0.5 jLM BA) either 3, 5, 7, 9, 12, or 14 days before

bombarding were assayed for transient expression.

5) Time since exposure to bud-forming pulse. Cotyledonary whorls

were immersed for 2 hours in 400 zM BA, and then entire cotyledons

were placed on the medium used for callus-formation, but without

auxins and cytokinins. This procedure induces adventitious bud

formation in Douglas-fir cotyledons (Chapter I). Thirty cotyledons

(in two or three bombardments), which had been treated with BA either

3, 5, 7, 9, 12, or 14 days earlier, were bombarded with 0.05 mg

particles/cm2 at a discharge voltage of 14 kV. For this procedure we

used younger seedlings that had not shed their seedcoats, but whose

cotyledons had just begun to elongate; the surface-sterilization time

was reduced to 20 minutes.

3) Multiple bombardments. We studied how the number of times

tissues were bombarded affected the number of loci. Twenty-five

cotyledons in two lots were bombarded either one, two, three, four, or

five times over a 3-day period, and assayed for transient expression

either 1, 2, or 3 days after the last bombardment. Particles were
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loaded at a density of 0.025 mg/cm2, and the discharge voltage was 14

kV.

Seedling variability. We investigated differences among

genotypes by using five seedlings from each of two seedlots from

different geographical areas. Two pieces were cut from each

cotyledon, which resulted in 12-18 pieces for each seedling. All

pieces from an individual seedling comprised the tissues for one

bombardment. Bombardment variability was investigated in the

experiment described below.

Bombardment variability. Differences among bombardments were

investigated by distributing cotyledons from individual seedlings

systematically over five bombardments of 17 cotyledons each.

Efficiency of transient expression. To estimate the

efficiency of transient expression on a per-particle and per-ig DNA

basis, we scored 15 cotyledons for the number of loci and then cut

them into 20-tim-thick sections on a freezing microtome. The total

number of particles present was determined microscopically for one

section from each cotyledon.

Data analysis.

For most experiments, an analysis of variance was performed using

Type III sums of squares generated from the General Linear Model (GLM)

procedure in SAS, PC Version 6, and significant differences among

means were tested with Tukey's HSD criterion (SAS Institute Inc.
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1987). For the multiple-bombardment experiment, Type IV sums of

squares and the Bonferroni method for multiple comparisons were used,

because of the unbalanced design (Milliken and Johnson 1984). To

normalize the distribution of the number of loci per cotyledon (which

was sometimes equal to zero), the transformed [(x + 1)] values were

analyzed (Sokal and Rohlf 1981). Differences were judged to be

meaningful when statistically significant below the 5% probability

level.



RESULTS

Cleavage of the histochemical substrate and precipitation of the

blue dye indicates that the GUS gene was expressed transiently in

Douglas-fir cotyledons (Figure 11.1). No GUS expression was found in

non-bombarded cotyledons or in cotyledons bombarded with particles

that had not been coated with DNA.

Time on callus-forming medium. The period of time that

cotyledons had been precultured on callus-forming medium significantly

affected the number of GUS-expressing loci (Figure 11.2, Appendix

11.1). The highest values were observed in cotyledons cultured for at

least 7 days before bombarding. Means ranged from 0.6 loci per

cotyledon in tissues cultured for 3 days, to 5.9 loci for 7 days. The

percent of cotyledons with at least one locus also varied, from 40% in

cotyledons cultured for 3 days, to over 90% in cotyledons cultured for

7, 9, and 12 days.

Time since exposure to bud-forming pulse. The length of time

between the cytokinin (400 #M BA) pulse and bombarding significantly

affected the number of loci (Figure 11.3, Appendix 11.2). As with the

callus-forming pulse, the highest numbers of loci were observed 7-14

days after pulsing. Nearly all (99.4%) of the cotyledons from the

bud-forming treatments had at least one locus of GUS expression.

Multiple bombardments. The number of bombardments (one to

five times) did not significantly affect the number of blue loci in
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Figure 11.1. A Douglas-fir cotyledon bombarded with microprojectiles

coated with the GUS gene and incubated in X-gluc. Blue loci are cells

expressing the GUS protein, magnification = 25X.
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Figure 11.2. Effect on (a) loci per cotyledon, and (b) percent of

cotyledons with loci, of the number of days cotyledons had been

cultured on callus-forming medium (5.0 ,.LM 2,4-D, 0.5 JLM BA) prior to

bombarding. Mean numbers of loci per cotyledon with the same letter

are not significantly different (p < 0.05, Tukey's HSD criterion). No

estimate of variation within treatments was available for percent of

cotyledons with loci.
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same letter are not significantly different (p < 0.05, Tukey's HSD

criterion).
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cotyledons (Table 11.1, Appendix 111.3). The number of loci did not

decline during the 3 days after bombarding. Nearly all (99.3%) of the

cotyledons in this experiment had at least one locus.

Seedling variability. Significant differences were found

among individual seedlings, but the difference between the two seed

sources was not significant (Table 11.2, Appendix 111.4). The mean

number of loci per cotyledon piece in this experiment ranged from 1.6

to 6.6. The percent of cotyledon pieces with at least one locus

ranged from 62.5 to 92.9 among seedlings.

Bombardment variability. Differences among bombardments of

equivalent seedling material were not significant (Table 11.3,

Appendix 111.4). Means ranged from 4.5 to 7.1 loci per cotyledon. In

this experiment, 95.3% of the cotyledons showed at least one locus.

Efficiency of transient expression. To assess the frequency

of transient expression per DNA-coated microprojectile that penetrated

the cotyledons, we counted the total number of gold particles per

cotyledon by sampling cross-sections. We counted a mean of 106

particles per 20-am-thick cotyledon section. Because there are 500

such sections in a cotyledon, 53,000 particles or 4.3 X i0 ,.ig DNA

(DNA concentration of 0.1 ag/mg of particles) reached an average

cotyledon. There were an average of 3.2 loci per cotyledon, giving

7,442 loci per g DNA reaching the cotyledons. Or, for every 16,400

particles reaching the cotyledons, the DNA on one particle was

expressed (0.006%).
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Table 11.1. Effect of number of bombardments, and days between the

last bombardment and expression assay, on transient expression in

Douqias-fir cotyledons.

Days between the last bombardment and assay

avalues given in the table are mean numbers of loci per cotyledon. No

values were significantly different (p < 0.05, Bonferroni's method of
multiple comparisons).

bNOt tested
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Number of
bombardments 2 3 average

1 14.8a 18.0 18.1 17.0

2 17.3 17.9 16.7 17.3

3 15.6 14.1 n.t.b 14.9

4 11.3 14.5 n.t. 12.9

5 15.4 n.t. n.t. 15.4

average 14.9 16.1 17.4 15.8
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Table 11.2. Effect of genotype on transient expression in Douglas-fir

cot vi edons.

Mean no. of Cotyledons

No. of loci per with at least

Seedlot Seedling cotyledons cotyledon8 one locus (%)

8Values followed by the same letter are not significantly different (p
< 0.05, Tukey's HSD criterion).

blhe difference between seedlots was not statistically significantly (p
< 0.05, Tukey's HSD criterion).

72

72

16

15

1.6 c

2.9 bc

62.5

80.0

72 12 4.2 abc 91.7

72 4 12 4.8 ab 91.7

72 5 14 6.6 a 92.9

72 combined 69
b 84.1

VS 6 14 3.5 abc 92.9

VS 7 14 3.2 abc 85.7

VS 15 4.1 abc 93.3

VS 9 18 2.6 bc 88.9

VS 10 14 2.6 bc 78.6

Vs combined 75 3.2 90.7



Table 11.3. Variation in transient expression in Douglas-fir

cotyledons from different bombardment events.

8Differences in mean values were not statistically significantly (p <
0.05, Tukey's HSD criterion).
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Bombardment
No. of

cotyledons

Mean no. of loci
per cotyledon

A 17 7.

B 17 5.4

C 17 6.5

D 17 4.5

E 17 7.1



DISCUSSION

We investigated several parameters to enhance delivery and

expression of microprojectile-introduced DNA in cotyledon cells of

Douglas-fir. We chose to count the number of discrete loci of GUS

activity as our measure of expression, rather than to measure total

activity fluorometrically, for two reasons. First, we found that

background levels of fluorescence in Douglas-fir tissues made it

difficult to detect GUS activity that resulted from only a few loci

per cotyledon (Chapter III). Thus, low levels of expression that were

perceptible histochemically may have been missed fluorometrically.

Second, for the purpose of developing a gene transfer system, we were

interested in increasing the total number of cells with foreign DNA in

the nucleus, rather than the level of expression per cell.

Measurements of total activity would not have allowed us to

distinguish these factors.

Preconditioning the tissues by exposing them to auxin and

cytokinin was a critical factor in increasing the number of cells

expressing the GUS gene. This was true for both the bud- and the

callus-forming systems. It may be that expression of introduced DNA

is dependent on cell division, DNA replication, mRNA transcription, or

some other particular stage of the cell cycle. Cell division has been

shown to be important for stable incorporation of introduced DNA (An

1985; Meyer 1985; Okada et al. 1986). Exposing Douglas-fir cotyledon

sections to cytokinin, or auxin and cytokinin, induces cell division

after a short lag time. For example, dividing cells were observed
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within 4 days of culture initiation (Cheah and Cheng 1978). For the

callus-forming system, the optimum bombardment time was determined to

be at least 7 days after exposure. For the bud-forming system, the

number of loci was still increasing at the last time point, 14 days

after the cytokinin pulse.

Introducing DNA 1-2 weeks after phytohormone treatment may aid

studies of promoter function--particularly for genes whose expression

is associated with cell differentiation. It may also aid in attempts

to obtain stably transformed conifer callus or shoots. In the latter

case, although expression seems to be highest after a long time lag (2

weeks), total DNA uptake should be balanced with the need to introduce

the DNA as early as possible. Because adventitious buds in conifers

frequently arise from single or small clusters of cells (Villalobos et

al. 1985; Rumary et al. 1986), chimerism will be reduced if bud-

forming cells are transformed early in their ontogeny. Therefore, if

transient expression is correlated with stable incorporation, earlier

introduction of DNA, perhaps at 5 or 7 days after the cytokinin pulse,

may be the most efficient approach for generating non-chimeric

transformed plants.

Bombarding tissues more than once did not change transient

expression from that observed with a single bombardment. This result

differs from that found for corn (Klein et. al 1988a), rice, and wheat

(Wang et al. 1988). The difference between our results and other

published work may be due to differences in growth rate in culture

between herbaceous angiosperms and gymnosperms. If cells must be in a
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particular stage of the cell cycle to be competent to express foreign

DNA, then bombarding several times may elevate cumulative expression

by hitting additional cells as they enter a competent stage. The much

slower rate of cell division in gymnosperms may necessitate a long

interval between bombardments to increase expression. Given other

considerations, however, such as the need to bombard early to avoid

chimerism, multiple bombarding at long intervals is unlikely to be

useful for producing transgenic gymnosperms. Alternatively, in some

projectile delivery systems multiple bombardments may increase

expression simply by delivering DNA to a cumulatively larger number of

cells. We had already adjusted particle density to give maximal

expression (Chapter III), so this kind of enhancement was not

expected. A third possibility is that repeated bombardments inhibited

increased gene expression by damaging cells or because of down-

regulation of the 35s promoter in wounded tissues. No visible signs

of damage were observed when cotyledons were examined using a

dissecting microscope, however, and down-regulation of the 35s in

tissues bombarded up to three times was not observed (Klein et. al

1988).

In the seedling variability experiment, all the cotyledon pieces

from each seedling were tested with a single bombardment, confounding

variation among bombardments with seedling variation. However, in an

accompanying experiment we found that the effect of bombardment

variability on uniform materials was small and nonsignificant. Thus,

the differences we observed are probably due to genetic or

physiological variation among seedlings. Although no differences in
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expression of the introduced DNA were found between seeds from two

geographic areas of western Oregon, substantial variation was observed

among individual seedlings. This observation is not surprising; more

than 90% of the genetic variability in Douglas-fir and other forest

trees typically exists among genotypes within a given race or region

(Li and Adams 1989). Differences in transient expression among

seedlings may therefore be related to variation in the rate of cell

division during callus induction. We have observed substantial

variation in the speed with which individual seedlings begin to form

callus (unpublished data). This explanation is supported by the

enhancement of expression induced by growth regulators. The

physiological age of the explants at the time of culture initiation,

as well as genetic variability, may affect the speed of this response.

Our results demonstrate successful introduction and transient

expression of DNA in gymnosperm cells. The results will facilitate

use of biolistic techniques for studying gene regulation in conifers

(e.g. Ellis et al. 1989). Also, because Douglas-fir cotyledons can

form multiple adventitious buds, shoots, and ultimately plantlets

(Cheng and Voqui 1977), this process has the potential for leading to

transgenic trees.
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CHAPTER III

ATTEMPTS TO PRODUCE AND SELECT TRANSGENIC DOUGLAS-FIR CALLUS

ABSTRACT

Douglas-fir cotyledons were bombarded with microprojectiles

coated with DNA containing the B-glucuronidase (GUS), Bacillus

thuringiensis £-endotoxin (Bt), and neomycin phosphotransferase II

(NPT-II) genes and placed on callus-forming medium with and without

kanamycin. The kanamycin concentration used (1 mg/L) was too low to

prevent the growth of callus from untransformed cells. Eight months

after DNA introductions, callus lines growing on medium without

kanamycin were tested histochemically for GUS activity. Nineteen

percent of the lines had at least one sub-sample that had sectors

expressing GUS. These callus lines were used to establish liquid

suspension cultures consisting of small aggregates of cells, which

were plated onto filters on callus-forming medium. Four to six weeks

later, colonies growing on the filters were again tested

histochemically, and blue-staining colonies were transferred to fresh

medium. DNA from some of the colonies was tested for the presence of

the GUS and Bt genes by amplification using the polymerase chain

reaction (PCR). In a number of reactions, six lines were identified

that yielded appropriately-sized fragments from the GUS primers. No

appropriately-sized bands were obtained from the Bt primers.

The callus lines testing positive by PCR for the GUS gene were
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tested fluorometrically for GUS activity. Despite improvements to the

procedure that reduced background fluorescence and enzyme inhibition,

no activity was detected in the callus lines. The callus lines were

also tested for expression of the Bt gene by feeding callus directly

to insects and monitoring growth; no toxicity was detected. Southern

blot analyses failed to detect the GUS, Bt, and NPT-II genes in DNA

from the callus lines, despite detecting plasmid reconstructions equal

to one-half copy per Douglas-fir genome, and a probable single copy

sequence present in Douglas-fir. To determine the cause of misleading

PCR results, gels used to analyze PCR reaction products were blotted

and hybridized to the GUS probe. This analysis revealed that two

kinds of false-positive signals were produced by the PCR reactions; a

comigrating band produced from Douglas-fir DNA that was not homologous

to the GUS gene, and authentic GUS bands produced from untransformed

DNA by contamination of samples or reagents.

Strategies for future attempts to transform Douglas-fir by

microprojectile bombardment are discussed.



INTRODUCTION

The objectives of this study were to: (1) produce transgenic

Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] callus, (2)

determine some of the biological and physical parameters affecting the

rate of transformation, and (3) determine if these parameters affect

transient expression and stable incorporation of introduced DNA

simil any.

The production of transgenic callus from cotyledons was chosen as

the goal for several reasons. First, at the time this study was

initiated, no satisfactory system for producing Douglas-fir plantlets

de novo was available. Work to improve adventitious bud formation in

cotyledons is described in Chapter I, and was conducted concurrently

with the transformation experiments. Second, callus formation from

cotyledons occurs from virtually all of the explants (unpublished

data), and from proliferation of cells distributed throughout the

cotyledon (Cheah and Cheng, 1978). In contrast, in cotyledons

undergoing organogenesis, meristems are initiated from a specific

layer of cells (Cheah and Cheng 1978; Kirby and Schalk 1982). For

callus transformation, it was therefore unnecessary to target specific

cell-layers with microprojectiles, potentially enhancing

transformation efficiency. Finally, because in both systems DNA would

be introduced into cotyledons, there would likely be many similarities

between the two systems in the effect of many transformation and

selection parameters, and in techniques for analyzing gene

incorporation and expression. A disadvantage of this approach is that
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it is not likely to lead directly to regeneration of transgenic

plants, because no reliable system exists for the production of plants

from Douglas-fir callus.

Three genes were chosen for introduction into Douglas-fir

tissues. Reporter genes allow transformation success to be easily

determined, aiding in optimization of transformation efficiency. The

enzyme of the reporter gene B-glucuronidase (GUS), from E. coli,

cleaves glucuronic acid moieties from a variety of compounds. GUS is

commonly used in plant transformation experiments because plants

contain little endogenous GUS activity and two rapid, sensitive assays

are available (Jefferson 1987). The histochemical assay uses the

colorless substrate 5-bromo-4-chloro-3-indolyl 8-D-glucuronic acid (X-

gluc); when the glucuronic acid residue is enzymatically cleaved the

product turns blue. The fluorometric assay uses the substrate 4-

methylumbelliferyl B-D-glucuronide (MUG), which becomes fluorescent

after cleavage of the glucuronic acid residue.

Genes that confer a selectable phenotype are important in

transformation experiments because they allow transformed cells to

survive while non-transformed cells are killed or inhibited. The

neomycin phosphotransferase II gene (NPT-II), from the transposable

element Tn5 (Beck et al. 1982), confers resistance to aminoglycoside

antibiotics such as kanamycin. The NPT-II enzyme phosphorylates these

antibiotics, detoxifying them (Berg et al. 1975). Because kanamycin

is normally toxic to plants, the gene has been used extensively in

plant transformation experiments (Draper et al. 1988; Reynaerts et al.
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1988). Expression of the NPT-II protein allows cells to grow in the

presence of kanamycin, but cells not expressing the gene are killed or

inhibited.

The Bt-6-endotoxin gene (Bt) from the insect pathogen Bacillus

thuringiensis encodes a protein toxic to many lepidopteran insects.

Formulations containing this bacterium have been widely used as

microbial insecticides in both agriculture and forestry (Dulmage and

Aizawa, 1982; Strauss et al. 1991). We used a gene from the HD-1

strain of var. kurstaki (Schnepf and Whitely, 1981) known to be toxic

to larvae of many genera of lepidopteran insects (Dulmage, 1981). Bt

genes introduced into transgenic tobacco (Barton et al. 1987; Vaeck et

al. 1987) and tomato (Fischhoff et al. 1987) have provided protection

from lepidopteran insects in greenhouse studies.

Douglas-fir has serious lepidopteran pests including the Douglas-

fir tussock moth (Orygia pseudotsugata) and western spruce budworm

(Choristoneura occidentalis), which cause significant damage in many

areas of the northwestern U.S. and southwestern Canada (Beckwith et

al. 1988). The eventual production of Bt toxin-producing transgenic

Douglas-fir trees resistant to these insect pests would provide forest

managers and pest management specialists with an additional tool for

maintaining healthy, productive forests (Strauss et al. 1991).

I describe in chronological sequence a series of experiments to

produce transgenic Douglas-fir callus from bombarded cotyledons.

Specifically, experiments were conducted to: (1) determine the effect



67

of kanamycin on callus growth from cotyledons, (2) analyze the effects

of biological and bombardment parameters on stable incorporation of

foreign DNA, (3) establish liquid suspension cultures from chimeric

callus and select transformed cells, (4) analyze for the presence and

expression of foreign DNA in callus using the polymerase chain

reaction, the GUS fluorometric assay, an insect bioassay, and Southern

blots.



METHODS

Effect of kanamycin on callus qrowth from cotyledons.

To determine the sensitivity of callus growing from Douglas-fir

cotyledons to the antibiotic kanamycin, cotyledon sections were placed

on callus-forming medium with various levels of kanamycin. Seedling

germination and growth, cotyledon surface-sterilization, medium

composition, and growth room conditions were as described in Chapter

II, except that the seedlings used had fully-expanded cotyledons, and

5 iM 1-naphthaleneacetic acid (NAA) was used in the callus-forming

medium instead of 5 ,itl 2,4-dichiorophenoxyacetic acid (2,4-D).

Immediately after surface-sterilization, cotyledons were placed on

medium supplemented with 0, 2.5, 5.0, 7.5, 10.0, 12.5, or 15.0 mg/L

kanamycin sulfate. The antibiotics were added from a filter-

sterilized stock solution after the media were autoclaved. Eight to

10 cotyledons were placed on each plate with 11-14 plates per

kananiycin concentration. After 4 weeks, cultures were transferred to

fresh plates of the same medium. Eight weeks after initiation, all

the cultures on a plate were blotted dry, weighed, and the total

weight was divided by the number of cotyledons placed on each plate.

Effect of oreculture. oarticle density. and voltaqe on GUS activity in

callus.

An experiment was conducted to determine the effects of particle

density and discharge voltage on transient and stable GUS activity in

cotyledons and callus lines derived from cotyledons, respectively.

Another experiment examined the effects of preculturing cotyledons on
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Transient expression of the GUS gene was measured on a subset of

the bombarded cotyledons two days following DNA introductions.
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callus-forming medium before bombardment on transient and stable GUS

expression. Seedling germination and growth, cotyledon surface-

sterilization, DNA delivery, medium composition, and growth room

conditions were as described in Chapter II, with the following

exceptions. For the preculture experiment, 150 cotyledon sections

each were placed on the medium 3, 5, 7, 9, 12, and 14 days before

bombarding. For the density/voltage experiment, nine bombardment

treatments were used in a factorial design of three densities of

particle loading (0.025, 0.05, and 0.1 mg/cm2) and three voltage

settings (12, 14, and 17 kV). The discharge voltage controls the

particle velocity and hence the impact with which the particles strike

the tissues. Sixty cotyledons for each of nine bombardment treatments

were placed on callus-forming medium seven days before bombarding.

The plasmid used for introductions in both experiments contained

three genes of interest (Figure 111.1). The GUS (Jefferson et a].

1987) and Bt (Barton et a]. 1987) coding regions were preceded by a

CMV 35s promoter (Gronenborn et al. 1981). The NPT-II (Beck et al.

1982) coding region was under the control of the NOS promoter

(Depicker et a]. 1982). All three genes were followed by a NOS

polyadenylation sequence (Depicker et al. 1982). The plasmid was

constructed by Agracetus by combining pCMC1100 containing the GUS gene

(McCabe et a]. 1988) with pTV4AMVBTS (Barton et al. 1987) containing

the Bt and NPT-II genes.
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Figure 111.1. A partial restriction-site map of the plasmid used for

microprojectile bombardment of Douglas-fir cotyledons. Restriction

sites: S, SphI; H, Hindill.
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Twenty-five cotyledons from each of the six preculture and nine

density/voltage treatments were analyzed for the number of blue loci

as described in Chapter II.

Callus culture on media with and without kanamvcin.

Following DNA introductions, 35 cotyledons from each of the

density/voltage treatments were transferred to plates containing

callus-forming medium. The 125 remaining cotyledons from each of the

preculture treatments were divided into two groups. Fifty cotyledons

were placed on callus-forming medium, and 75 cotyledons were placed on

callus-forming medium supplemented with 1 mg/L kanamycin sulfate.

Callus derived from each cotyledon was maintained as a separate

callus line and transferred to the same medium (with or without

kanamycin) every 1-2 months. Callus lines were divided into sub-

clones several times. Cultures were maintained in growth rooms under

the same light and temperature conditions described in Chapter II.

The procedures for handling and testing these cultures are shown

schematically in Figure 111.2.

Histochemical tests for GUS activity in callus lines.

After eight months in culture, sub-samples of callus lines

growing on medium without kanamycin were tested histochemically for

GUS activity. Callus pieces were placed in a 1 mM solution of X-gluc,

incubated overnight at 37°C, cut into sections using a scalpel, and

examined under a dissecting microscope for blue-staining areas. The

X-gluc solution was supplemented with 0.2% (v/v) Combiotic (Pfizer,
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Introduced DNA

No selection

Tested sub-
sam pies for GUS

Cotyledons

Callus lines
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positive sub-samples
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cultures

Screened through
0.5 mm mesh,

Plated on filters
Cell aggregates

No selection Kanamycin

Tested colonies
G4 18 4-6 weeks

for GUS
'Blue 'White 'Resistant

colonies' colonies' colonies'

GUS test
I

Insect bioassay
I

Southern analyses

Figure 111.2. Flow chart of procedures for handling and testing of

callus cultures derived from bombarded cotyledons.

I

Kanamycin

Discontinued

8 months
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New York) to discourage bacterial contaminants (McCabe et al. 1988).

Sensitivity of liauid susnension culture cells to antibiotics.

This experiment was conducted to determine the sensitivity of

plated suspension cultures to the antibiotics kanamycin and G418

(Geneticin, Gibco BRL, Gaithersburg, MD). Both antibiotics are

detoxified by the product of the NPT-II gene. Callus lines from non-

bombarded cotyledons were used to inoculate suspension cultures. The

liquid medium (DSM) was the same as the callus-forming medium, except

that 4.38 g/L filter-sterilized L-glutamine was added after

autoclaving, and the agar was omitted. Approximately 10 callus pieces

were added to 250 ml erlenmeyer flasks containing 25 ml of OSM. The

flasks were rotated at 120 rpm on a gyratory shaker at 25°C. Small

cell clusters in liquid medium were transferred to new flasks 1-7 days

after inoculation, and 25 ml fresh medium was added. Spent medium was

replaced as needed, and cultures were divided every one to two weeks.

Cells from two rapidly-growing liquid cultures were passed

through a 500 ,tm mesh nylon screen (Small Parts, Inc., Miami, FL) and

resuspended in OSM to a concentration of 30,000 colonies/ml. The

colony densities were determined by counting on a hemacytometer. The

colonies contained approximately 1-10 cells each. One-half ml of

filtered suspension was spread on cellulose acetate filters (SMWP, 5.0

,Lm pore size, 47 mm dia. Millipore Corp., Bedford MA) on DSM

solidified with 5 g/L agarose (BRL Ultrapure, Life Technologies Inc.,

Gaithersburg, MD) in 60 mm diameter disposable petri dishes (Falcon

1007, Becton Dickinson, Lincoln Park, New Jersey). The media
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contained either 0, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, or 16 mg/L

kanamycin sulfate, or 0, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, or 3.2

mg/L G418. There were two plates for each suspension culture at each

antibiotic concentration. These plates were kept in the dark at 25°C

and the filters were transferred to fresh medium of the same

composition after 2 weeks. Four weeks after plating, the plates were

examined under a dissecting microscope, and the number of colonies

greater than 1 mm in diameter in each of three fields of view (33.2

mm2) were counted. The mean of these was multiplied by 52 (1734.9 mm2

filter area/33.2 mm2 sample area) to obtain the number of colonies per

plate. The filters containing the colonies were then dried overnight

in a vacuum oven at 80°C. The dry weight of the colonies was obtained

by subtracting the initial weight of the filters from the total dry

weight of the colonies and the filters.

Inoculation, plating and testinq of susnension cultures derived from

bombarded cotyl edons.

Callus lines with the greatest number of sub-samples exhibiting

GUS activity were used to inoculate suspension cultures as described

above. These and control cultures were plated on medium containing

either 0, 0.5, or 2.0 mg/l kanamycin sulfate, or 0, 0.2, or 0.4 mg/l

G418 as above, except that the plating density was reduced to 5,000

colonies per ml. These plates were kept in the dark (to avoid stress

due to high light intensity) at 25°C, and the filters were transferred

to plates with fresh medium every 2 weeks.

After 4-6 weeks, colonies growing on medium without antibiotics
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were tested for GUS activity. One-half ml of 1 mM X-gluc was added to

each plate and the plates were incubated overnight at 30'C. Plates

were examined under a dissecting microscope and colonies exhibiting

GUS activity ("blue colonies") were transferred to DSM solidified with

5 g/l agarose (BRL Ultrapure). The calli derived from these colonies,

and non-expressing controls, were transferred to the light to promote

growth, and sub-cultured to the same medium every 4 weeks.

At the same time (4-6 weeks after plating), plates containing

colonies growing on media supplemented with antibiotics were scored.

When there was a sub-population of colonies growing faster than the

rest, or only a few surviving colonies, these colonies were

transferred to medium containing 0.2 mg/L G418, and sub-cultured to

fresh medium every 4 weeks.

Polvmerase chain reaction tests for the Dresence of introduced genes.

DNA was extracted from 50-100 mg callus tissue using a modified

CTAB (hexadecyltrimethylammonium bromide) method (Wagner et al. 1987)

(detailed protocol in Appendix 111.1). The CTAB method was used

because preliminary tests had shown that DNA isolated from Douglas-fir

callus using a simpler protocol, modified from Dellaporta (1985),

inhibited DNA amplification in PCR reactions. The final DNA

concentration was determined fluorometrically (model TKO 100, Hoefer

Scientific Instruments, San Francisco, CA) using a DNA-specific dye

(Labarca and Paigen, 1980). A spectrophotometrically-determined

concentration of CsCl-purified Douglas-fir DNA was used as a standard.
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The presence of foreign DNA was assayed by DNA amplification

using the polymerase chain reaction (PCR). Each reaction was

performed in 50 p1 of buffer (Taq DNA polymerase reaction buffer,

Promega, Madison, WI), containing 0.2 mM of each dNTP, 0.4 pM of each

primer, 2.25 units Taq DNA polymerase (Promega), and 200 ng Douglas-

fir DNA. For positive controls, plasmid DNA was used at a

concentration calculated to yield the number of copies of a single-

copy insertion in the Douglas-fir genome, estimated to be 25 pg per

diploid genome (Ingle et al. 1975), in 125 ng genomic DNA. The

negative controls were isolated from callus lines derived from

cotyledons that had not been bombarded. Two sets of primers were

synthesized at the Oregon State University Center for Gene Research

and Biotechnology based on sequence information provided by Agracetus.

One set was complementary to regions in the CMV 35s promoter (5'-

GGAAGTTCATTTCATTTGGAGAG-3') and the coding region of the GUS gene (5'-

TAGATATCACACTCTGTCTG-3'); amplification from these primers yields a

fragment of 864 bp. The other set was complementary to two sections

in the coding region of the Bt gene (5'-ACGGGATTAGAGCGTGTATG-3' and

5'-AAGGTGTAAACTGCTCCAGC-3'). Amplification from these primers yields

a fragment of 684 bp. The Taq DNA polymerase was added after

incubating the other reaction components at 95°C for 5 minutes, and

the reaction volume was overlaid with 50 p1 of mineral oil. Reactions

consisted of forty cycles of amplification followed by an incubation

at 72°C for 7 mm, with each amplification cycle consisting of 1 mm

at 95°C, 1 mm at 60°C, and 2 mm at 72°C. Amplification products

were resolved by gel electrophoresis in 1.5% agarose gels (BRL

Ultrapure, Life Technologies Inc., Gaithersburg, MD), stained with



ethidium bromide, and photographed under UV light.

Comparison of the histochemical and fluorometric assays for GUS

activity.

To determine the relative sensitivities of the histochemical and

fluorometric assays for GUS activity in Douglas-fir tissues, bombarded

and control cotyledons were measured with both methods. One control

and three bombarded cotyledons were measured first histochemically, as

described above, and then fluorometrically according to Jefferson

(1987). Two control and eight bombarded cotyledons were measured

fluorometrically only.

Effect of PVPP concentration and SeDhadex G-1O sDin-columns on

sensitivity of the fluorescence assay for GUS activity in Douglas-fir

callus.

This experiment examined the effects of grinding callus in lysis

buffer containing various concentrations of polyvinylpolypyrrolidone

(PVPP), and passing the extracts through Sephadex G-1O spin columns,

on background fluorescence and inhibition of GUS activity. To examine

background and inhibition independently, tobacco leaves expressing the

GUS enzyme and Douglas-fir callus from non-bombarded cotyledons, were

analyzed separately and in mixture. A 5-mg piece of a leaf from a

transgenic tobacco plant containing the 35s-GUS construct (Richard

Jefferson, personal communication) was ground in 500 jil cold lysis

buffer (no PVPP) in a 1.5-ml microfuge tube with a plastic pestle

(detailed protocol in Appendix 111.2). Twenty p1 of the resulting

extract was added to four of six tubes containing lysis buffer
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prepared with each of four PVPP concentrations (0, 1, 2, and 3% w/v).

Douglas-fir callus (100 mg) was added to another subset of four tubes

and ground. This resulted in two tubes each of tobacco alone, callus

alone, and the two combined for each PVPP concentration. After

centrifugation, the supernatant from one of the two tubes of each

treatment was spun through a Sephadex G-10 column in a table-top

centrifuge (Econo-spin), and the supernatant from the other tube of

each treatment was transferred to a new tube.

Twenty-five ,hl of a freshly prepared 100 mM-stock of 4-

methylumbelliferyl B-D-glucuronide (MUG, the fluorogenic GUS

substrate) in 50 mM sodium phosphate, 1 mM EDTA buffer was added to

each tube. A 100-i1 aliquot was removed from the reaction and added

to 900 jl of 0.2 M sodium carbonate solution (stop buffer). This

aliquot was used as the baseline reading (time-0). At time-0, another

50-fl aliquot was removed for DNA concentration determination. The

reactions were then incubated at 37°C and 100-,il aliquots taken and

added to tubes containing stop buffer at 2 and 4 hours after time-0.

When all reactions had been terminated, the concentration of the

fluorescent product, 4-methylumbelliferone (4-MU), was determined

using a Hoefer TKO 100 fluorometer (Aex 365 nm; A 460 nm), calibrated

to standards of known concentrations of 4-MU. Fifty- or 100-ILl

aliquots of the terminated reactions were added to stop buffer for

fluorescence measurements and the 4-MU concentrations calculated using

the appropriate dilution factors. The time-0 readings were subtracted

from the 2- and 4-hour readings, and the difference divided by the

appropriate time period, giving nM 4-MU/hr. This rate was
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standardized for the amount of DNA in the samples giving nM 4-MU/hr.ng

DNA. The DNA concentrations of the extracts were determined with the

fluorometer, using a DNA-specific dye (Labarca and Paigen, 1980). A

spectrophotometrically-determined concentration of CsC1 -purified

Douglas-fir DNA was used as a standard.

Fluorescence assay of GUS activity in bombarded and non-bombarded

Doualas-fir callus lines.

The GUS fluorescence assay was performed as above on 13 callus

lines. Three of these lines were derived from non-bombarded

cotyledons. The other ten lines were derived from 6 bombarded

cotyledons. These lines had been selected for histochemical GUS

activity in colonies or rapid growth of colonies on antibiotic-

containing medium, and for the presence of a PCR amplification product

that comigrated with the expected fragment. Three callus pieces were

measured in each callus line, and measurements were performed in three

blocks consisting of one sample of each line per block. All callus

pieces had been transferred to fresh medium 18 days before testing.

Samples were ground in 600 l of lysis buffer, containing 2% PVPP, and

all supernatants were spun through Sephadex G-10 spin columns. In

addition to the 2- and 4-hour measurements, an aliquot was also taken

21 hours after the start of incubation. Fluorescence readings were

standardized by the protein concentrations of the extracts, as well as

by the DNA concentrations.

Protein determinations were made using the Bio-Rad protein assay

kit (Bio-Rad Laboratories, Richmond, CA) according to the
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manufacturer's instructions. Briefly, standards of bovine serum

albumin ranging from 0-640 pg/mi were prepared in 50 mM sodium

phosphate, 1 mM EDTA buffer. 25 p1 of each of these stocks was added

to 775 p1 distilled, deionized water and 200 p1 of the Bio-Rad

reagent. The absorbance of this solution at 595 nm was determined on

a spectrophotometer (Beckman, BO) and the values used to generate a

standard curve. Twenty-five-pi aliquots of each sample (before

incubation) were added to 775 p1 of water and 200 p1 of reagent, and

the absorbance measured. Values of 4-MU/hr were divided by the

protein concentrations to give 4-MU/hr.pg protein.

The values of enzyme activity were entered into two analyses of

variance. In the first, all callus lines were considered individuals,

and the variation due to the blocked measurements was removed.

Tukey's HSD criterion was used to test for significant differences

among callus line means (SAS Institute, Inc. 1987). The second

analysis of variance compared the group of bombarded lines with the

group of non-bombarded lines. The means of each callus line were

calculated and then entered into the analysis of variance, with the

individual lines serving as replicates for the bombarded and non-

bombarded groups. The significance of differences between the groups

were tested by the LSD criterion (SAS Institute, Inc. 1987). These

two analyses were conducted for each of the six dependent variables (3

reactions times x 2 types of standardization).

Insect bioassay.

Douglas-fir tussock moth (Orygia pseudotsugata) second instar
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larvae were placed singly in 60-mm plastic petri dishes. Into each

dish a callus piece from one of the tested lines was added on a small

square of callus-forming medium, except that 1% agarose was used to

gel the medium. This higher concentration of gelling agent was

necessary to prevent the insects from drowning in the liquid film of

the medium. Four bombarded lines and one non-bombarded line were

tested with five larvae per callus line. Fresh callus on medium was

furnished as needed to the insects until they had reached the fourth

instar. Eight to twelve hours after the third molt, they were weighed

and transferred to artificial diet until pupation. The time taken to

reach the fourth instar, the fresh weight at the fourth instar, and

the sex of each surviving insect were recorded. These values were

entered into analyses of variance, and the significance of differences

in insect development time and weight among callus lines were tested

with Tukey's HSD criterion (SAS Institute, Inc. 1987).

Southern analysis.

DNA was isolated from six callus lines showing fragments

comigrating with the GUS fragment by PCR amplification, and one callus

line from an non-bombarded cotyledon that lacked the PCR GUS fragment.

The DNA isolation was similar to that used for PCR analysis, except

approximately 10 g of tissue was ground with a polytron, and an

additional step of CsC1-purification was added (detailed protocol in

Appendix 111.3). CsCl-purification was necessary because isolation

protocols lacking this step yielded pellets that were extremely

gelatinous, and therefore difficult to dissolve in buffer and

quantitate. Additionally, DNA isolated without CsC1-purification



migrated unevenly through agarose gels during electrophoresis.

Two blots were used to analyze for the presence of the GUS, Bt,

and NPT-II genes. For each blot, 20 pg of DNA was cut with the

appropriate restriction enzymes (see below), loaded into 0.8% agarose

gels, and electrophoresed in 0.8X modified TAE buffer (100 mM Iris-

HC1, 83 mM acetate, 20 mM EDTA, pH 8.1). Also loaded onto the gels

were reconstructions of the digested plasmid, equivalent to 0.5, 2.5,

and 5.0 copies of inserted DNA per Douglas-fir genome, mixed with 20

pg of DNA from the non-bombarded callus line. The electrophoresed DNA

was transferred to Zetabind nylon membranes (Cuno Inc., Meriden, CT)

by alkaline transfer (Reed and Mann, 1985).

Probe DNA was prepared by digesting plasmids with appropriate

restriction enzymes (see below) to isolate fragments containing only

coding regions of the three genes. Digested plasmid DNA was

electrophoresed in agarose gels, stained in ethidium bromide and the

appropriate bands were cut out under UV light. DNA was electroluted

from the gel slices in an Amicon Centrilutor (Amicon Division, W.R.

Grace & Co., Danvers, MA), and then concentrated by centrifugation

through Centricon-30 cartridges and ethanol precipitation. Probes

were labelled with 32P-adCTP using a Random Primed DNA Labeling Kit

(Boehringer-Manheim, Indianapolis, IN) according to the manufacturer's

instructions. Hybridizations were carried out overnight at 65°C, and

blots were washed at 65°C for 30 minutes in 2X SSC, 0.1% SDS; 2X SSC,

0.5% SDS; and twice in 0.1X SSC, 0.5% SOS, sequentially (1X SSC=150 mM

NaC1, 15 mM sodium citrate; SDS=sodium dodecyl sulfate). Blots were
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exposed to X-ray film (Kodak, X-OMAT AR) with one intensifier screen

(Dupont, Cronex Lightning-Plus) at -80°C.

The first blot was used to analyze for the presence of the Bt and

GUS genes. Callus DNA and plasmid reconstructions were digested with

Hindu!. This enzyme yields a 1.7 kb fragment within the coding

region of the Bt gene, and a 4.5 kb fragment consisting of the entire

GUS gene and adjacent plasmid sequences (Figure 111.1). The Bt probe

was obtained by recovering the 1.3 kb HindIII/SstI fragment that had

been cloned into pSP65 (Promega) by Agracetus. This fragment is

located at the 5' end of the Bt coding region. The probe was labelled

to a specific activity of 7.2 X 108 cpm/pg DNA and the blot was exposed

for 23 days. Subsequently, the probe was removed and the blot

rehybridized to a mixture of a probe specific to the GUS gene and a

"single-copy" cDNA from Douglas-fir provided by Dr. David B. Neale

(USDA, Forest Service, Berkeley, CA). The GUS probe was obtained by

digesting the original plasmid with Pst I, recovering the 2.7 kb

fragment by gel purification and electrolution, digesting that

fragment with Nco I, and recovering the 1.9 kb fragment. This

fragment is located entirely within the GUS coding region. The

"single-copy" cDNA hybridizes to restriction fragments that are

approximately as abundant as fragments that segregate in a Mendelian

fashion in controlled crosses. The 568 bp cDNA insert was isolated

from its plasmid vector after digestion with XbaI, electrophoresis and

electrolution. The GUS and "single-copy" probes were mixed in equal

amounts, labelled to a specific activity of 2.9 X 108 cpm/&g DNA, and

the blot was exposed for 29 days.
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The other blot was used to test for the presence of the NPT-II

gene. DNA for this blot was digested consecutively with HindIII and

SphI. The KC1 concentration was raised to 50 mM (total NaC1 and KC1

concentration = 100 mM) before the SphI digest. This double-digest

yields a 1.1 kb fragment consisting of the NOS promoter and part of

the NPT-II coding region, and a 2.2 kb fragment consisting of the rest

of the coding region and adjacent plasmid sequences (Figure 111.1).

The NPT-II probe was obtained by recovering the 1.0 kb BaniHI/BglII

fragment that had been cloned into pSP65 (Promega) by Agracetus. This

fragment comprises the entire coding region of the NPT-II gene plus

approximately 100 bp of the 3' non-coding sequence from Tn5. The

probe was labelled to a specific activity of 7.3 X 108 cpm/JLg DNA, and

the blot was exposed for 23 days.

DNA on three selected gels used to analyze PCR reactions was

transferred to Zetabind membranes by alkaline transfer. The blots

were hybridized to the GUS probe and exposed to X-ray film for 1-19

hours at room temperature.



RESULTS

Fffert of kanamvcin on callus arowth from cotyledons.

All kanamycin concentrations tested substantially inhibited

callus growth from cotyledons (Figure 111.3) The lowest concentration

(2.5 mg/L) reduced the weight of the resulting callus to 9.8% that of

callus on medium without kanamycin. As concentration increased above

2.5 mg/L, weight of the callus decreased slightly.

Transient expression assays

The loading density of DNA-coated particles and the voltage used

to vaporize the water droplet did not significantly affect transient

expression of the GUS gene in Douglas-fir cotyledons. The F-tests for

particle density, voltage, and the interaction of the two were not

significant (Table 111.1). The mean number of GUS-expressing loci per

cotyledon over all treatments was 4.7 (Table 111.2). Eighty-six

percent of the cotyledons in this experiment had at least one locus.

The highest number of loci counted on a single cotyledon was 20. The

transient expression results of the preculture experiment were

reported in Chapter II.

Callus culture on media with and without kanamvcin.

Eight months after callus induction and DNA introductions, 219 of

615 (35.6%) callus lines, grown on medium without kanamycin had

survived. This compares with 128 of 450 lines (28.4%) surviving when

grown on medium containing 1 mg/L kanamycin. Many of the calli grown

on kanamycin-containing medium were necrotic in those portions that

85



250

200

150

100

50

0
2.5 5.0 7.5 10.0 12.5 15.0

Kanamycin conc. (mg/L)

Figure 111.3. Effect of kanamycin concentration on callus growth from

Douglas-fir cotyledons.
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Table 111.1. Analysis of variancea of the effect of particle density

and voltage on transient expression of DNA introduced by

mi crooro.iecti 1 e bombardment.

aAnalysis of variance performed on transformed [(x + 1)] values.
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Source of Mean
variation d.f. square F-value Prob.

Density 0.211 0.35 0.705

Voltage 0.351 0.58 0.560

Density x
voltage 4 0.860 1.43 0.226

Error 216 0.602



Table 111.2. Effect of particle density and voltage on transient

expression of DNA introduced by microprojectile bombardment.

Particle density Discharge voltage (kV)

(mg/cm2) 12 14 17

number of loci per cotyledona

0.025 4.3 5.8 4.3 4.8

0.05 3.8 5.2 5.3 4.8

0.1 5.0 3.9 4.4 4.4

Mean 4.4 5.0 4.7 4.7

aValues are means of 25 cotyledons per treatment combination. No means

were significantly different (Tukey's HSD, p < 0.05). Tukey's test

was performed on transformed [(x + 1)'] values.

Me an
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were in contact with the medium, but were green and continued to grow

in those portions that were more removed from the medium.

Histochemical tests for GUS activity in callus lines.

Over both experiments, 42 of the 219 callus lines tested (19.2%)

(all grown on medium lacking kanamycin), had at least one sample that

tested positive for GUS activity (Figure 111.4); 6.6% of callus

subsamples tested were positive. A higher proportion of callus lines

had GUS activity in the preculture experiment (24 of 104, 23.1%) than

in the density/voltage experiment (18 of 115, 15.6%) (Table 111.3).

Several treatments yielded high percentages of either number of lines

with some activity, or number of sub-samples within a line with

activity, however, no single treatment was clearly superior to the

others by both measures (Tables 111.4 and 111.5).

Sensitivity of liniiicl usnension culture cells to antibiotics.

Both kanamycin and G418, incorporated into the growth media,

inhibited colony development from plated suspension culture cells

(Figure 111.5). Cells were more sensitive to G418 than kanamycin. No

colonies lived on concentrations above 0.8 mg/L G418. No

concentration of kanamycin tested completely prevented any colonies

from reaching 1 mm in diameter, despite the fact that the highest

kanamycin concentration tested (16 mg/L) was twenty times that of the

lethal G418 concentration. Dry weight no longer decreased with

increasing antibiotic concentration above 0.5-1.0 mg/L kanamycin and

0.4-0.8 mg/L G418, but these weights were higher for kanamycin than

for G418. For each antibiotic, the same concentrations that most



Figure 111.4. Douglas-fir callus tested histochemically for GUS

expression. (a) activity limited to a small sector (magnification

20X), and (b) activity widespread (magnification = 17X).

go



Table 111.3. Summary of callus lines from the density/voltage and

reculture experiments testing positive for GUS activity.

91

Lines Lines Lines Samples Samples

Experiment bombarded tested positive tested positive

Density/voltage 315 115 18 (15.7%) 1100 54 (4.9%)

Preculture 300 104 24 (23.1%) 1125 92 (8.2%)

Total 615 219 42 (19.2%) 2225 146 (6.6%)



Table 111.4. Effect of particle density and voltage on the number of

callus lines exhibitjnq GUS activity eiqht months after bombardment.
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Particle
densit'
(mg/cm )

Voltage
(kV)

Lines
bombarded

Lines
tested

lines
positive

Samples
tested

Samples
positive

0.025 12 35 9 0 70 0

0.025 14 35 13 1 84 1

0.025 17 35 22 4 178 6

0.05 12 35 11 5 163 15

0.05 14 35 15 1 143 7

0.05 17 35 18 6 234 23

0.01 12 35 8 0 61 0

0.01 14 35 9 1 92 2

0.01 17 35 10 0 75 0



Table 111.5. Effect of days on callus-forming medium before

bombardment on the number of callus lines exhibiting GUS activity

eiciht months later.
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Days on callus-
forming medium

Lines
bombarded

Lines
tested

Lines
positive

Samples
tested

Samples
positive

3 50 5 0 37 0

5 50 14 2 174 4

7 50 19 7 383 52

9 50 31 5 313 15

12 50 16 4 86 10

14 50 19 6 132 11
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Figure 111.5. Effect of kanamycin (a) and G418 (b) concentration on

the weight and number of colonies from plated liquid suspension

cultures. Actual antibiotic concentrations are plotted on log2 axes.
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strongly inhibited the number of colonies that developed also most

strongly inhibited the total dry weight of colonies.

The two suspension culture lines differed slightly in their

antibiotic sensitivity. At intermediate antibiotic concentrations for

both antibiotics, line #15 tended to yield higher weights than line

#3, but higher weights did not always correspond with more colonies

reaching the minimum size. For example, a higher G418 concentration

(0.8 mg/L) was required to prevent all colonies of line #3 from

reaching 1 mm in diameter than for line #15 (0.4 mg/L).

Inoculation plating and testina of supension cultures.

Suspension cultures were inoculated from 21 callus lines (Table

111.6). Seventeen lines were derived from bombarded cotyledons and

had subsamples testing positive for GUS activity. Two of the lines

were derived from non-bombarded cotyledons, and two from cotyledons

that had been bombarded, but not tested for GUS activity. Five of the

lines failed to generate vigorous suspension cultures. Fifteen (12

"GUS-positive", 2 unknown, and 1 non-bombarded) of the 16 remaining

cultures were plated onto filters on solid medium (Table 111.6). One

of the plated "GUS-positive" lines died on the plates, leaving 14

lines which were retested for GUS activity. Seven of 11 "GUS-

positive" lines had colonies that stained blue (blue colonies) when

retested (Figure III.6a). One of two bombarded, unknown lines yielded

blue colonies, and no blue colonies were obtained from the non-

bombarded control line. The plating and testing was carried out on

five different occasions. On three of these dates, a non-bombarded
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Table 111.6. Summary of treatments and tests applied to selected

Doualas-fir callus linesa.
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a positive result; -. a negative result; n.e. not attempted.

b.AB no antibiotics in the plating medium; +AB, cells plated to media containing 0.2 and 0.4 mg/I

6418 and 0.5 and 2.0 mg/I kanamycin.

GUS

activity Estabi.

Anti-
biotic GUS

Callus Bomb- in susp. Plating Blue res. PCR- PCR- fluor. Insect Southern

line arded callus culture medium col's col's GUS Bt activity toxicity analysis

15 n.a. n.a. + -AB n.a. - n.a.

3 n.a. n.a. + n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

410 n.a. n.a. n.a. n.a. n.a. n.a. - - n.a.

502 n.a. n.a. n.a. n.a. n.a. n.a. - n.a. n.a.

11 + n.a. + AB + n.a. + -

121 + + + -AB + n.a. + -

193 + + + -A8. +AB + + + -

1105 + + + -AB. +AB + + +

1106 + + + -AB, +AB + + + - n.a.

1149 + + + -AB. +AB + + + - n.e.

1129 + + + -AB, +AB + + - n.a. n.a. n.a.

1201 + + + -AB. +AB + + - n.a. n.a. n.a.

13 + n.a. + -AB n.a. n.a. n.e. n.a. n.a. n.a.

59 + + + -AB n.a. n.a. n.a. n.a. n.a. n.a.

110 + + + -AB n.a. n.a. n.a. n.a. n.a. n.a.

123 + + - n.a. n.e. n.a. n.a. n.a. n.a. n.a. n.a.

125 + + - n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

162 + + n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

184 + + + -AB n.a. n.a. n.a. n.a. n.a. n.a.

195 + + + -AB n.a. n.a. n.a. n.a. n.a. n.a.

215 + + n.a. n.a. n.a. n.a. n.a. n.a. n.e. n.a.

1138 + + - n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.e.

1228 + + -AB. +AB n.a. n.a. n.a. n.a. n.e. n.a. n.a.
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Figure 111.6. Callus colonies tested histochemically for GUS activity

6 weeks after plating on medium without antibiotics. (a) close-up of a

blue colony (magnification = lOX), (b) comparison of plates containing

colonies derived from bombarded and non-bombarded cotyledons

(magnification = O.9X).



control line was included in the GUS assays (Figure III.6b).

The number of blue colonies transferred to callus medium ranged

from 2 to 46 among callus lines (Table 111.7). In addition, 2-35

colonies that did not exhibit GUS activity ("white colonies") were

transferred from seven of the eight lines with blue colonies. Thirty-

five white colonies were transferred from the non-bombarded line.

All six of the suspension culture lines plated to antibiotic-

containing media yielded colonies which exhibited faster growth than

the rest of the colonies on the plate ("resistant colonies"). The

number of resistant colonies transferred ranged from 3 to 57 per line

(Table 111.7). Colonies were transferred from all four of the

antibiotic concentrations tested, although more resistance was

observed on the G418-containing media (68 colonies on 0.2 mg/L, 51

colonies on 0.4 mg/L), than on kanamycin-containing media (28 colonies

on 0.5 mg/L, 8 colonies on 2.0 mg/L). Individual lines differed in

their response to the antibiotics. For example, line #1129 yielded

only 3 colonies on 0.2 mg/L G418 and no colonies at 0.4 mg/L G418,

whereas line #1106 yielded many colonies on 0.2 mg/L (only 2 grew much

faster than the others), but on 0.4 mg/L 20 colonies were classified

as resistant (Table 111.7).

Polvmerase chain reaction tests for the oresence of introduced qenes.

DNA from 14 Douglas-fir genotypes was tested for the presence of

GUS sequences. These included one non-bombarded line from a

suspension culture (#15), four non-bombarded lines that had not been
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introduced into suspension cultures, but had been maintained

continually as callus, one DNA sample from the foliage of a tree

unconnected with this study (AD), and eight callus lines from

suspension cultures that yielded blue colonies (Table 111.7). A total

of 178 individual reactions were run in 13 sets, and in each set DNA

from non-bombarded calli failed to yield fragments which comigrated

with the fragment amplified from plasmid DNA containing the GUS gene.

An example of one of these occasions is shown in Figure III.7a.

Results from some of the lines were consistent; for example, DNA from

12 colonies of line #121 was tested in 38 reactions and always yielded

the comigrating fragment. Alternatively, DNA from 12 colonies of line

#1129 was tested in 33 reactions and never yielded the comigrating

fragment. For seven of the callus lines, amplification reactions were

conducted using DNA from both blue and white colonies of the same

callus line. There was no association between presence of a

comigrating fragment and whether a colony had tested blue or white

during the earlier GUS histochemical tests on plated suspension

cultures. For three of these lines (#121, #193, and #1105), reactions

with DNA from all colonies tested amplified the comigrating fragment.

In one of the lines (#1129), no comigrating bands were produced from

DNA of any of the colonies, and in three of the lines (#1106, #1149,

and #1201), some reactions yielded a comigrating fragment and some did

not. In two of the latter cases (1106 and 1201), callus derived from

a single colony yielded the comigrating fragment in one reaction, but

not in another reaction. One colony which had been selected on the

basis of antibiotic resistance was also tested. A colony from line
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Table 111.7. Colonies selected by histochemical tests for GUS activity

and antibiotic resistance, and the results of PCR tests (GUS primers)

for the presence of introduced aenes.

efFootflotes on following page.

Callus

line

15'

Antibiotics

in plating

medium

0

No. blue

colonies

chosen

No. white No.

colonies

chosen

resistant

colonies

chosen

PCR tests

No. colonies (no. reactions)
positive/negative/total

0 (0) I 3 (8) / 3 (8)

11 0 2 1 (13) / 0 (0) / 1 (13)

121 0 41 10 (36) / 0 (0) / 10 (36)

0 - 35 2 (2) / 0 (0) / 2 (2)

193 0 46 1 (7) / 0 (0) / 1 (7)

0 2 2 (4) / 0 (0) / 2 (4)

0.26 18 - -

1105 0 36 3 (3) / 0 (0) I 3 (3)

0 24 - 3 (3) / 0 (0) / 3 (3)

0.5K 4

2.0K 8

0.26 27

0.4 6 18 1 (9) / 0 (0) / 1 (9)

1106 0 18 6 (7) / 1 (1) / 6 (8)b

0 12 2 (3) / 0 (0) / 2 (3)

0.5K 4

0.26 2

0.46 20

1129 0 11 0 (0) /11 (30)! 11(30)

0 12 0 (0) / 1 (3) / 1 (3)

0.2 6

1149 0 12 9 (14) / 1 (1) / 10 (15)

0 6 2 (2) / 0 (0) / 2 (2)

0.5K 12

0.26 8

0.4G 1

1201 0 8 4 (5) / 8 (12)! 8 (17)c

0 9 - 1 (2) / 1 (3) / 1
(5)d

0.5K 8

0.26 10 - -

0.46 12 - -

410 0 (0) / 1 (3) / (3)

419 0 (0) / 1 (1) / (1)

505 0 (0) / 1 (3) / (3)

BSK 0 (0) / 1 (3) I (3)

AD 0 (0) / 1 (1) / (1)



Table 111.7 continued.

aLine #15 was derived from an non-bombarded cotyledon.

bOne colony from line #1106 tested positive on one occasion and
negative on one occasion.

cFour blue colonies from line #1201 tested positive on at least one
occasion and negative on at least one other occasion.

dOne white colony from line #1201 tested positive on twoo occasions and
negative on three other occasions.

elines #410, 419, 505, and BSK were derived from non-bombarded
cotyledons, but were not introduced into suspension cultures.

9AD is a DNA sample from foliage unconnected with this study, isolated
by Allan Doerksen.
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Figure 111.7. PCR test for the presence of foreign DNA in Douglas-fir

callus lines. An agarose gel stained in ethidium bromide and

photographed under UV light containing DNA amplified from callus

derived from bombarded and non-bombarded cotyledons using primers

specific to the (a) GUS gene and (b) Bt gene. Lanes: (1) X174RF DNA

digested with Hae III; (2) amplification products from plasmid DNA

mixed with non-bombarded callus; (3-7) amplification products from

bombarded callus lines #1105, 193-9, 121-2, 11, and 1106-23; (8)

amplification products from non-bombarded callus line #15.
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#1105 plated on 0.4 mg/L G418 yielded the comigrating fragment in nine

separate reactions.

DNA amplification reactions using the primers complementary to

sequences in the Bt gene never yielded fragments comigrating with the

appropriate fragment from plasmid DNA (Figure III.7b), except for

clear cases of contamination (comigrating fragments in all reactions

including those with DNA from non-bombarded callus). In two sets of

reactions using the GUS primers, contamination was also evident.

These reaction sets are not included in the summary of PCR results

(Table 111.7). In all cases of contamination, the results were not

considered valid, new PCR and DNA isolation reagents were prepared,

fresh DNA was isolated, and the reactions were repeated.

ComDarison of the histochemical and fluorometric assays for GUS

activity.

The three non-bombarded cotyledons tested for GUS activity with

the fluorescence assay ranged from 4.5 to 14.4 nM 4-MU/hr.mg fr. wt.

(Table 111.8). Three bombarded cotyledons were tested first

histochemically (3, 10, and 22 blue spots), and then fluorometrically

(10.2, 50.2, and 27.6 nM 4-MU/hr.mg fr. wt., respectively). The

cotyledon with 10 spots had a much higher fluorescence reading than

the one with 22 spots. Of the eight bombarded, but not

histochemically tested, cotyledons, five had fluorescence readings

clearly indicative of GUS activity (>27 nM 4-MU/hr.mg fr. wt.). The

other three gave readings that suggested little or no activity.
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Table 111.8. A comparison of the histochemical and fluorometric assays

for GUS activity in Douglas-fir cotyledons bombarded with DNA-coated

microprojectiles.

aNOt tested histochemically for GUS activity.

Cotyledon
designation Bombarded

No. of blue
spots

nM 4-MU!
hr.mg fr. wt. Means

HF-NB 0 14.4

F-NB-i n.t. 6.3

F-NB-2 n.t. 4.5 8.4

HF-7 + 22 27.6

HF-b + 10 50.2

HF-9 + 3 10.2 29.3

F-4 + n.t. 39.8

F-6 + n.t. 37.7

F-5 + n.t. 37.1

F-2 + n.t. 28.9

F-3 + n.t. 27.4

F-i + n.t. 13.3

F-8 + n.t. 13.1

F-7 + n.t. 11.8 26.1
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Effect of PVPP concentration and Sphadex G-1O spin-columns on

sensitivity of the fluorescence assay for GUS activity in Douglas-fir

callus.

Non-bombarded Douglas-fir callus extracts exhibited substantial

background fluorescence when analyzed by the standard GUS fluorescence

assay (Jefferson, 1987) (Figure III.8a). This background fluorescence

was reduced when extracts were passed through a Sephadex G-10 spin-

column and to a lesser extent when tissues were ground in buffer

supplemented with PVPP. The spin-columns had no effect on GUS

activity from transgenic tobacco leaves, but activity was reduced

slightly with increasing PVPP concentration (Figure III.8b). When

extracts of the transgenic tobacco leaves were mixed with Douglas-fir

callus extracts, marked inhibition of fluorescence was observed

(Figure III.8c). The inhibition was decreased by either adding PVPP

to the lysis buffer or passing extracts through spin-columns, and

eliminated by using both treatments. Because each of the data points

in Figure 111.8 represents a single measurement, no statistical

analysis was performed and statistical significance is not inferred.

Fluorescence assay of GUS activity in bombarded and non-bombarded

callus lines.

Calli from ten colonies originally derived from six cotyledons

was tested for GUS activity using both 2% PVPP and spin-columns. All

these lines had yielded comigrating fragments in PCR analyses. Six of

the lines were from blue colonies (#11, #121-2, #121-20, #193-9,

#1106-55, and #1149), three of the lines were from white colonies

(#193-19, #193-20, and #1106-23), and one line was from a resistant



% PVPP

Figure 111.8. Effect of PVPP concentration and Sephadex G-10 spin-

column purification on the fluorescence assay of GUS activity. (a)

Douglas-fir callus derived from non-bombarded cotyledons, (b)

transgenic tobacco leaves expressing the GUS gene, and (c) extracts of

both mixed together.
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colony (#1105). Three non-bombarded callus lines were included as

control s.

None of the callus lines exhibited substantial GUS activity when

compared to transgenic tobacco (Figure 111.9). Analyses of variance

of the data revealed that when all lines were considered as

individuals, there were significant differences among some lines

(Table III.9a, Figure 111.9). A comparison of all non-bombarded lines

with all bombarded lines, however, showed that differences among

individual lines were not due to whether or not the callus lines

derived from bombarded or non-bombarded cotyledons (Table III.9b).

The length of reaction time (2, 4, or 21 hours) and the method of

standardizing fluorescence readings (per ng DNA or &g protein) did not

substantially affect the results (Table 111.10). In all cases, the

differences among individual lines were significant, but those between

the bombarded and non-bombarded lines as groups were not (Table

111.9).

Insect bioassay.

Twenty-three of the 25 larvae reared in this experiment survived

through pupation. One larva that died was fed callus derived from a

blue colony (#121), and the other callus from an non-bombarded

cotyledon (#15). Analyses of variance of the data revealed that there

were no significant differences in either fourth instar weight, or

days to the fourth instar among callus lines (Table 111.10, Figure

111.10).
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Figure 111.9. Fluorescence assay of GUS activity in Douglas-fir callus

derived from bombarded and non-bombarded cotyledons. Values shown are

means of 3 samples (reaction time of 4 hours). Means with the same

letter are not significantly different (p < 0.05, Tukey's HSD). The

value for transgenic (GUS) tobacco is taken from Figure III.8c, 2%

PVPP and spin-column purified.
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Table 111.9. Analyses of variance of GUS fluorescence activity in

bombarded and non-bombarded Douglas-fir callus lines.

A11 callus lines treated as individuals

Analysis form: Source of variation L.

Block 2

Lines 12

Error 24

Bombarded vs. non-bombarded lines

Analysis form: Source of variation

Bombardment 1

Error 11

110

Reaction time (hours) DNA (q) or protein (un) basis

F-value

(bombardment) Probability

2 DNA 0.66 0.4330

4 DNA 0.10 0.7626

21 DNA 0.00 0.9692

2 protein 2.89 0.1173

4 protein 1.62 0.2294

21 protein 0.92 0.3591

Reaction time (hours) DNA (nq) or protein (q) basis

F-value

(lines) Probability

2 DNA 3.75 0.0028

4 DNA 3.76 0.0028

21 DNA 4.43 0.0009

2 protein 3.71 0.0031

4 protein 2.68 0.0193

21 protein 2.97 0.0113
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Table 111.10. GUS fluorescence activity in Douglas-fir callus lines

derived from bombarded and non-bombarded cotyledons.

Callus Duration of reaction (hours)

line Bombarded 2 4 21 2 21

nM 4-MU/hr.ng DNA' nM 4-MU/hr.lLg protein'

15 0.28(0.41) 0.48(0.38) 0.46(0.24) 0.01(0.03) 0.03(0.02) 0.03(0.01)

410 1.48(0.54) 1.56(0.48) 1.19(0.38) 0.06(0.02) 0.06(0.02) 0.04(0.02)

502 -0.12(0.31) 0.08(0.21) 0.19(0.07) -0.003(0.03) 0.02(0.02) 0.03(0.01)

11 0.27(0.18) 0.18(0.16) 0.23(0.09) 0.01(0.01) 0.01(0.01) 0.01(0.004)

121-2 0.73(0.15 0.84(0.15) 0.70(0.12) 0.05(0.01) 0.05(0.01) 0.04(0.01)

121-20 1.02(0.55) 1.12(0.48) 0.92(0.35) 0.07(0.04) 0.08(0.04) 0.06(0.03)

193-9 0.56(0.51) 0.56(0.28) 0.41(0.16) 0.03(0.03) 0.04(0.02) 0.03(0.01)

193-19 0.88(0.10) 0.58(0.13) 0.45(0.07) 0.09(0.03) 0.06(0.02) 0.04(0.01)

193-20 0.69(0.39) 0.56(0.10) 0.43(0.04) 0.07(0.04) 0.07(0.01) 0.06(0.01)

1105 2.73(0.75) 2.44(0.73) 1.91(0.48) 0.16(0.05) 0.15(0.05) 0.11(0.02)

1106-23 0.73(0.33) 0.44(0.18) 0.32(0.04) 0.07(0.02) 0.05(0.02) 0.04(0.01)

1106-55 0.93(0.23) 0.72(0.16) 0.45(0.17) 0.15(0.03) 0.12(0.02) 0.07(0.01)

1149 0.68(0.45) 0.92(0.52) 0.45(0.27) 0.04(0.03) 0.05(0.03) 0.03(0.02)

'Means (standard errors of means) of three samples.
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Southern analysis.

There was no evidence of foreign genes incorporated into callus

DNA in any of the Southern blots (Figures 111.11, 111.12, and 111.13).

Plasmid reconstructions yielded fragments of predicted sizes; 1.7 kb

with the Bt probe, 4.5 kb with the GUS probe, and 1.1 and 2.0 kb with

the NPT-II blot. In the blots probed with both the Bt and NPT-II

probes there were other bands which hybridized to some extent with the

probes, but these were of different sizes than the expected fragments,

and were present in DNA from both bombarded and non-bombarded callus

lines. The "single-copy" probe revealed two sets of visible bands,

approximately 2.6 and 2.0 kb in size. Two of the callus lines (#1105

and 1106) appear to be heterozygous for the 2.6 kb sequence homologous

to the probe.

Southern analysis of gels used to analyze PCR reactions revealed

that the presence of appropriately-sized bands in ethidium bromide-

stained gels was not necessarily due to authentic GUS sequences. In

several instances, bands scored as positive amplification of

introduced DNA did not hybridize with the GUS probe (Figures 111.14,

lanes 3-7, 111.15, lanes 3-4, 11-12). Notably, in the final set of

PCR reactions conducted for this study (not included in Table 111.7),

DNA that was isolated in the laboratory before the beginning of this

study yielded a strong comigrating band that did not hybridize with

the GUS probe (Figure 111.16, lane 6).

Southern analysis of PCR gels also revealed that contamination

was more widespread than originally thought. Hybridization to



Table 111.11. Analyses of variance of growth of Douglas-fir tussock

moth larvae fed Douglas-fir callus derived from bombarded and non-

bombarded cotyledons.

Source of Me an

van ation d . f. square F-value Prob.

b) Weight at the fourth instar

113

Callus line 4 734.430 1.99 0.135

Error 20

a) Days to the fourth instar

368.591

Callus line 4 10.360 1.77 0.174

Error 20 5.840
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Figure 111.10. Growth of Douglas-fir tussock moth larvae on callus

derived from bombarded and non-bombarded cotyledons. (a) number of

days to the fourth instar, (b) fresh weight after molting to the

fourth instar. Values are means of 5 insects, no means were

significantly different (p < 0.05, Tukey's HSD).
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Figure 111.11. Autoradiograph of a Southern blot of DNA from callus

lines probed with a portion of the Bt gene. DNA was restricted with

Hindu! and probed with a 1.3 kb fragment from the Bt coding region.

Lanes: (1-3) plasmid DNA equivalent to 5, 2%, and % copies per

Douglas-fir genome; (4-9) DNA from callus lines derived from bombarded

cotyledons (#1149, 1106-55, 1105, 193-9, 121-2, 11); (10) DNA from a

callus line derived from an non-bombarded cotyledon (#410); (11) DNA

size markers, Hind!!! digested bacteriophage A and HaeIII digested

XR174.
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Figure 111.12. Autoradiograph of a Southern blot of DNA from callus

lines probed with a portion of the GUS gene. DNA was restricted with

Hind!!! and probed with a mixture of a 1.9 kb fragment from the GUS

coding region and a 568 bp fragment from a "single-copy Douglas-fir

cDNA. Lanes: (1) DNA size markers, Hindlil digested bacteriophage A

and HaeIII digested XR174; (2) DNA from a callus line derived from an

non-bombarded cotyledon (#410); (3-8) DNA from callus lines derived

from bombarded cotyledons (#11, 121-2, 193-9, 1105, 1106-55, and

1149); (9-11) plasmid DNA equivalent to ½, 2½, and 5 copies per

Dougl as-fir genome.
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Figure 111.13. Autoradiograph of a Southern blot of DNA from callus

lines probed with a portion of the NPT-II gene. DNA was restricted

with Hindu! and SphI and probed with a 1.0 kb fragment encompassing

the NPT-II coding region and including 100 bp of the 3' non-coding

region from Tn5. Lanes: (1) DNA size markers, Hind!!! digested

bacteriophage A and HaeIII digested XR174; (2) DNA from a callus line

derived from an non-bombarded cotyledon (#410); (3-8) DNA from callus

lines derived from bombarded cotyledons (#11, 121-2, 193-9, 1105,

1106-55, and 1149); (9-11) plasmid DNA equivalent to J, 2½, and 5

copies per Douglas-fir genome.
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labelled probed revealed low levels of amplification in negative

controls, even when bands were not clearly visible by ethidium bromide

staining (Figure 111.15, lane 9; Figure 111.16, lane 8). These

hybridization signals were of approximately equal intensity as signals

seen from reactions with DNA from putative transformants (Figure

15,lanes 1-2; Figure 111.16, lane 12).
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Figure 111.14. Electrophoretic and Southern analyses of PCR products

after amplification of callus DNA using the GUS primers. (a) an

agarose gel stained in ethidium bromide and photographed under UV

light, and (b) an autoradiograph of that gel probed with the 1.9 kb

GUS fragment. Lanes: (1) X174RF DNA digested with Hae III; (2)

amplification products from plasmid DNA mixed with non-bombarded

callus; (3-7) amplification products from bombarded callus lines

#1105, 193-9, 121-2, 11, and 1106-23; (8) amplification products from

non-bombarded callus line #15.
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Figure 111.15. Electrophoretic and Southern analyses of PCR products

after amplification of callus DNA using the GUS primers. (a) an

agarose gel stained in ethidium bromide and photographed under UV

light, and (b) an autoradiograph of that gel probed with the 1.9 kb

GUS fragment. Lanes: (1) #121-46 a white colony; (2-4) 3 sub-samples

of #11, a blue colony; (5) X174RF DNA digested with Hae III; (6)

plasmid DNA; (7) plasmid DNA mixed with #121-2, a blue colony; (8)

plasmid DNA mixed with non-bombarded callus; (9) non-bombarded callus,

#15; (10) non-bombarded callus #BSK; (11) #121-8, a blue colony; (12)

#121-9, a blue colony.
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Figure 111.16. Electrophoretic and Southern analyses of PCR products

after amplification of callus DNA using the GUS primers. (a) an

agarose gel stained in ethidium bromide and photographed under UV

light, and (b) an autoradiograph of the gel probed with the 1.9 kb GUS

fragment. Lanes: (1) X174RF DNA digested with Hae III; (2) non-

bombarded callus, #15; (3) non-bombarded callus #410; (4) non-

bombarded colony #505; (5) tobacco, "GUS-negative", (6) Douglas-fir

tree unconnected with this study; (7) water; (8-9) non-bombarded

callus #15; (10-11) #1149, a blue colony; (12-13) #1106-23, a white

colony; (14) plasmid DNA mixed with #15.
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DISCUSSION

We studied a number of avenues for recovering transgenic Douglas-

fir callus via microprojectile bombardment. A great deal was learned

about DNA delivery, antibiotic selection, reporter gene measurement,

and gene detection in Douglas-fir, however, no non-chimeric, stable

transformants were produced.

The lack of significant differences in transient expression as a

result of the particle density and voltage treatments suggests that

all the cells that were competent to express the introduced DNA were

saturated with microprojectiles by the treatments tested. The

importance of cell competency for transient expression was

demonstrated in Chapter II. The mean number of GUS-expressing loci

per cotyledon (4.7) was similar to several experiments described in

Chapter II, including the preculture experiment. However, it was one

third that observed in the multiple-bombardment experiment (Chapter

II).

A low proportion of the callus lines initiated on medium

containing kanamycin (28.4%) and medium lacking kanamycin (35.6%)

survived the eight-month period of callus growth. Because of the

number of cotyledons bombarded (1065), and the failure of selection to

prevent growth from a majority of them, the amount of work required to

maintain these cultures exceeded the resources available. As a

result, the transfer interval in many cases was two months, rather

than the optimal three or four weeks. Most of the lines that did not
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survive were successfully initiated as callus, but gradually turned

brown and died during the period of callus growth, probably due to

depletion of nutrients or build-up of toxic waste products in the

medium.

Antibiotic sensitivity and selection.

The experiment testing the effect of kanamycin on callus

formation from Douglas-fir cotyledons demonstrated that these tissues

are highly sensitive to the antibiotic. This has also been shown for

,juvenile tissues of other conifers (Ellis et al. 1989; Tsang et al.

1989), which appear to be more sensitive than dicots (Reynaerts et al.

1988) and monocots (Hauptmann et al. 1988; Dekeyser et al. 1989).

When a level chosen on the basis of the results of this experiment was

used to select transformed cells from bombarded cotyledons, however,

it had only a small inhibitory effect. There were three differences

between the selection and sensitivity experiments that may have

contributed to the contradictory results. First, the callus-forming

medium for the selection experiment contained 2,4-D, a more potent

auxin than NAA (Dodds and Roberts 1982). Second, younger cotyledons

were used for the selection experiment than for the sensitivity

experiment. The importance of cotyledon age in the response to plant

growth regulators was demonstrated in Chapter I. Third, in the

selection experiment cotyledons were cultured on the callus-forming

medium for 5-15 days before being transferred to medium containing

kanamycin. Tsang et al. (1989) found timing of kanamycin application

important in inhibiting adventitious bud formation in Picea glauca

embryos. All three of these factors probably contributed to

129
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initiation of cell division before the kanamycin could have had an

effect. There are likely to be different toxicity thresholds for

dedifferentiation and initiation of growth than for continued growth

of a differentiated tissue. The high sensitivity of dedifferentiating

cells to antibiotics may contribute to the success of organogenic

transformation systems such as the leaf-disc method (Horsch et al.

1985). An important conclusion from these results is that antibiotic

sensitivity should be determined on the exact tissues and

developmental stages targeted in transformation and selection systems.

In this study, antibiotic sensitivity was determined before we had

settled on a selection procedure. Given the large and threshold-like

sensitivity to kanamycin we had documented, we believed there was

sufficient information to choose an appropriate concentration despite

the differences in cultural techniques.

Once callus growth was established, an additional complication

was the different response of cells in contact with the medium from

those separated from the medium by other cells. The lack of effect of

the antibiotic on the cells removed from the medium may have been due

to insufficient diffussion or transport to the upper cells, low-level

detoxification of the antibiotic by the proximal cells, or localized

depletion of the antibiotic from the medium. More efficient delivery

of antibiotics, or simpler, more two-dimensional tissues, should help

to alleviate this problem.

Inoculation of liquid suspension cultures from callus cultures

was undertaken because the calli appeared to be chimeric--containing
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both GUS-expressing and non-expressing cells--and because antibiotic

selection in callus had not been successful, perhaps because of the

size and complexity of the tissues. We theorized that if the chimeric

callus could be separated into populations of small cell aggregates,

at least some of the aggregates would be non-chimeric This would

provide opportunity for selection in a system where all cells would be

in contact with the antibiotic-containing medium, and transformed

cells would be relatively isolated from dying non-transformed cells.

Establishment of suspension cultures was fairly successful. We

found that adding L-glutamine to the culture medium (Kirby 1982) was

critical to establishing vigorous cultures; our previous attempts to

establish cultures without L-glutamine had been unsuccessful. There

was a great deal of variability in the procedures required for

establishing and maintaining the individual cultures. For example,

the optimal time period for transferring small cell clusters away from

the callus pieces used to inoculate the cultures depended on the

friability of the original callus. In practice, we performed these

transfers at several times and kept the most vigorous collection of

cells. Likewise, it was difficult to establish a defined transfer and

medium replacement schedule that would keep all the cultures healthy;

cultures were transferred on an individual basis.

Tests on antibiotic sensitivity of the plated suspension culture

cells established that these small aggregates were more sensitive than

the larger tissues. Substantial inhibition of colony growth occurred

on medium containing 0.5-1.0 mg/L kanamycin, whereas callus grew
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freely on 1 mg/L. The plated cell aggregates were much more sensitive

to G418 than kanamycin. The strongly-inhibiting G418 concentrations

(0.8-3.2 mg/L) prevented any colonies from reaching 1 nwn in diameter;

the dry weight measured is probably close to the initial weight of the

plated cells. On all concentrations of kanamycin tested, however,

some growth (in terms of both number of colonies and dry weight)

occurred. The higher toxicity of G418 confirms studies on angiosperms

(Pollock et al. 1983; Dekeyser et al. 1989).

The two cell lines differed in their sensitivity. Included in

this variation may be components due to genotype, physiology of cells

in a particular flask, the number of cells in the cell aggregates, and

slight differences in the actual plating density. However, this

experiment was not designed to dissect this variation; nonetheless it

does show that differences in effective sensitivity can occur each

time cultures are plated and more than one antibiotic concentration

will probably be needed. On the basis of this information, we chose

to use media containing two concentrations each of kanamycin and G418

for selecting cells from potentially transformed cultures.

Gus analyses.

A surprisingly high percentage of callus samples stained blue

when tested histochemically for GUS activity eight months after DNA

introductions (19% of all callus lines with at least one positive sub-

sample, 6.6% of all sub-samples). In light of the failure of

subsequent Southern analyses to detect the GUS gene in callus DNA it

is questionable whether these samples were really transformed. Either
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the samples were chimerically transformed and subsequent procedures to

isolate the transformed from untransformed cells were unsuccessful, or

the blue color seen in positive tests was spurious. If the latter is

true there are three possible explanations. First, the cultures may

have been contaminated with microorganisms with GUS activity.

However, no signs of contaminants were observed in these cultures nor

in any of the derived cultures over many months. In addition, the X-

gluc solution used to test the samples contained antibiotics effective

against both gram-positive and gram-negative bacteria. Second, there

may have been chemical breakdown of the substrate yielding the blue

pigment. If this was the cause, all samples processed in the same day

would probably have given the same result. This was not the case; for

each sample testing positive, there were other lines and sub-samples

of the same line, processed at the same time, that tested negative.

Third, there may have been intrinsic GUS activity in the callus

cultures. This has been reported for a variety of plant species,

including conifers, and tissue-types. Intrinsic activity in

histochemical assays of conifer tissues has been found in reproductive

Organs (Hu et al. 1990) and zygotic embryos (Yibrah and Clapham 1990),

and Bekkaoui et al. (1988) reported substrate-dependent GUS-like

activity in fluorometric measurements of electoporated protoplasts of

Picea glauca. Unfortunately, it is not possible to determine

conclusively whether the observed GUS activity in particular callus

samples in this study was due to intrinsic activity or to expression

of the GUS gene incorporated into the Douglas-fir genome.

Screening plated colonies for GUS activity histochemically, and
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then transferring and growing the stained colonies, was an idea that

arose serendipitously. Originally, we had planned to select colonies

solely on the basis of antibiotic resistance. At the beginning of

this process, we screened a plated culture (#11) histochemically to

determine if there were any transformants to justify an attempt to

select with antibiotics; and found two blue colonies. Surprisingly,

when these colonies were transferred to fresh medium they survived.

Survival of transformed tissues following histochemical GUS tests has

not been reported, although it is thought possible (Jefferson, 1987).

This may have been a step in which transformed tissues were lost. If

blue colonies were really chimeric for transformed and untransformed

cells, and if the blue pigment was toxic to the expressing cells, then

when the colonies were transferred to fresh medium it may only have

been the untransformed cells that grew. This is not highly probable,

because all the blue colonies that were transferred survived; most

likely at least some of the colonies would have been non-chimeric and

di ed.

The initial comparison of the histochemical and the unimproved

fluorometric GUS assays on bombarded cotyledons contributed to our

decisions to use the histochemical assay for assessing low levels of

transient expression in Douglas-fir tissues, and to improve the

fluorometric assay. In addition, the greater sensitivity of the

histochemical method might not hold for low levels of expression of

stably incorporated genes; the same total level of enzyme activity

averaged over a much greater number of cells might not have been

detectable by the histochemical staining. Therefore, the experiments
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to improve the fluorometric assay procedure were undertaken to reduce

the level of background fluorescence and to increase enzyme activity

by reducing inhibition. Jefferson (1987) suggested that modifications

might be necessary for some species and tissues, and his suggestions

proved successful for Douglas-fir callus. Both background

fluorescence and enzyme inhibition may be due to secondary compounds

such as phenolics in plant tissues. Including PVPP in extraction

buffers aids isolation of catalytically active enzymes because it

binds phenolics which otherwise polymerize and bind proteins (Loomis

1974). Similarly, the Sephadex matrix in the spin-columns acts to

remove phenolics by capturing these low-molecular weight molecules in

the pores of the beads, while larger molecules such as proteins pass

through. Recently, other modifications have been reported such as

including methanol in the lysis buffer (Kosugi et al. 1990). The

modifications to the fluorometric assay procedure reported in this

study and by others not only make the assay more sensitive for stably

incorporated genes, but might also make it more useful for measuring

low levels of transient expression in Douglas-fir tissues.

No substantial GUS activity was detected in the tested callus

lines. Although fluorescence readings differed significantly among

some individual lines, these differences were not due to whether the

lines were derived from bombarded or non-bombarded cotyledons. The

differences among lines were probably the result of different amounts

of remaining background fluorescence. The conclusion that the

fluorescence detected in the callus lines was not due to GUS activity

is further supported by comparison with GUS activity in transgefliC
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(GUS-positive) tobacco. A 25-fold dilution of the extract from 5 mg

of tobacco, mixed with the extract from 100 mg of non-bombarded

Douglas-fir callus, yielded fluorescence readings 6.5 times as great

as the callus line with the highest reading.

The method of standardizing activity for the amount of material

assayed had no affect on the results. Jefferson (1987) has suggested

reporting activity on either a protein or DNA basis. The two measures

have different biological meanings. For example, if the expression of

a gene is being compared in two cell populations, the protein basis

standardizes the expression of the gene relative to the total gene

expression of the cell population. The DNA basis reflects differences

in total gene expression, but standardizes for the number of cells in

the cell population. The appropriate basis depends on the particular

question being addressed. In this case, both measures indicated a

lack of GUS expression, agreeing with the results from Southern

analyses.

In a number of the callus lines, colonies from plated suspension

cultures were chosen using both methods of selecting transformed

colonies, i.e. GUS assays and antibiotic selection. Subsequently, we

planned to identify transformed colonies by PCR and to multiply them

for Southern blot and gene expression analyses. We also intended to

use PCR analysis to compare the frequencies of transformed and escape

colonies recovered by each method. Sub-samples of each of the

selected colonies were taken and stored at -80°C. The lack of

Southern blot evidence for any stable transformation, however,



obviated the interest in this comparison.

PCR analysis.

We used PCR to screen large numbers of samples for potential

transformants because of its speed and simplicity. From DNA isolation

to completion of electrophoresis took less than 2 days. This

contrasts with the time required for Southern analysis of introduced

genes in Douglas-fir calli, which requires several months: 1-2 months

to grow sufficient amounts of callus tissue; 2 days for DNA isolation

and purification (including CsC1 gradients); 2 days to run and blot

gels; 2 days to conduct hybridization and washing of blots; and up to

a month for a sufficient autoradiographic exposure. Sufficient DNA

for PCR analysis was routinely isolated from 50-100 mg, although this

amount can be reduced if necessary. Isolating enough DNA for Southern

analysis required 100 times as much tissue (5-10 grams). Southern

analysis for screening large numbers of callus lines was logistically

impossible; the labor involved in growing and maintaining enough

tissue of many different lines would have quickly exceeded the

available resources. PCR has successfully been used to screen for

transformants in other species (Hamill et al. 1990; Howe et al. 1990),

but in this system it yielded misleading results.

It appears that two kinds of false positives were generated by

the PCR analysis. Sequences in untransformed Douglas-fir DNA can

apparently be amplified from the GUS primers used, coincidentally

yielding a fragment of the same size. This explains the misleading

results shown in Figure 111.7. In that set of reactions, all the
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colonies considered potential transformants yielded comigrating bands,

but the negative control did not. However, subsequent Southern

analysis of the blotted gel showed that the bands were not homologous

to the authentic GUS fragment. Moreover, use of the Bt primers did

not commonly yield false positives. Thus, much of our problems with

PCR appear to have stemmed from an unfortuitous homology to a section

of the Douglas-fir genome. The other kind of false positives we

observed were apparently due to contamination of DNA samples or PCR

reagents with plasmid DNA or amplification products. Contamination is

a significant danger in PCR analysis due to the extraordinary

sensitivity of the procedure (Kwok and Higuchi 1989). In this study,

the contamination problem may have been exacerbated by the large

number of cycles (40) required to detect a signal. Had truly

transformed tissues been analyzed, however, fewer cycles (25-30) could

have been used, reducing the risk of false bands due to contamination.

Southern blot analysis.

The most conclusive molecular proof for integration of introduced

DNA into host chromosomes is a Southern analysis, especially when the

genes are shown to be incorporated into high molecular weight genomic

DNA bands (Potrykus, 1990). The results of the Southern analyses in

this study are clear. The lack of hybridizing sequences in DNA from

the putatively transformed callus lines explains the conflicting PCR

results and the inability to detect expression of the GUS and Bt

genes. It is unlikely that the Southern analysis lacked sufficient

sensitivity to detect the introduced genes. The plasmid

reconstructions were calculated to be equivalent to 0.5, 2.5, and 5
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copies per Douglas-fir genome, and even the one-half-copy

reconstruction was detected. Additionally, the Msingle-copy probe

hybridization signals were clearly detected. The copy number of the

genomic sequence corresponding to this cDNA probe appears to be

qualitatively similar to other RFLP's being used to produce a

saturated linkage map for the Douglas-fir nuclear genome (D.B. Neale,

USDA, Forest Service, Berkeley, CA). A remaining possibility,

however, is that the callus lines were still chimeric for transformed

and untransformed cells. According to the plasmid reconstructions,

the transformed cells would have had to make up less than 50% of the

total population to have gone undetected. However, unless the

transformed fraction was well below 50%, PCR should have easily and

consistently detected both Bt and GUS sequences.

Insect bioassay.

The insect bioassays of expression of the Bt gene also failed to

detect activity, despite the fact that bioassays on susceptible

insects are the most sensitive tests available. Inhibitory effects on

insects have been observed when mRNA and proteins have not been

detected on northern or western blots (Maud Hinchee, Monsanto Co., St.

Louis, MO; Brent McCown, University of Wisconsin, Madison, WI,

personal communications). The inability to detect toxicity to insects

confirms the results from the GUS activity assays and Southern

analyses.

The system of feeding callus to insects worked well. It may be

useful for assessing host resistance in the future. Callus of maize
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has been used for this purpose (Williams et al. 1983; Williams and

Davis, 1985; Isenhour and Wiseman, 1988), but few attempts have been

made with forest trees and their pests. Fourteen percent of southern

pine beetle larvae were successfully raised on loblolly pine callus

(Mott et al. 1978), and Beckwith and Goldfarb (1991) have shown that

western spruce budworm can be successfully reared on Douglas-fir

callus with 94% survival. The results of the present study extend the

suitability of Douglas-fir callus as a diet to Douglas-fir tussock

moth larvae, where 23 of 25 insects fed callus survived.

The problems with interpreting the significance of GUS activity

in histochemical assays of callus, and the lack of molecular proof for

incorporated genes, obviated two of the objectives of the study. One

was to test the effects of the preculture and density/voltage

treatments on stable transformation rates. The other was to determine

whether there was a correlation between transient expression and

stable integration of DNA into the chromosomes. Transient expression

experiments are rapid and inexpensive, and are therefore often used to

help optimize transformation parameters. Yet, the correlation between

transient expression and stable integration has been poorly

documented. Negrutiu et al. (1990) found that some parameters were

highly correlated, but others not, in PEG-mediated direct DNA uptake

in protoplasts of a variety of herbaceous dicots. To our knowledge,

this relationship has not been reported for biolistic transformation

systems, and not at all for conifer transformation.

The lack of adequate selection, the questionable results of the
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histochemical assays, and the misleading PCR results prevented the

recovery of transformed callus lines in this study. Yet despite this

failure of a key objective in the study, a great deal has been learned

that will contribute to the eventual production of transgenic, Bt

toxin-producing Douglas-fir trees. Experience with several kinds of

in vitro culture of Douglas-fir tissues and their sensitivity to

antibiotics has been gained. Adaptation of Southern blot analysis

techniques for detecting low-copy introductions of foreign genes in

Douglas-fir genomes was accomplished. Improvements were made in the

techniques for measuring expression of reporter genes such as GUS in

Douglas-fir tissues, and an insect bioassay system for testing the

expression of the Bt toxin gene in Douglas-fir callus was developed.

These advances could form the basis for future research in this area.
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CONCLUSIONS AND PROSPECTS

Achieving genetic transformation and regeneration of plants

requires targeting cells which are competent to incorporate introduced

DNA into their genomes and are capable of differentiating into plants

(Potrykus 1990). In Chapter I, it was determined that cotyledon cells

from younger seedlings are better able to form adventitious shoot

meristems in response to cytokinin treatment than cells from older

seedlings. Presumably, this loss of competency is due to irreversible

differentiation of cells as cotyledons mature. In Chapter II, it was

shown that preculturing cotyledons with plant growth regulators

enhanced the competency of cells to at least transiently express

microprojectile-introduced DNA.

The relationshiD between transient expression and stable

incorporation.

It is unknown, whether competency for transient expression is

related to competency for stable incorporation of DNA into the

chromosome. The bombardment parameters studied (particle density,

discharge voltage, number of bombardments) did not substantially

affect the number of cells expressing introduced DNA. This suggests

that the total cell population was saturated with particles, but

expression was limited to a sub-population of competent cells. I

theorized that the increase in transient expression in growth

regulator-treated cotyledons was due to cell dedifferentiation and

subsequent progression through the cell cycle. The timing of enhanced

expression corresponded with the onset of cell division in Douglas-fir
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cotyledons treated with cytokinins, or auxins and cytokinins, as

reported by Cheah and Cheng (1977). An (1985) has shown that

transformation rates are higher for actively dividing tobacco cells

cocultivated with Agrobacterium.

Both transient expression and stable incorporation require uptake

of DNA into the cell and nucleus, and consequently factors influencing

DNA uptake will probably affect both processes similarly. The nuclear

membrane may be a formidable barrier to DNA uptake. Cell cycle-

synchronized tobacco protoplasts were transformed at the highest

rates, and exhibited the highest levels of transient expression,

during mitosis when the nuclear membrane is absent (Okada et al.

1986). This would suggest that DNA introduced into the cytoplasm by

microprojectile bombardment would be more likely to enter the nucleus

of rapidly dividing cells. Inducing rapid division in cells may

therefore be important for achieving both high levels of transient

expression and stable incorporation. Alternatively, expression may

have been greatest in dividing cells not because of greater DNA

uptake, but because the CMV 35s promoter is preferentially expressed

in cells undergoing DNA replication (Nagata et al. 1987). I planned

to test a variety of biological and bombardment parameters for their

effects on transient expression and stable incorporation.

Unfortunately, the lack of stable transformation has precluded this

analysis.

Future research to imDrove selection.

The failure of the chosen antibiotic level to prevent callus
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growth from untransformed cells was a major obstacle to achieving the

objective of selecting transformed callus. Because all explants had

to be maintained in culture, the number of transformation experiments,

and the number of explants in each experiment, were limited. In

retrospect, if selection had been more stringent, even if

transformants were not initially recovered, more transformation

experiments could have been conducted due to the reduced workload.

It is unclear whether expression of the antibiotic resistance

gene used in these studies would have been adequate to allow

transformed cells to grow despite a kanamycin concentration sufficient

to prevent growth from untransformed cells. Predicting the phenotypic

level of antibiotic resistance that will be achieved by transformed

tissue of a novel taxon such as a conifer is virtually impossible.

This information can be obtained only from empirical trials.

Nevertheless, future efforts in transformation of Douglas-fir could

examine several aspects of antibiotic resistance to increase the

likelihood of successful selection.

Several selectable marker genes besides NPT-II are available for

use in transformation of plant species. These include genes for

resistance to hygromycin (van den Elzen et al. 1985; Waldron et al.

1985), bleomycin (Hille et al. 1986), streptomycin (Jones et al.

1987), phoshinotricin (DeBlock 1990), glyphosate (Fillatti et al.

1987), phleomycin (Perez et al. 1989), sulfonamide (Guerineau et al.

1990), 2,4-D (Lyon et al. 1989), and methotrexate (Pua et al. 1987).

It is difficult to predict, a priori, which resistance gene will be
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most effective for a given species, thus it may be desirable to test

the toxicity of various selection agents to target tissues to aid in

choosing a marker for transformation experiments. One could determine

whether at least some concentrations are completely lethal to target

tissues, and if so, how consistent lethal concentration determinations

are among different tissues, developmental stages, and repeated

experiments. Also of interest is whether the selective agent will

cause necrosis or stasis of inhibited cells. For example, moderate

concentrations of hygromycin caused cessation of growth, but no

necrosis, of tobacco cells (Waidron et al. 1985), and streptomycin

causes bleaching but not death of susceptible cells (Jones et al.

1987). These characteristics might be useful for avoiding negative

effects of dying cells on transformed cells in chimerically

transformed tissues. As mentioned above, these experiments would

provide information on only one side of the equation. It is also

necessary to empirically determine the level of expression of

resistance genes required to confer useful resistance. Nevertheless,

toxicity determinations might serve to narrow the field by eliminating

some agents which are clearly inferior for a particular host/culture

system.

Once resistance genes have been chosen for transformation

experiments, it could be important to optimize expression of the genes

for a particular host. The promoters used in this study (cauliflower

mosaic virus 35s and Agrobacterium tumefaciens nopaline synthase) are

derived from organisms primarily pathogenic to angiosperms. Although

expression from both promoters has been detected in transient
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expression assays (Chapter II; Bekkaoui et al. 1988; Tautorus et al.

1989; Wilson et al. 1989; Bekkaoui et al. 1990) and in stably

transformed tissues (Dandekar et al. 1987; Loopstra et al. 1990) of

conifers, there is little information about relative promoter

strengths in stably transformed conifer tissues. Genes following the

35s promoter were once thought to be constitutively expressed in all

tissues. It is now clear that levels of expression differ widely

(Jefferson et a]. 1987; Nagata et al. 1987; Williamson et al. 1989).

The relative strength of the 35s and NOS promoters in Douglas-fir

callus and adventitious shoot meristem cells, compared to what might

be obtained with strong conifer promoters, is unknown.

An alternative approach might be to isolate strongly expressing

conifer promoters. In rice, a native actin promoter has been shown to

give high levels of constitutive expression (McElroy et al. 1990). To

pursue this approach, one could induce adventitious buds in

cotyledons, extract mRNAs, synthesize cDNAs, and prepare a cDNA

library. Screening the library with the total cDNA (or mRNA)

population at marginal levels of detection would reveal clones that

hybridize with the most populous mRNA5. These clones could be used to

screen a genomic library. Characterization of flanking regions,

followed by gene fusions and transient expression assays, would

identify promoter elements. Promoters isolated in this way could be

tested against more widely-used heterologous promoters in transient

expression assays and stable transformation experiments.

Several kinds of modifications to gene constructs have been made
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to achieve better expression. Expression was enhanced by duplicating

the 35s promoter sequence (Kay et al. 1987; Fang et al. 1989; Bekkaoui

et al. 1990). Coding regions of genes from prokaryotes were modified

to be more consistent with codon usages in target plant species. This

has yielded great improvements in translation efficiencies (D.

Fischhoff, Monsanto Co., St. Louis, MO, personal communication).

Polyadenylation (3') sequences are also important for high levels of

expression (An et al. 1989) and developmental stage-specific

expression (Williamson et al. 1989).

The potential research described to optimize selection would

require a great deal of effort and resources, and it may not be

necessary for recovering transformed conifer plants. Yet, if conifers

continue to be recalcitrant to genetic engineering, these kinds of

studies may prove invaluable. At the very least, the knowledge gained

will be useful for improving transformation systems and ultimately,

for producing transgenic plants with desired patterns of expression of

their introduced genes.

Future research with reporter genes.

Our problems and ambiguous results with assays of GUS expression

could be avoided by using other reporter genes. There have been no

reports of intrinsic activity in plants of the luciferase gene from

fireflies (Ow et al. 1986) or bacteria (Koncz et al. 1987). In

addition, false positives from microbial contaminants would be highly

unlikely, because no fungi and only a few bacteria have luciferase

activity. The principal advantage of the GUS system is its
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convenience. Luciferase is almost as convenient given access to a

luminometer or image analysis system; and allows for non-destructive

assays.

Future tissue culture research.

In chapter I, we described improved methods for inducing

adventitious shoots from Douglas-fir cotyledons. Although

micropropagated shoots have the potential to form roots (Cheng and

Voqui 1977), conifer plantlet production via organogenesis has in some

cases been limited by low proportions of shoots forming roots and

poorly developed root systems on shoots that do root. Further

research is needed to optimize rooting of adventitious Douglas-fir

shoots to achieve an efficient transformation system using organogenic

cotyledons. Alternatively, problems with rooting could be

circumvented by further development of procedures for obtaining

Douglas-fir plantlets via somatic embryogenesis.

No stably transformed tissues resulted from the studies described

here. Yet, a contribution has been made toward the eventual

production of transgenic trees. Improved methods were developed for

inducing adventitious shoots from cotyledons, in a way that should be

compatible with DNA introductions. A greater understanding has been

achieved of the factors affecting DNA uptake and expression in

cotyledon cells. And finally, a number of insights have been gained

on the antibiotic selection, and molecular analysis of Douglas-fir

cell s.
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Appendix 1.1. Analyses of variance of the effect of (a) BA and (b) TD

concentration on adventitious bud production from Douglas-fir

aAnalyses of variance performed on transformed [in (x+1)] values.

Source of

variation d.f.

Mean

square F-value Prob.

Mean

square F-value Prob.

Seedling

stage (SS) 3 5.724 41.96 0.0001 4.962 13.82 0.0001

Concentration:

linear (L) 1 9.197 67.42 0.0001 1.725 4.81 0.0404

quadratic (Q) 1 0.293 2.15 0.1584 0.634 1.77 0.1988

cubic (C) 1 0.022 0.16 0.6895 0.139 0.39 0.5409

Lack-of-fit (LF) 1 0.391 2.87 0.1060 0.288 0.80 0.3815

SS x L 3 0.126 0.92 0.4477 0.988 2.75 0.0696

SS x Q 3 0.620 4.54 0.0139 0.288 0.80 0.5072

SS x C 3 0.513 3.76 0.0273 0.065 0.18 0.9075

SS x LF 3 0.041 0.30 0.8250 0.194 0.54 0.6605

Error 20 0.136 0.359
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Appendix 11.1. Analysis of variancea of the effect of the number of

days cotyledons had been cultured on callus-forming medium prior to

bombardment on transient expression.

Source of Mean

van ation d. f. square F-value Prob.

Days on callus-
forming medium 5 5.8014 11.71 0.0001

Error 144 0.4954

aAnalysis performed on transformed [(x + 1)] values.
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Appendix 11.2. Analysis of variancea of the effect of the number of

days between a bud-initiating cytokinin pulse and bombarding on

transient exDression.

Source of Mean

variation d.f. square F-value Prob.

Days since
cytokinin pulse 5 7.0227 5.93 0.0001

Error 173 1.1835

aAnalysis performed on transformed [(x + l)] values.
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Appendix 11.3. Analysis of variancea of the effect of number of

bombardments, and days between the last bombardment and expression

assay, on transient expression in Douglas-fir cotyledons.

aAnalysis performed on transformed [(x + 1)J values using type III

sums of squares.

bN x D interaction used to test number of bombardments, and days

between the last bombardment and assay.

174

Source of Mean

variation d.f. square F-value Prob.

No. of blasts (N)b 0.2002 3.26 0.1396

Days between the
last blast and
assay

(0)b
2 0.1434 2.33 0.2130

N x D 4 0.0615 1.06 0.4223

Error 11 0.0581
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Appendix 11.4. Analyses of variancea of the effect of genotype on

transient expression in Douglas-fir cotyledons.

Source of Mean

variation d.f. square F-value Prob.

a) analysis of seed source

Seed sourceb 0.8087

Seedling within
seed source 8 1.5652

Error 134 0.3325

b) analysis of individual seedlings

Seed] ing 9 1.4562 4.38 0.0001

Error 134 0.3325

aAnalysis performed on transformed [(x + 1)] values using type III

sums of squares.

bSeedling within seed source used to test seed source.

0.52 0.4925
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Appendix 11.5. Analysis of variancea of the effect of different

bombardments on transient expression in Douglas-fir cotyledons.

Source of Mean
variation d.f. square F-value Prob.

Bombardments 4 0.4902 0.59 0.6714

Error 80 0.8321

aAnalysis performed on transformed [(x + 1)] values.
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Appendix 111.1. Protocol for small-scale DNA purification from

Douglas-fir callus for analysis of foreign genes by the polymerase

chain reaction.

Prepare and refrigerate extraction and lysis buffers:

To extraction buffer stock (for 10 ml) add:

0.1% BSA (0.01 g)
10% PEG 4000 (1.0 g)
1% PVP (soluble) (0.1 g)

0.5% beta-mercaptoethanol (50 Ml)

To lysis buffer stock (for 10 ml) add:

0.1% beta mercaptoethanol (10 Ml)

Dispense 500 Ml vortexed cold extr. buffer into grinding
microcentrifuge tubes.

Add tissue (50-100 mg fr. wt.) to each tube.

Grind 1-2 mm with Kontes pestles fitted in drill at high speed, or

by hand (keep tubes cold).

Spin in microfuge 12,000 rpm (11,750 g) for 10 mm.

Remove supernatant with pipet tips and resuspend pellets in 400 Ml
ice cold lysis buffer with a pipet tip.

Add 40 Ll (1/10 volume) 10% sarkosyl and shake vigorously.

Bring to room temp. by sitting 15-30 mm in room temp. water.

Add 63 ILl (1/7 volume) 5 M NaCl, shake vigorously.

Add 50 Ml (1/10 volume) 8.6% dAB, 0.7 M NaC1, shake vigorously.

Incubate at 60°C for at least 10 mm.

Add 550 Ml chioroform/octanol (24:1), shake vigorously.

Spin in room temp. microfuge 10 mm at 12,000 rpm (11,750 g).

Transfer upper aqueous phase to a new tube, avoiding interface.

Add 333 p1 (2/3 volume) isopropanol and mix by inversion.

Let sit at 4°C for 30 mm. to overnight.

Spin in microfuge 30 mm at 13,500 rpm (14,900 g).
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Remove supernatant with a pipet tip, resuspend in 100 p1 TE.

Add 50 p1 7.5 M NII4Ac and 300 p1 95% ethanol. Let sit at 4C for

20 mm to overnight.

Spin in microfuge 30 mm at 13,500 rpm ( 14,900 g).

Remove supernatant with a pipet tip, and rinse with 200 p1 cold

70% ethanol.

Spin 10 mm at 13,000 rpm (13,800 g), remove supernatant with a

pipet tip and dry under vacuum pump for 4 mm.

Resuspend in 25-50 p1 TE (10:0.1)

Yield = -900-2700 ng DNA

STOCK PREPARATION

Fytraction buffer stock (100 ml):

6.4 g sorbitol
5 ml 1M Iris, pH 8.0
1 ml 0.5 M EDTA
0.1 g spermine tetrachloride
0.1 g spermidine trihydrochloride
bring to volume with ddH2O and autoclave

Lvsis buffer stock (100 inil:

6.4 g sorbitol
5 ml 1M Iris, pH 8.0
5 ml 0.5 M EDTA
bring to volume with ddH2O and autoclave
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Appendix 111.2. Protocol for fluorometric analysis of GUS expression

modified for las-fir tissues.

1) Add 100 p1 DII stock for each 10 ml lysis buffer, (final conc.=10

mM) and refrigerate.

2) Add 900 p1 0.2 M Na2C0 to three 1.5 ml microcentrifuge tubes (for

each sample). Label each with sample designation and
appropriate incubation time (e.g. 0, 2, 4 hrs). Label 2

additional empty tubes per sample.

3) Prepare fresh MUG stock (20 mM = 3.5 mg in 500 p1 50 mM Na3PO4, pH

7.0; 1 mM EDTA, pH 8.0).

4) Prepare spin columns:

remove the plungers from 3 ml syringes, and pack the

bottom with glass wool until it reaches the 0.5 ml mark

add a suspension of Sephadex G-10 matrix (Pharmacia) in
50 mM sodium phosphate buffer and spin in Econo-spin
centrifuge for 1 mm at 4,000 rpm (2720 g). Repeat this

filling procedure until the packed matrix reaches the 2.5

ml mark.

add 1 ml of buffer and spin the columns for 4 minutes
at 4,000 rpm (2720 g).

place the packed spin-columns in 15 ml plastic
centrifuge tubes with a microcentrifuge tube in the bottom
to collect the purified sample.

5) Add 600 p1 of lysis buffer to a 1.5 ml microcentrifuge tube (for

each sample), chill on ice. (samples already in tubes at -80°C)

6) Grind tissue (Ca. 100 mg Douglas-fir callus) in tube with cold

lysis buffer, using Kontes pestle, keep cold.

7) Centrifuge 5 mm at 12,000 rpm (11,750 g).

8) Transfer supernatant to Sephadex spin columns, and centrifuge in

table top (Econo-spin) 10 mm. at maximum speed (4,000 rpm,

2720 g).

9) Add 35 p1 100 mM MUG to each tube (final conc.=1 mM) and mix.

10) Remove 100 p1 aliquot, add to "time 0" tube with Na2CO3.

11) Remove another 100 p1 aliquot and transfer to empty tube for

protein and DNA determination.

12) Incubate rest of tubes in 37°C water bath.
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Remove 100 p1 aliquots at appropriate times and add to tubes

containing Na2CO3 (check fluorescence with hand-held long-wave UV

lamp).

Protein determination: add 25 p1 of aliquot to 775 p1 ddH2O and

200 p1 Bio-Rad reagent. Wait 5 mm. and read O.D.5 with

suitable BSA standards.

DNA determination: calibrate fluorometer with 2 p1 30 ng/pl CsC1-

purified Douglas-fir DNA. Add 20 p1 of sample aliquot, read
fluorometer, and divide by ten for DNA concentration.

Prepare 100 nM and 1 p11 standards of 4-MU from stock solution (1

mM in water) by serial dilution:
a-0.1 ml stock in 0.9 ml 0.2 M Na2CO3,
b-0.1 ml of "a" in 0.9 ml 0.2 M Na2CO3,
c-0.1 ml of "b" in 0.9 ml 0.2 M Na2CO3 = 1 pM 4-MU,
d-0.1 ml of "c" in 0.9 ml 0.2 II Na2CO3 = 100 nM 4-MU.

Calibrate fluorometer with 4-MU standards:
a-with scale knob closed all the way, add 100
p1 of 100 nM 4-MU to 1900 p1 0.2 M Na2CO3 in
cuvette.
b-set reading to 100 with "Zero" knob.
c-add 100 p1 1 p11 4-MU to 1900 p1 Na2CO3 and

adjust reading to 1000 using scale knob.
d-recheck 100 nM and 1 pM concentrations and
re-adjust if necessary until stable readings
are obtained.
**..be sure to rinse 2X with NaCO3 between all
calibration and/or sample readings.

Add 100 p1 sample to cuvette, bring volume to 2 ml with Na2CO3. If

off-scale, determine appropriate dilutions empirically. Read

fluorometer.

GUS FLUORESCENCE ASSAY STOCKS

0.2 H Na2CO3 - Dissolve 21.2 g Na2CO3 in deionized, distilled water.

Bring up to 1 1 volume.

4-MU stock solution (1mM) - Dissolve 19.8 mg methyl umbelliferone
(sodium salt, Sigma 1508) in 100 ml 50 mM Na3PO4, 1 mM EDTA.

3) Lysls buffer (1000 ml) Stock solutions

50 mM Na3PO , pH 7.0 1 M Na HPO , pH 7.0

1 mM Na2EDA 0.5 M a2ETA, pH 8.0

0.1% Na Lauryl Sarcosine 10% Sarkosyl
0.1% Triton X-100 10% Triton X-100

2.0% PVPP Polyvmnylpolypyrrolidone
dd water

Volumes

50 ml

2 ml

10 ml

10 ml

20 g
928 ml



4) DII (For 2 ml 1 MDII stock):
-add 0.31 g DII to 2 ml 50 mM Na3PO4, pH = 7.0
-filter sterilize
-divide into 100 l aliquots
-store at -20 C.
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Appendix 111.3. Protocol for cesium chloride-purification of DNA from

Douglas-fir callus.

Refrigerate SA-600 rotor and turn on centrifuge. Set to 4°C.

Prepare extraction and wash buffers, and cool to 4°C:

To extraction buffer stock add:

Dispense 15 ml cold extr. buffer into grinding cup.

Add frozen (-80°C) callus tissue (-10 g fr. wt.).

Grind with a Polytron until slurried (3-5 20 sec. bursts), and pour
into 40 ml oak ridge tube (keep cold).

Rinse the Polytron head and grinding cup with 9 ml extraction
buffer and add it to the ground sample.

Balance the tubes and spin in SA-600 rotor in superspeed
centrifuge, 10 mm at 4°C, 10,000 rpm (14,480 g).

Remove (and discard) the supernatant with a pipet and resuspend the
pellet in 10 ml cold lysis buffer.

Add 1000 jl (1/10 volume) 10% sarkosyl and shake vigorously.

Bring to room temp. by sitting 15-30 mm in room temp. water.

Add 1.79 ml 5 M NaCl (final conc. 0.7 M), shake vigorously.

Add 5.48 ml 10% CTAB, 0.7 M NaC1 (3% final conc. dAB), shake
vigorously.

Incubate at 60°C for 30 mm.

Transfer the slurry to a 50 ml Falcon centrifuge tube.

for 100m1 200m1 300ml

0.1% BSA 0.1 0.2 0.3 g

10% PEG 4000 10.0 20.0 30.0 g

2% PVP (soluble) 2.0 4.0 6.0 g

0.5% beta-mercaptoethanol 0.5 1.0 1.5 ml

To lysis buffer stock add:
for 50m1 lOOml 200m1

1% PVPP (insoluble) 0.5 1.0 2.0 g

0.1% beta mercaptoethanol 50.0 100.0 200.0 l
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Add 18 ml chloroform/isoamyl alcohol (24:1), shake vigorously, and

spin in the Econo-spin centrifuge 10 mm. at 100% setting (4,000
rpm, 2720 g) at room temp.

Transfer the upper (aqueous) phase to a new 40 ml oak ridge tube,
avoiding the interface.

Add 10 ml (2/3 volume) cold isopropanol and mix by inversion.

Let sit for 30 mm. to overnight.

Spin in the SA-600 rotor in the superspeed centrifuge 15 mm. at
14,000 rpm (28,380 g).

Pour off the supernatant, air dry the pellet briefly, and
resuspend in 500 p1 TE (10:0.1).

Transfer to a 15 ml falcon centrifuge tube, add 25 ,il 20% SDS
(0.5%), 15 p1 10 mg/mi proteinase K (150 pg/mi), and bring to
1000 p1 volume with water (460 p1).

Incubate at 60°C for 1 hour.

Add 4.48 g CsC1, 119 p1 of 10 mg/mi ethidium bromide and
bring to a volume of 5.9 ml with water.

Rock on nutator covered with foil until CsCl is dissolved.

Transfer to a 6 ml ultracentrifuge tube, top off with water,
and balance and seal the tube.

Spin at 40,000 rpm (162,300 g) at 22°C in TFT 45.6 rotor for 17-40
hours.

Under UV light, remove DNA band from tubes by piercing the top of
the tube with a fine guage needle, removing a small amount of
liquid, cutting off the top of the tube with a razor blade, and
recovering the DNA band with a clipped tip pipet tip and a 1000
p1 pipettor. Transfer the DNA to a 15 ml Falcon centrifuge
tube.

Add 2 volumes of NaC1/H20-saturated isopropanol (upper phase).

Rock on a nutator covered with foil briefly and then spin for 20
sec. in the Econo-spin centrifuge.

Remove the upper (isopropanol) phase and discard in toxic waste.

Repeat steps 29-31 about four times until upper phase is clear.

Transfer the bottom phase into a centricon 30.

Spin in SA-600 rotor for 45 mm. at 5,500 rpm (4380 g) at 20°C.
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Discard fluid in centricon bottom and add 2 ml TE (10:0.1).

Spin at 5,500 rpm (4380 g) for 45 mm.

Place the cap on the centricon, invert it, and spin at 2,200 rpm
(700 g) for 3 mm.

Transfer the fluid to a microcentrifuge tube (usually 50-75 p1).

Add 1/20 volume of 5 M NaC1, 2 volumes of 100% ethanol, and mix by
inverting.

Let sit at least 30 mm.

Spin in a microfuge for 30 mm.

Remove the liquid and wash the pellet twice with 70% ethanol.

Dry the pellet and resuspend in 200-500 p1 TE (10:0.1).

Yield = - 150-400 pg

STOCK PREPARATION

Extraction buffer stock (1000 ml):

64 g sorbitol (0.35 M)
50 ml 1M Tris, pH 8.0 (50 mM)
lOml 0.5MEDTA(5mM)
1 g spermine tetrahydrochioride (0.1%)
1 g spermidine trihydrochioride (0.1%)
bring to volume with ddH2O and autoclave

Wash buffer stock (1000 ml):

64 g sorbitol (0.35 M)
50 ml 1M Iris, pH 8.0 (50 mM)
50 ml 0.5 M EDTA (25 mM)
bring to volume with ddH2O and autoclave


