
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

from any type of computer printer.

The quality of this reproduction is dependent upon the  quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UM I a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book.

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6 ” x 9” black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order.

UMI
A Beil & Howell Infomiation Company 

300 North Zeeb Road, Ann Aitor MI 48106-1346 USA 
313/761-4700 800/521-0600





SOMATIC CELL GENETICS IN LARCHES {Larix spp.)

by

Rungnapar Pattanavibool 
B.Sc.. Kasetsart University, 1985 
M.Sc., Kasetsart University, 1990

A Dissertation Submitted in Partial Fulfillment of the 
Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in the Department of Biology

We accept this dissertation as conforming 
to the required standard

Dr. P. von Aderkas, Supervisor (Department of Biology)

J.N^MDwens. Departmental Meepartmental Member (Department o f Biology)

Dr. J. Kui^, Departffien^"Member (Department of Biology)

---------------------------------------------------------------------------------------------------------------------------------------

Dr. G.A. Poulton. Outside Member (Department of Chemistry)

_________________________
Dr. K_ Klimaszewska, External Examiner (Forestry Canada)

©Rungnapar PattanavibooL 1996 
University of Victoria

All rights reserved. This dissertation may not be reproduced in whole or in part, 
by photocopying or other means, without the permission of the author.



n
Siqieivison Dr. P. von Aderkas

ABSTRACT

Studies of somatic cell genetics in larches {Larix q)p.) were carried out using 

somatic hybridization, cytogenetics as well as fluorescence in situ hybridization. Haploid 

embryogénie protoplasts are ideal sources for somatic hybridization if they possess stable 

chromosome complements. In my protoplast fusion experiments, I used diploid 

embryogénie protoplasts because genetic variation was detected in the haploid lines 

available. Cytogenetics coupled with fluorescence in situ hybridization was used to reveal 

genetic instabilities in haploid embryogénie lines as well as to produce a standard 

karyotype o f Larix decidua.

A diploid embryogénie culture of tamarack {Larix laricina, line L2) was used as 

one of the fusion partners vdiile the other partner used was one of the two hybrid larches 

{Larix x leptoeuropaea, line L5 and Larix x ettrolepis, line L6 ). The selection system was 

based on complementation o f metabolic inhibition (with sodium iodoacetate) of tamarack 

and the lack of ability to produce mature embryos of the hybrid larches. Ideally, only the 

heterofused cells would have been able to regenerate. The vital fluorescent dyes, DiOCe 

and R6 , were used to stain protoplasts of each parent to determine fusion events and 

fi^equencies. 1  compared fusion firequency as well as cell division between fusion mediated 

by PEG or electric pulses. PEG-mediated fusion resulted in 14-18 % of heterofused cells. 

All electrofirsion treatments gave much lower fusion frequencies, at only 4-8 %. Although 

the percentages of cell division after 4d of PEG-fusion (17-24%) and electrofusion 

( 19.3%) were about the same, PE&fiision was found to be a more efficient means than 

electrofusion. Sodium iodoacetate at a concentration o f 4-5 mM was found to efficiently
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inactivate the protoplasts of tamarack. AH control-treated protoplasts as well as mixed 

cultures (unhised protoplasts) died. T amarack protoplasts produced mature single 

embryos, \\tereas protoplasts of hybrid larches never completed embryogenesis. Some 

post-fiision products produced colonies and mature embryos. RAPD was used to verify 

the hybridity of those fusion-derived colonies and mature embryos. Of thirty-one fusion 

experiments between lines L2 and L5, onfy one produced individual colonies. Of the 

thirteen colonies Wiich developed in that experiment, none yielded mature embryos. 

RAPD analysis of the colonies picked out from L2/L5 fusion showed DNA banding 

characteristics of L5. From twenty four e^qrerhnents fusing L2 and L6 , there were five 

experiments which produced colonies. A total of two hundred and thirty nine individual 

colonies and nineteen single mature embryos were picked out from those L2/L6 fusions. 

RAPD banding profiles of eighty seven colonies and nineteen mature embryos showed 

DNA banding characteristics o f L2 only.

Tested haploid embryogénie lines (total of 6  lines; n=12) o îLarix decidua initiated 

from megagametophyte tissue were maintained on half-strength Litvay’s medium without 

growth regulators. All lines had been verified as being haploid by chromosome squashes 

when they were initiated. Some lines have been stably haploid for only a diort period of 

time while others have been stable for many years. Variations in chromosome numbers 

increased proportionately wdth the age o f the culture. Haploids doubled their chromosome 

numbers. Aneuploidization occurred because of unequal separation of the chromosomes. 

Unusual events during mitosis such as formation of anaphase bridges, fragmentation of 

chromosomes, and development o f  long kinetochores were detected. There was a 

tendency of rising chromosome numbers in all lines tested over the years.
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Fhioresceace in situ hybridization (FISH) was used to physically map highly 

repetitive sequences o f genes coding for 18S-5.8S-26S rDNA on Larix decidua 

chromosomes. A karyotype of L. decidua (2n=24) was created from average relative 

lengths derived from the six best squashes with strong probe-target FISH signals. 

Hybridization of 18S-26S rDNA onto L. decidua chromosomes gave very precise 

locations o f secondary constriction as well as une?q)ressed nucleolar organizer regions. In 

L. decidua^ there were 6  major 18S-26S rDNA loci detected in 60.53% of cells (23 out of 

39 cells). Five I8S-26S rDNA loci were also found but at a lower rate o f 39.47%. All 

loci were expressed and located at the sites o f secondary constriction on chromosomes 2 , 

4 and 7.

Two extra locations of 18S-26S rDNA were mapped on aneuploid chromosomes 

(30 chromosomes) derived from cells o f an aneuploid line (line 2110) of L. decidua. 

Chromosome measurement resulted in a preliminary karyotype o f this line. The relative 

total lengths and locations of I8S-26S rDNA of standard (2n=24) chromosomes and 

aneuploid (2n=30) chromosomes was compared.
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CHAPTER 1 

INTRODUCTION

Juvenility is a feature that distinguishes not only the sexual process but also that of 

somatic embryogenesis (Bonga and von Aderkas, 1993). Being the most active stage of 

development, embryogénie cells have also proven to be the most reliable materials for 

protoplast culture. This was first demonstrated in cereals (Vasil and VasD, 1980) and then 

in various conifer species (Gupta and Durzan, 1987; Attree et aL, 1987; 1989a, 19896; 

Klimaszewska, 1989; Lang and Kohlenbach, 1989; Tautorus et aL, 1990a; von Aderkas, 

1992; Hartmann et aL, 1992). The regeneration capacity o f embryogénie protoplasts 

allows the possibility of genetic transformation in conifers via protoplast fusion or via 

uptake of either DNA, plasmids or organelles (Gupta et aL, 1988).

The protoplasts firom two different species can be intentionally fused using 

chemical or electrical induction. Protoplast fusion is useful for the ^ecies that fail to 

produce offspring because of incompatibility or sterility. Fusion of protoplasts fi*om two 

different species or different genera is not only useful for studying cell interactions but also 

for creating new cells with different combinations of nuclear and cytoplasmic genes.

My original proposed research was concerned with somatic hybridization in 

conifers, an as yet unachieved goal in gynmo^erm tissue culture. Two haploid 

embryogénie lines o f Larix decidua were required and consequently, investigations were 

initiated to establish the ploidy level of several candidate haploid embryogénie cultures. 

The purpose was to use stable haploid lines for protoplast fusion e^qreriments. 

Unfortimately, aU of the lines tested were found to possess unstable chromosome 

conq)lements. For this reason, known diploid embryogénie lines o f the three Uwix q>ecies 

were used instead.



tu this study, dÿloid protoplasts of two different ^ecies o f larch were fused using 

PEG as well as electric pulses. Protocols for isolating, staining  and fusing protoplasts 

derived from embryogénie tissues as well as from cotyledons of ten-day-old seedlings 

were developed. The lack of genetic and morphological markers in conifers has created 

great difdcuhies in selecting and verifying the hybrids. However, a proper selection 

system was set up by using the different characteristics o f regeneration ability in the two 

parents, coupled with the use o f a metabolic inhibitor, sodium iodoacetate. Determination 

of hybridity was done by RAPD.

Most of the work on genetic stability in conifers has been on material derived from 

diploid explants (Eastman et aL, 1991; Mo et aL, 1989; Isabel et aL, 1993). In contrast, 

haploid tissue culture exhibits considerable somaclonal variation. Embryogénie cultures of 

Larix decidua, vdiich initially had a normal haploid chromosome complement of n=12, 

have been observed to regularly polyploidize (Pattanavibool et aL, 1995, see Appendix) as 

well as to exhibit various levels of aneuploidy (von Aderkas and Anderson, 1993). 

Variations in the cultures may result in changes in their morphological characteristics such 

as colour or structure, or changes in biochemical components, even in the amount of DNA 

per cell or in numbers of chromosomes. However, the variability of chromosome numbers 

and nuclear DNA were found to be the most obvious parameters for detecting genetic 

changes in larch embryogénie cultures. I chose to continue to study changes in 

chromosomes. The cytological preparations of six haploid lines were used to study the 

trend of genetic variability, e.g. stability of chromosome number, chromosome 

morphology as well as karyotype.

Fluorescence in situ hybridization has been used to physically map the highly 

repetitive sequences o f genes coding for 18S-5.8S-26S rDNA on Larix decidua 

chromosomes. By this technique, a labelled rDNA probe hybridizes with its 

conq)lementary sequences on the chromosomes, then the probe-target sequences detected



in situ by iunmmofiuoresceiice. A standard molecular karyotype o f the species, 2n=24, is 

created, and the positions o f rDNA loci are located on particular chromosomes, hi 

addition, I used fluorescence in situ hybridization to detect variations in numbers as well 

as positions of 18S-5.8S-26S rDNA loci on chromosomes of an aneuploid line (line 2110). 

This line showed highly unstable chromosome numbers over the years in culture. In situ 

hybridization was used to investigate whether chromosome multiplication involved 

preference of specific genes or particular chromosomes.

The objectives of this study were

1. to determine the optimal conditions for protoplast fiision of conifers using larch 

embryogénie cultures as models,

2. to clarify the selection systems for protoplast fusion in conifers,

3. to investigate the duration that the haploid embryogénie cultures of L. decidua 

would remain stably haploid in the cultures,

4. to study tendency of variation in chromosome niunbers in haploid embryogénie 

cultures of L. decidua using cytological preparations,

5. to map genes coding for 18S-5.8S-26S rDNA on Larix decidua chromosomes,

6. to produce a molecular karyotype o f Larix decidua using positions of 18S-5 .8S-26S 

rDNA loci, and

7. to study variations of 18S-5.8S-26S rDNA locations in aneuploid cells using 

fluorescence in situ hybridization.



CHAPTER 2 

LITERATURE REVIEW

2.1 Somatic hybridization

New genetic components, including nuclear, chloroplast as well as mitochondrial 

genomes, can be introduced into plant cells by protoplast fusion. Fusion o f protoplasts 

provides hybrids with various genetic combinations or various ploidy levels depending on 

the parental protoplasts being used. It would be o f great value for genetic improvement of 

the species if the proper selection systems can be devised for desirable traits. Protoplast 

fusion has been proven an ef&cient tool for genetic improvement in a wide variety of plant 

species. The production o f hybrids between phylogeneticaOy remote ^ecies in which the 

incompatibility occurred during sexual reproduction has also been achieved by protoplast 

fusion, e.g. the intergeneric hybrids between potato and tomato (Melchers et aL, 1978).

Protoplast fusion has been extensively used for genetic improvement in many 

herbaceous species such as Nicotiana, Solanum and Brassica as well as in woody 

angio^erms within the &mily Rutaceae (Ohgawara et aL, 1985; Grosser et aL, 1988a, 

19886; Kobayashi et aL, 1988; Ling and Iwamasa, 1994) and Rosaceae (Ochatt et aL, 

1989). hi woody species, their long-lived generation has prolonged the parental selection 

as well as the selection of FI hybrids by conventional breeding. Protoplast fusion has not 

only shortened the period for parental and hybrid selection but also provided hybrids in 

species that are sexually incompatible (Grosser et aL, 1988a). However, protoplast fusion 

has never been practically utilized in conifers. The lack of regeneration capacity o f conifer
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protoplasts was the mam obstacle for the technique. There are a few reports on protoplast 

fusion of conifers without division and further development (von Kirsten et aL, 1986; 

Ivanova, 1986).

2.1.1 Cybrids and asymmetric hybrids

The inheritance of chloroplast and mitochondrial genomes is in remarkable 

contrast to the inheritance of nuclear genomes in sexually reproducing plants since 

cytoplasmic genomes do not undergo meiosis. Chloroplast inheritance has been studied in 

numerous angiosperms (Sears, 1980; Whatley, 1982). Most of these have strictly 

maternal inheritance with about one-third having some degree of biparental inheritance. 

Inheritance of cytoplasmic genomes in conifers is different from that in angiosperms. 

Uhrastructural observations have revealed that chloroplasts were paternally inherited in 

Douglas fir {Pseudotsuga menziesii\ Owens and Morris, 1991) as well as in Firms 

monticola (Bruns, 1993), whereas mitochondria were predominantly maternally inherited. 

Restriction fragment length polymorphisms (RFLPs) have also been used to illustrate the 

paternal inheritance in chloroplast DNA (ctDNA) in Douglas fir and redwood {Sequoia 

sempervirens) and the maternal inheritance of mitochondrial DNA (mtDNA) in loblolly 

pine {Firms taeda) (Neale and SederofiÊ  1988).

The limitations in transfer o f cytoplasmic genes can be overcome by the technique 

of cybridization. Cybridization provides the possibility of transferring cytoplasmic genetic 

traits, such as traits for diseases resistance (Evans et aL, 1981; Sjodin and CHimelhis, 

19896), herbicide resistance (Dudits et a l, 1987), resistance to microorganisms (Ahuja et 

aL, 1993), the expression of male sterdrty (Zelcer et aL, 1978; Levings et aL, 1980) as well 

as for chlorophyll deficiency (CHimelhis and Bormett, 1981). This technique was first 

used to transfer trah of cytoplasmic male sterility within Nicotiana (Zelcer et aL, 1978).
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Since then, the transfer of cytoplasmic genes has been successfully performed in other 

angio^enns (Levings et aL, 1980; Ohnelius and Bonnett, 1981; Evans et aL, 1981). No 

transfer o f cytoplamic genes has been done in conifers using this technique. It would be of 

great value for genetic improvement in conifers if some cytoplasmic genetic trahs, such as 

traits for disease resistance, could be transferred among ^ecies.

The cybridization, leading to the formation o f  the cybrids, involves fusion of a 

protoplast (a recèlent) with a cytoplast (a donor) that is a protoplast having most of the 

cytoplasmic genomes but lacking the nucleus. This technique has as its aim the transfer of 

cytoplasmic traits from a donor to a recipient species. The cytoplasts can be produced by 

either enucleating the protoplasts using high-speed centrifugation (Wallin et al., 1978), or 

by the use o f plasmolysis during protoplast isolation (Sundberg and Glimelius, 19916) or 

by irradiating the protoplasts with X or gamma rays (Menczel et aL, 1982). Irradiation 

causes fragmentation and elimination o f the donor chromosomes but it does not always 

completely eliminate the nuclear material, resulting in asymmetric hybridization (see 

review Gahm, 1993; Gahm and Aviv, 1993). Asymmetric hybrids are excellent sources 

for transfer of specific genes as well as the study of genome compositions and genome 

interactions between nucleus and cytoplasm (Derks et aL, 1992). Different combinations 

of cytoplasmic male sterility (CMS) traits in tobacco were produced using cybridization 

technique (Kofer et aL, 1990). These CMS hybrids are useful for studying evolutionary 

regulation o f floral organs by nuclear-mitochondrial interactions. The experiments 

indicate a strong mitochondrial involvement in floral development in tobacco.

Most o f the successful recombination of the cytoplasmic genes has been achieved with 

diort-lived herbaceous q»ecies (Ichikawa et aL, 1987; Bottcher et aL, 1989; Matibiri and 

Mantell, 1994) because their protoplasts are responsive to both the fusion technique and
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the ciütuiing systems. Short rotation has also &cflitated the screening of desirable traits. 

A few examples of protoplast-fusion-mediated transfer of organelles in woody species 

have been reported in Citnts (Vardi et aL, 1987; 1989; Grosser et aL, 1996). The 

organellar genomes from Microcitrus (donor) protoplasts, which were inactivated by y- 

irradiation, were transferred into Citrus aurantiiun or Citrus Jambhiri (recipient) 

protoplasts (Vardi et aL, 1987; 1989). However, reorganization o f cytoplasmic organelles 

occurred during the regeneration period resulting in hybrids with novel mtDNA. The 

CtDNA of the fusion-derived embryos were identical to either parent or combinations of 

both parents. In other Citrus species (Grosser et aL, 1996), cybridization resulted in 

hybrids carrying mtDNA of the donor (confirming cybridization) but ctDNA of either 

parent.

2.1.2 Fusion of protoplasts: PEG-mediated fusion versus electrofusion

Spontaneous fusion frequently occurs during protoplast isolation. This leads to the 

formation o f homofused cells or cells with muhinacleL These multinucleated cells are 

unwanted but they may be useful for studying the nature and function o f plasmodesmata, 

the physiology and control of mitosis, nuclear fusion or some practical aspect of 

chromosome doubling (Evans and Cocking, 1977). The protoplasts o f desirable species 

can be fused either by chemical or electrical inducters. Originally, sodium nitrate was used 

(Power et aL, 1970; Carlson et aL, 1972) but because of its toxicity and low fusing ability 

it was subsequently replaced by the use of buffered calcium chloride and mannitol solution 

at pH 10.5 and 37 *C (Keller and Melchers 1973). Then the method had been refined by 

using calcium in combination with high molecular weight polyethylene glycol (PEG) and
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high pH (Kao and Nfichayhik 1974; Constabel and Kao 1974). When using PEG of 

molecular weights 1540-6000 for mediating protoplast fusion, a high frequency of fused 

cells (up to 23%) was obtained. Since then the PEG solution with various minor 

modifications has been routinely used for protoplast fusion in a number o f plant ^ecies.

The method o f PEG-mediated fusion was enhanced by adding dimethyl sulfoxide 

(DMSO) (Norwood et aL, 1976) or concanavalin A (Glimelius et aL, 1978). 

Concanavalin A improved the fusion frequency by tightening the adhesion o f protoplasts 

while DMSO made the cells more susceptible to PEG. The fusion frequency was 

increased from 3% to 13% by adding 15% DMSO. Some other fusogenic agents such as 

dextran sulfrte (Kameya, 1975) and polyvinyl alcohol (PVA) (Nagata, 1978) also 

facilitated cell fusion. Dextran sulfrte was found to be toxic to the cells whereas PVA is 

seemingly not toxic. However, PEG has proven to be the most effective fusogenic agent 

for a wide variety o f plants (Chupeau et aL, 1978; Sundberg and CHimelhis, 1986; 

Klimaszewska and Keller, 1988; Grosser et aL, 1996).

There are several theories explaining how PEG promotes cell fusion. Apparently, 

PEG induces cell-to-cell contact by electrical forces (Kao and Michayhik, 1974). The 

slightly negative charges of PEG and plasma membrane surfrce are connected firmly by 

the use of bivalent cations, e.g. Ca^. Therefore, PEG of molecular weights 1540-6000 in 

the presence of Ca^ efficiently enhances protoplast agglutination. However, protoplast 

fusion (depicted as cytoplasmic mixing) does not occur in a PEG mixture. It is induced 

during the dilution o f PEG with elution medium (Fowke, 1989). Aldwinckle and
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coworkers (1982) proposed that PEG at fusogenic concentrations removes all free water 

from protoplasts causing cell fusion by membrane dehydration.

Cell toxicity and lower fusion frequency were reported with prolongation o f PEG 

treatment (Kao and Michayhik, 1974). The use of PEG (molecular weight 4000) at 30% 

caused accumulation, vésiculation and disruption of mitochondria (Benbadis and de 

Virville, 1982). The structure and function of mitochondria were not ahered when using 

PEG at lower concentration (up to 10%).

Fusion of the protoplasts by electro-stimulation was first introduced by Senda and 

coworkers ( 1979). Rauwolfia protoplasts were fused within 10 min in sorbitol and CaC^ 

solution by using the two microelectrodes. Then the technique was refined using a 

sterilized fusion chamber. By the improved method, the fiision frequency increased to 

50% (Zimmennann and Scheurich, 1981; Bates et aL, 1983). Fusion o f protoplasts using 

electric fields involves bringing about cell-to-cell contact by a high Ahemating Current 

(AC) electrical field, and then fusion by application of Direct Current (DC) electric-field 

impulses (Saunders et aL, 1986).

Electrofusion is an alternative means to avoid cell toxicity from fusogenic agents. 

About 30% of electro-fused cells o f Nicotiana were capable o f division (Bates and 

Hasenkanq>fi 1985). It has been successfully used to create somatic hybrids of many 

genera such as Pyrus (+) Prunus (Ochatt et aL, 1989), Lycopersicon (+) Solanum 

(Sakomoto and Taguchi, 1991), Petunia (+) Petunia (Taguchi et aL, 1993), Citrus (+) 

Citropsis (Ling and Iwamasa, 1994) and Dianthus (+) Gypsophila (Nakano et aL, 1996). 

Good cell viabilities indicate that the fusion procedure is not cytotoxic.
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Compared to PEG*induced fusion, electrofiision provides the advantages of 

synchronous cell fusion, higher viability of fusion products, easier microscopic observation 

of the fusion process (von Keller et aL, 1995) as well as control o f single protoplast 

fusions (Schweiger et aL, 1987). In terms of the molecular mechanisms both sur&ce 

properties and stability of membrane components respond to electrofiision and PEG^ 

mediation fusion in a similar 6 shion (Hahn-Hagerdal et aL, 1986). PEG is widely used 

because it is inexpensive and can be applied in every laboratory. Electrofiision requires 

expensive equipment and preliminary experiments to adjust the optimum fusion 

parameters.

2.1,3 Selection of the heterofused cells

Fusion products are combinations of nonfiised, homofiised, heterofiised as well as 

muhifiised cells. To separate heterofiised cells from the others, a proper selection system 

is required. The selection systems for plant somatic hybrids are varied, depending on the 

objective of investigation or ^ecific traits of the parental protoplasts. Somatic hybrids 

can be selected on the basis of genetic complementation, physiological complementation, 

the use of growth inhibiting agents, the use of hybrid vigor and morphology or by the use 

of mechanical and physical selection. Several selection methods may be employed in a 

fiision experiment to achieve the experimental goal (Medgyesy et aL, 1980).

2.1.3.1 Genetic complementation

The selection of somatic hybrids by genetic complementation involves the fiision of 

mutants, e.g. chlorophyll-deficient mutants, auxotrophic mutants or antibiotic and 

herbicide resistant mutants. This approach was first used by Melchers and Labib ( 1974)
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by fusing two haploid chlorophyll-deficient, light-sensitive varieties of Nicotiana. The 

complementation o f two recessive genes by double heterozygotes resulted in hybrids with 

normal leaf colour and resistance to high light intensity. Chlorophyll-deficient mutants 

were later successful^ used to isolate somatic hybrids o îDatura (Schieder, 1977) as well 

as some other species of Nicotiana (Douglas et aL, 1981 and Sidorov and Maliga, 1982). 

Chlorophyll-deficient mutants also provide screening possibility for their fusion partners 

that do not possess selectable genetic markers. Fusion between chlorophyll-deficient 

mutants and wild-type results in variegated hybrids that are readily identifiable (Qeba et 

aL, 1984; 1985). However, chlorophyll-deficient mutants are suitable only for selection of 

cytoplasmic hybrids. This type of selection does not unequivocally involve nuclear fiision.

Auxotrophic mutants that can be produced by genetic transformation, e.g. acid- 

dependent mutants (Sidorov et aL, 1981; Sidorov and Maliga, 1982) or nitrate reductase 

deficient mutants (Rental et aL, 1986) as well as resistance markers, against herbicides, 

antibodies, antimetabolics and antibiotics, provide selection systems for somatic hybrids. 

Resistance markers are very useful for hybrid selection because they encode both nuclear 

and cytoplasmic traits (Bourgin et aL, 1986). In transfer of resistance genes against 

Phoma lingam from resistant accessions of Brassica qiecies to a susceptible cuhivar of B. 

napus, a toxin, sirodesmin PL, was used to select those hybrids in which the resistant 

genes were present (Sjodin and Glimelius, 1988; 1989a, 19896).

The use of double mutants, e.g. recessive nuclear nitrate reductase deficiency and 

dominant cytoplasmic streptomycin (or kanamycin) mutant traits, has proven to be an 

efficient selection method for somatic hybrids o f Nicotiana (+) Nicotiana and Nicotiana
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(+) Petunia (Rental et aL, 1984; 1986; Brunold et aL, 1987). The hybrid calli were 

recovered on a culture medium enriched with streptomycin but devoid of a reduced 

nitrogen source. The double mutants, named “universal somatic hybridizers” provide 

selection against both unAised wild-type cells (by a dominant resistance marker) and 

unfiised mutant cells (by a recessive deficiency marker).

2.13.2 Physiological complementation

The physiological complementation involves the differential capacity of parental 

protoplasts and hybrids to divide and regenerate under the given conditions. The hybrid 

cells between Citrus sinensis and Citrus paradisi regenerated in hormone-free medium 

containing 0.6 M sucrose (Ohgawara et aL, 1989). Under the same conditions, the C. 

sinensis protoplasts could not complete embryogenesis and the protoplasts of C. paradisi 

could not divide.

2 .133  Growth inhihiting agents

Inactivation o f  protoplasts by iodoacetate (Nehls, 1978a, 19786), Rhodamin 6 G 

(R6 G; Aviv et aL, 1986; Bottcher et aL, 1989), iodoacetamide (Nakano et aL, 1996) or by 

irradiation (Zelcer et aL, 1978) allows the screening of hybrids (in some cases, cybrids or 

asymmetric hybrids when only one partner has been irradiated). The inactivation system 

may be used in combination with physiological or genetic complementation. The hybrids 

between streptomycin-resistant protoplasts (inactivated with iodoacetate) and mesophyll 

protoplasts o f tobacco were screened on medhun containing streptomycin (Medgyesy et 

aL, 1980). Iodoacetate treatment and irradiation have been widely used for transfer o f 

cytoplasmic genes. Combination of iodoacetate inactivation and irradiation provided a
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classic selection system for transfers of genes of both nucleus and cytoplasm. The 

protoplasts from both parents were unable to divide and only the cybrids regenerated 

(Sidorov et aL, 1981; Vardi et aL, 1987; 1989; Sakai and Imamura, 1990).

2.13.4 Hybrid vigor and morphology

The vigorous growth of hybrid cells provided an early selection at the callus stage 

(Schieder, 1978; Preiszner et aL, 1991; Sakomoto and TagucM, 1991; Polgar et aL, 1993). 

Interspecific somatic hybrids o f potato were chosen by their vigorous growth compared 

with that of parental cells (Polgar et aL, 1993). Somatic hybrids of sexually incompatible 

qiecies of Petunia were also selected on the basis of their hybrid vigor, both at the callus 

and shoot formation stages (Taguchi et aL, 1993). Their hybridity was confirmed by 

cytological preparations, as well as isozyme and DNA analysis.

Selection can be based on different morphological characteristics o f the hybrid and 

the parental cell colonies (Klimaszewska and Keller, 1988). Cauline cortical protoplasts 

of Brassica napus produced green, well-defined calli but failed to divide afrer iodoacetate 

treatment. Calli of Diplotaxis harra were yellow and granular. Green, large calli were 

selected as protoplast-derived putative hybrids and hybridity o f regenerated plants 

confirmed by intermediate character of the phenotype as well as by chromosome and 

isozyme anafysis.

2.1.3.5 Mechanical and physical selection

Mechanical and physical isolation of identifiable hybrids by fluorochrome staining 

or characteristic differences can be done under the microscope using micropipettes, or by 

flow cytometry (fluorescence-activated cell sorting). Kao (1977) manually picked out.
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with micTopÿettes, the distinguishable fused cells derived from fusion between colourless 

cell su^ension protoplasts of soybean and green mesophyll protoplasts of Nicotiana 

glauca. The isolated cells were cultured independently in special media. To overcome the 

selection problems in mass fusion the technique of microcukure that allows preselected 

pairs of protoplasts to be fused and cultured individually in microdroplets had been 

developed (Koop et aL, 1983a, 19836; Koop and Schweiger, 1985; Schweiger et ai, 

1987; Spangenberg et al, 1990). Microcukure seems to be an efficient selection 

technique for q)ecies lacking a selectable marker. It also provides great advantages for 

studying the differentiation process as well as cell-to-cell interactions since both cell type 

and cell numbers partic^ating in the fusion are well-controlled. There were several 

successful somatic hybridizations and single gene engineering applications using this 

techniques (see review Spangenberg and Koop, 1993).

In addition to chlorophyll autofhiorescence, vkal fluorescent dyes are excellent 

indicators for hybrid identification in mass fusion systems (Sundberg and Glimelms, 

19916). One parental partner may be stained with green-emitting fluorescent dyes, e.g. 

fluorescein isothiocyanate (FlTC), 3,3-dihexyloxacarbocyanine iodide (DiOCe), or 

carboxyfluorescein, while the other partner may be stained with red-emkting fluorescent 

dyes, e.g. rfaodamine derivatives [rhodamine B, hexyl ester, chloride (R6 ), ihodamine 

isothiocyanate (RITC)]. A crucial 6 ctor for hybrid identification is to get efficient 

separation of the exckation wavelengths o f fluorescent dyes (Glimelius et aL, 1986). The 

hybrid cells can be selected by complementation of fluorescent colours of both dyes. 

Fluorescence-activated cell sorting to separate protoplasts diSerentially stained with
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fluorescent dyes (or using chlorophyll autofluorescent protoplasts as a partner) has now 

been routinely applied in several laboratories (Galbraith, 1984; Afonso et aL, 1985; Pauls 

and Chuong, 1987) It is an automated technique used to quantify single protoplast 

characteristics such as protoplast size, fluorescence intensity as well as protoplast 

identification (Galbraith, 1984; 1989a, 19896; 1993). This technique provides pure hybrid 

protoplasts and is exceptionally accurate and rapid, with as many as 10,000 protoplasts/s 

being routinely analyzed (Afonso et aL, 1985; Harkins and Galbraith, 1984).

As fused and unfiised protoplasts possess different buoyant densities they can be 

isolated by centrifugation (Melchers and Labib, 1974). However, this method is more 

suitable for enrichment of fused protoplasts for q»ecies having protoplasts of 

heterogeneous size.

2.1.4 Post-fusion events

The cytoplasmic components of the two protoplasts mix during the dilution 

process. The occurrence of nuclear fusion was detected during interphase by the 

formation of nuclear bridges (Fowke et aL, 1975; Fowke, 1989) but this type of nuclear 

fusion may or may not produce normal cells. Complete nuclear fiision was observed 

during the first mitosis. In electrofiision, cytoplasmic streaming was arrested, and then 

resumed 0.5-5 min after application of DC pulses (von Keller et aL, 1995). There was no 

nuclear fusion within 1  h of electrical treatment.

2.1.5 Verification of hybrids

Confirmation of hybridity was based on morphological features, chromosome 

number, chromatographic separation of leaf oil in Citnts qiecies (Grosser and Gmitter,
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1990) as wen as molecular markers, e.g. isozymes, or gel electrophoresis of DNA, DNA 

content (Samoylov and Sink, 1996), RFLP, Southern hybridization (Xu et aL, 1993), 

RAPD (Rasmussen and Rasmussen, 1995), nuclear ribosomal DNA (rDNA) analysis 

(Nakano et aL, 1996) and genomic in situ hybridization (GISH; Parokonny et aL, 1992).

A comparison of somatic hybrids with their parents can be easily accomplished 

when interspecific sexual hybrids are available (Carlson et aL, 1972). The morphological 

traits of both parents were ofien foimd to be intermediate in the hybrids (Klimaszewska 

and Keller, 1988). Cytological preparations were used to verify chromosome numbers o f 

hybrids of several species (Sakomoto and Taguchi, 1991; Taguchi et aL, 1993; Polgar et 

aL, 1993; Espinasse et aL, 1995). DNA content was used to verify asymmetric 

interspecific hybrids (Samoylov and Sink, 1996). Ploidy level of the hybrids could be 

determined by flow cytometry DNA analysis (Sundberg and G&nelius, 1986). The 

hybridity between Citrus and other genera was confirmed by analysis of malate 

dehydrogenase and pho^hoghicose nmtase isozymes (Grosser and Gmitter, 1990). The 

technique of genomic in situ hybridization was (bund to efhciently detect recombinant 

genotypes in asymmetric somatic hybrids o f Nicotiana (Parokoimy et aL, 1992). However 

none of these methods alone provides sufficient confirmation. Each is subject to 

limitations and can give fidse positive results for reasons other than somatic hybridity. 

Analysis of restriction endonuclease digestion, RFLP, nuclear DNA together with floral 

morphologies were used to identify the genetic traits of Nicotiana cybrids (Kofer et aL, 

1990; 1991a, 19916; 1992). For the production of cybrids, both nuclear and cytoplasmic 

DNA need to be verified (Sakai and Imamura, 1990; Grosser et aL, 1996).
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2.1.6 Genetic consequences: segregation of nuclear and cytoplasmic genomes in 

the heterofused cells

2.1.6.1 Segregation of nuclear genomes

Although protoplast fusion provides the possibility of hybridization of genetically 

remote species, the technique is difficult. The elimination of either a partial or a complete 

complement of a particular genome, and lack o f regeneration response, and even sterility 

among the regenerated plants were reported (see review Evans, 1989). Several 

intergeneric somatic hybrids were tried, such as Solanum (+) Lycopersicon (Melchers et 

aL, 1978) and Nicotiana (+) Petimia (Rental et aL, 1986) but plants produced from these 

fusions possessed aneuploid chromosome numbers and abnormal phenotypes.

2.1.6.2 Segregation of cytoplasmic genomes

Theoretically, biparental inheritance of organelles can be achieved via protoplast 

fusion. Unique combinations o f cytoplasmic components, however, may consequently 

arise as a resuk o f novel combinations o f chloroplasts and mitochondria or through the 

rearrangement o f organellar DNA. The chloroplast genome in most somatic hybrids has 

been found to be one or the other o f the two parent types (Mahga and MenczeL 1986). 

The degree o f segregation of parental chloroplast types is diverse, depending on the 

species being hybridized. The segregation of chloroplasts is random in some combinations 

(Chen et aL, 1977; Fhihr et aL, 1983). In others, however, the segregation &vours one of 

the parental types (CHimelhis et aL, 1981; Bonnett and Glimelius, 1983; 1990; Sundberg 

and Ghmelhis, 1991a). The segregation o f both chloroplasts and mitochondria was biased 

in both the inter^ecific hybridization {Brassica naptds (+) B. nigra) and the intergeneric
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hybridization {Brassica napiis (+) Eruca sativa), 6 vouring the B. napus type (Landgren 

and Ohnelius, 1990). Biased segregation of organelles could be due to the different 

ploidy levels of the fiision partners, between the amphidiploid B. nigra and the diploid B. 

nigra or E. sativa, as well as differences in organelle replication rate. Another possibility 

for biased segregation of organelles could be due to elimination of chromosomes fi'om one 

of the parental species, resulting in a preferential sorting-out of the organelles of that 

parental type. By analysis of chromosome number and isozymes, it was found that many 

of the B. napus (+) E. sativa hybrids were asymmetric, and a preferential elimination of E. 

sativa chromosomes was demonstrated (Fahleson, et aL, 1988). Kofer et aL (19916) 

found that fusion of two cytoplasmic male-sterile cuhivars of tobacco resulted in the 

restoration of male fertility in cybrid plants. The mtDNA of the fertile cybrids differed 

fi'om the mtDNA of both male-sterile cuhivars.

2.1.7 Sources of chromosomal instability

2.1.7.1 In protoplast culture

Studies of chromosome variation arising in protoplast-derived cultures show that 

changes occur very early, within the first divisions of the protoplast-derived cells 

(Galbraith et aL, 1981; Carlberg et aL, 1984; Sree Ramutu et aL, 1984; 1985). Analysis of 

cytoplasmic and nuclear changes during culture show that aberrant processes of 

intracellular organization and cell division can occur. This is evidence that protoplasts 

have unique problems o f instability which arise firom cytological consequence of their 

isolation. Cell wall removal can destabilize the cortical microtubules in isolated 

protoplasts, thus affecting the subsequent cell division (Lloyd et aL, 1980; Lee et aL,
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1989; Simmoiids, 1992). The degree of destabSizatioii depends on many Actors including 

tissue source and ^ecies, age and physiological state of the cells, culturing conditions, and 

parameters o f protoplasting protocols such as type, purity and concentration of enzymes, 

duration of enzyme treatment, and presence of stabilizing &ctors such as Ca^* and taxol, a 

microtubule stabilizing-drug (Schiffand Horwitz, 1980).

Microtubule organization has been studied in protoplast-derived cell cultures of 

Vicia hajastana (Simmonds, 1986) and compared with the much characterized Allium  

cepa root system (Wick and Duniec, 1983; 1984). In A. cepa the first visible sign of 

mitosis was the concurrent appearance of the preprophase band (PPB) and perinuclear 

fluorescence (PNF). Randomly oriented, ordered and polar microtubules then appear 

sequentially as prophase progresses. In contrast, in V. hajastana protoplast cultures, the 

PPB and PNF occurred concurrently in 50% of cells. Prophase was not neatly controlled 

and the nuclear events and prophase microtubule arrays appeared to be uncoupled. Since 

the PPB appeared in only 50% of protoplast-derived cells, subsequent growth of 

protoplast-derived cells was unorganized. Further study in V. hajastana by Simmonds and 

Setterfield ( 1986) using simultaneous DNA and cell-wall staining to examine microtubular 

organization during interphase as well as during cell division revealed that a high 

fi-equency o f abnormalities occurred in q)indle formation, cross-wall formation and 

chromosome segregation during the first 24 h of culture. Many mitoses showed 

metaphase chromosomes with kinetochore microtubules but no polar microtubules. 

Multipolar spindles were also abundant. The most common telophase aberrations were 

displacement of phragmoplast microtubules fi'om their normal position between the two 

daughter nuclei and incomplete formation of cross walls. Many divisions followed in
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daughter nuclei of unequal size and DNA content. Unequal chromatid segregations were 

also observed. At 24 h of culture, 72% of cells completing mitosis had incomplete cross 

walls wdiile 41% of cells completing first division at 48 h showed abnormal cytokinesis. 

This high firequency of abnormalities was greatly reduced if the first division occurred after 

48 h of culture, that is after a complete wall had been regenerated. Cell wall formation 

appears to be a prerequisite for normal nuclear and cell division ( SchUde-Rentschler, 

1977). The importance of a regenerated wall for formation of normal mitotic figures is 

illustrated in the case of mesophyll protoplasts o f  alfid6  or tobacco (Meijer and 

Sinunonds, 1988). The aiEaifk protoplasts which are slowest to initiate division and 

therefore have time to regenerate a substantial cell wall produce fewest mitotic 

abnormalities.

In Picea glauca, fi-eshly isolated protoplasts derived from embryonic cultures were 

comprised o f both uni- and muhinucleate types. If  the protoplasts of both types were 

capable o f regeneration they developed parallel orientation o f cortical microtubules during 

cell wall formation and cell shaping (Fowke et aL, 1990). Conflicting results were 

reported by Dgak and Simmonds ( 1988) in that the regenerating mesophyll protoplasts of 

Medicago sativa (induced embryogenesis by electrical field stimulation) maintained 

random orientation of cortical microtubules and the parallel arrays of cortical microtubles 

were found in non-regenerating protoplasts after 2 d o f  culture.

Chromosome behaviour in mesophyll protoplasts o f haploid Nicotiana 

plumbaginifolia and N. syhestris has been studied (Huang and Chen, 1988). At the first 

mitotic division, a majority of nuclei still had haploid chromosomes, but 10.4% and 3.5%
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nuclei of N. plumbaginifolia and N. sylvestris, respectively contained diplochromosomes 

that had arisen by endoreduplication. Another abnormality observed during the first few 

days of culture was the formation of nmltinucleate cells due to &ihire o f cytokinesis and 

wall formation. The division of nuclei in these was synchronous and fiision occurred w hen 

chromatids o f  dififerent nuclei moved to the same pole. As a consequence, the firequency 

of haploid cells decreased and that of polyploid cells increased rapidly during culture. All 

protoplast-derived plants were diploid or polyploid.

2.1.7.2 After protoplast fusion

Chromosome segregation after the somatic hybridization within Brassicaceae was 

studied by Sundberg and CHimelhis (1991a). The results indicated that the degree of 

genetic divergence and differences in ploidy level between the species which had been 

combined affect the firequency of chromosome elimination One possible cause of 

chromosome elimination in hybrids could be that disgimilar nuclei differ in their cell-cycle 

times. If synthesis of the DNA of one of the genomes in a hybrid nucleus is still 

incomplete at the time for initiation of mitosis, chromatids might be unable to separate at 

anaphase, leading to the elimination of chromosomes (Gupta, 1969). The use of different 

cell types in the fusion experiments could also lead to the differences in cell-cycle times or 

cell-cycle phases. However, the major cause for chromosome elimination seemed to be 

differences in species rather than differences in cell types (Sundberg and Glimelius, 

1991a).
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2.2 Genetic variation in plant tissue cultures

2.2.1 Sources of genetic variation

Genetic variation in cells and cell cultures is known as somaclonal variation 

(Larkin and Scowcroft, 1981). The term “somaclonal variation” is used correctly if the 

variation can be transmitted to the o f^ ring  through meiosis. However, some of the 

literature cited does refer to somaclonal variation without any proof of genetic 

transmission. To avoid confusion when using the term and to make this review pertinent 

to my investigation, v ^ c h  has as its aim to detect only genetic variability, I used the term 

“genetic variation” instead.

Although it is not expected in cultures o f somatic tissues, unpredictable changes in 

both genotype and phenotype have been reported in various plant species (Karp and 

Maddock, 1984; Corley et aL, 1986). Genetic variation may be utilized as a source of 

valuable traits in some agronomically important crops, e.g. traits for high production of 

secondary metabolites (Bariaud-Fontanel and Tabata, 1988), traits for disease resistance 

(van den Bulk, 1991) or traits for cold resistance (Skirvin et aL, 1993; Bouharmont, 

1994). In contrast, it has been noted that a major disadvantage in the applications of plant 

biotechnologies in that genetic stability is required (de Klerk, 1990).

Several 6 ctors influence the occurrence and frequency of genetic variation, 

including species differences or preexisting differences among plant tissues (D’Amato, 

1964; Peschke and Phillips, 1992) as well as culture period and culture conditions (Karp 

and Bright, 1985; Evans and Sharp, 1986; Armstrong and Phillis, 1988). The degree of 

polyploidization in callus cultures of angio^erms is observed to be related to the degree
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of polyploidization of the explants used (de Klerk, 1990). The use of plant growth 

regulators, e.g. NAA (naphthaleneacetic acid) and 2,4-D (2,4-dichlorophenoxyacetic 

acid), to sthnulate disorganized growth and cell division also caused mitotic abnormalities 

(Bayliss, 1980). Polyploidization was observed in cells o f regenerated apices and callus of 

Pinus taeda after NAA had been added (Renfroe and Berlyn, 1985).

2.2.2 Consequences of genetic variation

Genetic variation may be found at a number of levels ranging from point mutations 

(D’Amato, 1985; Brown and Lorz, 1986), to chromosome rearrangements, to 

polyploidization and aneuploidization of the chromosome set (de Klerk, 1990). Each of 

these variations may affect changes in either chromosome structures or chromosome 

numbers. Variation in chromosome structures may be due to changes in gene 

amplification (Lee and Phillips, 1988), méthylation of DNA (Brown, 1989), inversions, 

deletions, insertions, or translocations (Jorgensen and Anderson, 1989). On the other 

hand, mitotic abnormalities such as spindle früure, endoreduplication or endomhosis, 

fragmentation of chromosomes (amitosis), lagging chromosomes and multipolar cell 

division cause changes in chromosome numbers (D’Amato, 1964; Bayliss, 1980; Orton, 

1980; Papes et aL, 1991). Multipolar cell division and lagging chromosomes were 

observed as main causes of genetic instability in regenerated plants of Hordeiim (Orton, 

1980). Consequences of these cytological abnormalities are karyotype alteration. Studies 

of chromosome aberrations in celery cell su^ensions demonstrated that about 95% of 

cells having chromosome structures differentiated from the standard karyotype o f root-tip
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cells (Murata and Orton, 1983). Abnormal chromosome numbers certainly produce 

abnormal karyotypes (Henry et aL, 1996).

Aneiq>loids are of limited use for plant breeders since such variation is eliminated 

through meiosis. However, aneuploidization by colchicine treatments or by irradiation has 

proven to be useful for studying phylogenetic relationships (Wang et aL, 1991) as well as 

molecular cytogenetics (Mukai et aL, 1993). In Thinopyrum ponticum  (2n=10x=70), 

aneupolyploid plants (2n=36), derived from colchicine-induced mutations of anther 

cultures, were used to investigate ^ecies relationships (Wang et aL, 1991). Wheat-rye 

chromosome translocation lines were produced by x-irradiation. In situ hybridization 

using genomic DNA probe was used to gain insight into chromosomal translocation 

breakpoints (Mukai et aL, 1993). In polyploids, every chromosome has a pairing 

homologous partner that is found to be useful for studying meiotic pairing patterns (Mukai 

et aL, 1993).

As a consequence of genetic variation, plants derived from such variation are 

phenotypically different from their parents, or even from each other within the same clone 

(Larkin and Scowcroft, 1981; Skirvin et aL, 1993). The genetic variability may be useful 

for selection o f some valuable traits as mentioned earlier but it usually has a pronounced 

negative effect in clonal propagation (Karp, 1990). A decrease in regeneration potential 

has been found to be associated with genetic variability in vitro (Murashige and Nakano, 

1965). Plants derived from geneticalfy altered cultures possessed abnormal features that 

decreased both yield and vigour (Jackson and Dale, 1989). In pines, polyploidization
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resulted in growth reduction as well as reduction in form quality and life-span (Berlyn et 

aL, 1987).

2.23 Genetic variation in conifer tissue cultures

In most conifers, the diploid chromosome complement generally ranges from 22- 

26 chromosomes, including Larix, A\hich possesses 2n=24 chromosomes (Love and Love, 

1961). Conifers appear to have stable diploid chromosome complements in the roots and 

shoots (Renfroe and Berlyn, 1985). In general, genetic variability is found to be less in 

tissue cultures o f gymnosperms than in those o f  angio^erms. Nuclear DNA analysis of 

Pinus taeda (Renfroe and Berlyn, 1984) and Picea abies (Hakman et aL, 1984) showed 

no evidence of ploidy changes during regeneration via adventitious buds from embryos. 

No genetic variability was detected, by cukiue morphology and isozymes, in Picea glauca 

engelmannii embryogénie cultures maintained over a period of 2.5 years (Eastman et aL,

1991). Somatic embryos derived from cotyledon cell line of Picea abies showed no 

genetic aberrations in RAPD banding patterns (Heinze and Schmidt, 1995). In Pinus 

caribaea, genetic stability was also observed in buds regenerated from dormant embryo 

explants (Berlyn et aL, 1987). Genetic instability arose as a result o f adding auxin to the 

culture to induce either callus or rooting. However, a tendency towards polyploidy was 

reported in several Pinus species (see review DeVemo, 1995), e.g. P. coulteri (Patel and 

Berlyn, 1982), P. taeda (Renfroe and Berlyn, 1985), P. caribaea (Berfyn et aL, 1987), as 

well as in Picea glauca (de Torok, 1968 ). In Pinus taeda (Franklin et aL, 1989), 

increased levels o f DNA typical of polyploidization may occur in culture but these are 

readjusted to normal DNA level in the ensuing months of culture. This is in contrast to
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the earlier report for the same ^ecies (Reafroe and B e r^^  1985) which indicated that 

heterogeneity in the DNA content persisted after 6  months o f cultures.

Haploid tissue culture is known to frequently lead to diploidization and polyploidy 

in angiosperms (see review Chen, 1987). Genetic variabilities resulted in diploid and 

aneuploid cells were also observed in haploid embryogénie cultures of Larix decidua (von 

Aderkas and Anderson, 1993; Pattanavibool et aL, 1995). Diploidization was found in 

trees derived from cultured pollen of Populus maximawiczii (Stoehr and Zsufl&, 1990). 

Haploid callus cultures o f Picea sitchemis were found containing both haploid and diploid 

cells (Baldursson et aL, 1993).

2.2.4 Cryopreservation

A loss o f embryogénie capacity in long term subculturing of embryogénie cultures 

of conifers has been reported (Attree et aL, 19896; Mo et aL, 1989). The accumulation of 

variability was found to be associated with duration of culture (Evans et aL, 1984). To 

avoid genetic variability o f valuable cultures as well as to reduce cost of maintenance by 

subculturing and loss o f cultures due to external foctors, a proper storage system is 

required. Cryopreservation is the best method for long term storage of tissue cultures 

(Kartha, 1985). In cryopreserved conditions, metabolic functions of the cells are arrested 

in Uquid nitrogen and cell viability is still maintained. Several successful cryopreserved 

embryogénie cultures o f conifers have been reported, including Picea abies and Pinus 

taeda (Gupta et aL, 1987), Picea glauca (Kartha et aL, 1988), Larix x eurolepis and 

Picea mariana (Klimaszewska et aL, 1992) and P. glauca engelmarmi complex (interior 

spruce, Cyr et aL, 1994). The cryoprotectant pretreatment as well as duration of storage
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showed no efifect on embryo production of cryopreserved cultures of interior spruce. 

Testing of clonal identity of the embryos derived firom both control and cryopreserved 

cultures by DNA fingerprinting probe showed no evidence of genetic variation (Cyr et aL, 

1994).
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23  Karyotyping

Karyotypes provide a basic physical map of a genome based on size and 

morphology o f the haploid chromosome set o f a qiecies. In plants, karyotypes are usually 

produced from somatic metaphase chromosomes but haploid tissues such as 

megagametophytes (Matem and Simak, 1968) or cultures derived from anthers or 

unfertilized eggs (Mouras et aL, 1986) are also excellent sources. Karyotypes are 

produced by ordering the chromosomes by size from the longest to the shortest. Relative 

length is used to avoid the variations in chromosome length due to the different degrees of 

chromosome contraction during mitosis. Chromosomes can be classified as metacentric, 

submetacentric, acrocentric or telocentric chromosomes by the position o f centromere 

(primary constriction), ratio o f short arm and long arm or centromere index. In some 

plants, chromosomes are difBcuk to identify since they are similar in size. The acrocentric 

and telocentric chromosomes that are readily distinguishable in anim als are rarely found in 

plants.

Although differences are foimd between animal and plant chromosomes, the same 

techniques for chromosome identification can be used. Chromosome banding, either by 

nonfiuorescent or fluorescent staining, or by in situ hybridization, has been found to be 

useful for both animal and plant chromosome classification.

23.1 Chromosome banding techniques

When the chromosomes are treated with various chemicals and dyes they produce 

chromosomal bands. The bands are produced due to different staining behaviour between 

heterochromatin and euchromatin. Heterochromatin is replication late (Lee and Miillips,
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1988; King and Stansfield, 1990). During metaphase, euchromatin shows maximal 

condensation whereas heterochromatin is uncoiled. Heterochromatin, therefore, provides 

dark staining on the chromosomes. The positions of stained heterochromatin are usefiil 

for chromosome identification because they usually reveal constancy between cells.

Chromosome banding techniques, including C-banding and G-banding, are utilized 

for chromosome identification to avoid reversal of chromosome order. Constitutive 

heterochromatin is located on plant chromosomes at centromeric, interstitial, and/or 

telomeric regions. Its appearance, however, depends on plant species as well as the 

banding technique used. Giemsa C-banding technique was used to locate constitutive 

heterochromatin in Pinus nigra (Borzan and Papes, 1978) as well as in several 

angio^erms (Rayburn et aL, 1985; Kakeda et aL, 1991; Gill et aL, 1991). G-bands which 

used to be difficult to detect on plant chromosomes due to high degree of chromatin 

contraction (Greilhuber, 1977) have now been applied in both conifers and angioq>erms. 

G-bands and C-bands produced by trypsin-Giemsa technique were observed on both 

chromosomes o f P. resinosa (Drewy, 1982) and of celery (Murata and Orton, 1984).

Staining of chromosomes with DNA-binding fluorescent dyes can be done without 

any pretreatment. According to their base pair binding qrecification, fluorescent dyes are 

classified into two groups (Schweizer, 1981): 1) A-T qrecific binding, e.g. Hoechst 

33258, 4',6-diamidino-2-phenylindole (DAPI), quinarine, quinarine mustard and 

daunomycin, and 2) G^C specific DNA ligands, e.g. chromomycin A3  (CMA), 

rmthramycin, olivomycin, and 7-aminoactinomycm. Several CMA bands were detected on 

chromosomes of several ^ecies of Pinus (Hizume et aL, 1983, 1989; 1990).
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The chromosome banding patterns produced by certain fluorescent dyes can be 

enhanced or modified by counterstaining with either fluorescent or non-fluorescent dyes 

(Schweizer, 1980; 1981). If another fluorescent dye is used for counterstaining its 

emission wavelength must not overlap with that o f the primary dye. The G-C ^ecific 

binding fluorochrome, e.g. CMA, can be used to coupled with the A-T q)ecific afBnity 

labels, e.g. DAPL, to highlight the G-C rich chromosome bands (Schweizer, 1980; 1981).

The nucleolar-organizing region (NOR) is a chromosomal location of the 

multicopy genes coding for 18S-26S rRNA. If the NOR is active during interphase it is 

detectable as a secondary constriction when the chromosome contracts during mitosis 

(Sybenga, 1992). The secondary constrictions are useful for chromosome identification if 

their occurrences are constant. In some preparations, the dark staining bands of 

heterochromatin may be mistakenly identified as constrictions (Levan et aL, 1946; Saylor, 

1961). Heterochromatin is found to respond to low temperature in a few species such as 

in Trillium (Sybenga, 1992). In such conditions, heterochromatin undercontracts in 

metaphase and appears as a band after staining.

2.3.2 In situ hybridization

The specific character of DNA in undergoing strand separation and recombination 

has provided scientists with one of the major experimental tools, that is DNA-DNA or 

RNA-DNA hybridization, hi 1960, Marmur and Lane as well as Doty and coworkers first 

demonstrated the hybridization of DNA and RNA strands using thermal dénaturation. By 

slowfy cooling and annealing together, the individual strands of DNA as well as those of 

RNA could form double strands. Their work illustrated the possibility to recombine DNA
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and RNA strands even though the bases were not exactly the same on each strand. Slow 

annealing was found to be an essential 6 ctor to allow the bases to bind property. RNA- 

DNA hybridization was later performed on nuclear DNA in situ (Gaü and Pardue, 1969; 

John et aL, 1969), and this procedure was called in situ hybridization. The fost in situ 

hybridization which was developed by Gall and Pardue ( 1969) and John and collaborators 

(1969) involved the hybridization o f the radioactive (tritium-labelled) ribosomal RNA 

(rRNA) probes to the DNA of cytological preparations. The DNA was denatured by 

alkali or by heat and the RNA-DNA hybrid was detected by autoradiography. The 

technique of in situ hybridization is comparable to Southern and Northern blotting. 

However, the capability o f in situ hybridization to provide information of intracellular or 

chromosomal location is o f great value that cannot be obtained from a Southern or 

Northern hybridization analysis.

2,3.2.! Probes

Probes can be made of repetitive DNA such as ribosomal DNA (rDNA), unique 

DNA or genomic DNA

Repetitive genes are found in all organisms but they are more abundant in 

eukaryotic than in prokaryotic cells (Long and David, 1980). Genes coding for protein 

synthesis such as ribosomal RNAs, 5S RNA and t RNAs are repetitrve, possibly amplified 

so that they can produce enough protein to meet the cell requirement. Ribosomal RNA 

genes (rDNA), reside as tandem repeating segments at qiecific chromosomal locations 

(Long and David, 1980). They are cytologicaHy detectable at the nucleolus organizer 

region, fir higher plants, rDNA is structurally conservative. One segment of rDNA is
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composed o f a aoncoding region or intergenic ^acer (IGS) and a coding region for 18S, 

5.8S and 26S rRNAs (Zmmer et aL, 1988). The S.8 S gene is separated from 18S and 

26S genes by a short internal transcribed q)acer (ITS). Size o f  rDNA is relatively umform 

with an average length of 9.1 kbp (kilobase-pairs) per segment. However, variation of the 

length was found both among q)ecies o f Zea and among individuals within the same 

species of Zea and Tripsacum (Zimmer et aL, 1988). The variation was detected mainly at 

the intergenic q»acer region.

In situ hybridization o f labelled rDNA probes to plant chromosomal DNA has been 

proven a valuable method for chromosome identification (Gustafson et aL, 1990; Lehch 

and Heslop-Harrison, 1992; 1993; Brown et aL, 1993; Doudrick et aL, 1995). This 

technique provides the most precise positions o f repetitive DNA sequences on individual 

chromosome (see review Jiang and Gifi, 1994).

Unique DNA sequences or single copy sequences can be used as biochemical 

markers for T-DNA transfer to the plant genome (Ambros et aL, 1986a; 19866). 

Detection o f a 17 kbp unique sequence (T-DNA), a biotin labelled T-DNA probe, in 

transformed Crepis capillaris (2n=6) root chromosomes showed that T-DNA region of 

the Agrobacteritmi rhizogenes root-inducing (Ri) plasmid does not integrate preferentially 

into a particular site in C  capillaris chromosome. T-DNA was integrated most frequently 

into chromosome 1, as might be expected, since it is the largest (Ambros et aL, 19866). 

Only one insert was found on the smallest chromosome (number 2 ). This demonstrated 

that T-DNA can integrate more than once into the same genome, either in the same or
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different chromosomes. Localization of single-copy sequences on plant chromosomes 

allows a number of important questions to be addressed.

In situ hybridization is a useful application for detecting alien chromosome 

segments in a hybrid or in a polyploid species by the use of total genomic probes 

(Schwarzacher et aL, 1989; Thomas et al, 1994; MiUer et aL, 1995). This approach is of 

great value since there is no need for a cloned species-^ecific DNA sequence.

Z.3.2.2 Probe labelling and detection systems

Detection of hybridized nucleic acids can be achieved either by radioactive or by 

nonradioactive labelling. Tritium-labelled RNA or DNA probes have been used since the 

original in situ hybridization (Gall and Pardue, 1969; John et aL, 1969). Although, 

radioactive probes were successfoUy used to physical^ map highfy repeated sequences as 

well as unique-copy DNA sequences, they required long exposure times for detection, and 

produced high background interference. Problems in disposal and safety were other 

disadvantages. Over the past 25 years, the in situ hybridization technique has developed 

from a time-consuming process, often taking several weeks, and resulting in relatively 

poor resolution, to a process that enables relatively fost, highly precise, and sensitive 

localization of as little as one molecule per celL The use of biotin-labelled probes was first 

introduced in plants by Rayburn and GiU ( 1985). Biotin-labelled probes produced higher 

resolution of the hybridization sites and lower background interference than did 

conventional in situ hybridization using isotope labelling and autoradiography. It also 

provided better resolution of the signal combined with a rapid detection procedure (Szabo 

and Ward, 1982).
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Recently, there were several reports on the simultaneous detection of several DNA 

sequences using multicolour FISH (Lehch et aL, 1991; Linares et aL, 1996). By using 

different nonradioactive haptens, e.g. biotin, digoxigenin or rhodamine, and detecting 

these whh different independent systems and fiuorochromes such as PL rhodamine, DAPI 

or fihiorescein, the opportunities to locate genes along plant chromosomes have increased.
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CHAPTER 3

SOMATIC HYBRIDIZATION OF LARCHES (LARK SFP.)

3.1 Introduction

Gene transfer in conifers using protoplasts does not have an extensive literature 

since their protoplasts from various explant tissues are generally recalcitrant. Regeneration 

of somatic embryos from protoplasts was achieved only when embryogénie cells were 

used as sources of protoplasts as was done in Pinus taeda (Gupta and Durzan, 1987; 

Gupta et aL, 1988), P. caribaea (Laine and David, 1990), Picea glauca (Attree et aL, 

1987; Attree et aL, 1988; Bekkaoui et aL, 1987; Attree et aL, 1989a, 19896% P. mariana 

(Tautorus et aL, 1990a), Pseudotsuga menziesii (Gupta et aL, 1988), Larix x etirolepis 

(Klimaszewska, 19896), L  decidua (haploid protoplasts, von Aderkas, 1992) and Abies 

alba (Hartmann et aL, 1992). Juvenile materials provide more re^onsive protoplasts than 

the older ones but this still does not necessarily lead to the regeneration o f the somatic 

embryos. Protoplasts derived from juvenile needles of Pinus oocarpa and P. patula 

(Laine et aL, 1988) and of Chamaecyparis obtusa (Sasamoto et aL, 1992) divided and 

produced microcolonies but never regenerated plants. Division limited to a few first 

divisions were also observed in culture of cotyledonary protoplasts derived from ten-day- 

old seedlings o f P. banksiana (Tautorus et aL, 19906). Recently, refinements in 

protoplast isolation and culturing system had led to the formation of microcolonies from 

protoplasts of eight-year-old hybrid larch {Larix x eurolepis) (Yang and Laliberte, 1996), 

but still no plant has been regenerated.
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Not all embryogénie cultures of conifers provide protoplasts capable of 

regeneration (Attree et aL, 1988; Attree et aL, 19896, K. Klimaszewska, personal 

communication). One embryogénie line of Picea glauca produced only green callus with 

no complete embryogenesis wdiile the other line gave rise to somatic embryos (Attree et 

aL, 1988). The genetic differences between the two lines had brought about the 

differences in their behaviour in vitro, as they responded differently under the same in 

vitro conditions. Two embryogénie lines ofA. x eurolepis also showed differing ability in 

producing somatic embryos (Klimaszewska, 19896). One line was capable of producing 

more somatic embryos than the other.

For protoplast fusion, there are only two reports on initial stages of intra^ecific 

fusion of conifer protoplasts within the genera Picea and Pinus. The conditions for 

electrofusion (von Kirsten et aL, 1986) and PEG-mediated fusion (Ivanova, 1986) were 

provided but no results were given on cell division.

In this study, I attempted to create inter^ecific somatic hybrids by fusing a diploid 

embryogénie line of tamarack {Larix laricina, line L2) with one o f the two diploid 

embryogénie lines of hybrid larches, either Larix x leptoeuropaea ( line L5) or Larix x 

eurolepis (line L6 ). These embryogénie lines were kindly suppUed by Dr. K. 

Klimaszewska (Petawawa National Forestry Institute, Chalk River). There are many 

reasons to fuse protoplasts of tamarack with one of the two hybrid larches. Firstly, there 

is a high possibility to recover compatible heterofused cells or cultures since tamarack and 

hybrid larches naturally hybridize. Secondly, the DNA banding patterns of tamarack and 

the hybrid larches differ as was detected in my preliminary results on RAPD amplification
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using ^ecific primers. The dififerences in DNA banding patterns could be used for rapid 

screening of the hybrid colonies. Thirdly, they differ in their behaviour in vitro, tamarack 

being able to produce mature somatic embryos, the hybrid larches incapable. These 

differences have created a reliable selection system for the somatic hybrids that will be 

discussed in the materials and methods.

3.2 Materials and methods 

3.2.1 Plant materials

3.2.1.1 Larix laricina (tamarack) and two hybrid larches 

Diploid (2n=24) embryogénie cultures of tamarack (line L2) and of two hybrid 

larches (lines L5 and L6 ) were used as protoplast sources in fusion experiments. Line L2 

of tamarack was regularly used as one of the fusion partners while the other partner used 

was hybrid larch lines L5 or L6 . Lines L5 and L6  are reciprocal hybrids between Larix 

kaempferi (formerly leptolepis) and Larix decidua (Figure 1). The two hybrid larches 

carry different mixes of chloroplast and mitochondrial genomes since the chloroplasts in at 

least some conifers are paternally inherited (Owens and Morris, 1991; Bruns, 1993), and 

the mitochondria are predominantly, though not conq>letely, maternally inherited. Line L5 

should, therefore, carry the chloroplasts of L. decidua and predominantly carry 

mitochondria of L. kaempferi. Line L6  differs in that it has the chloroplasts o f L. 

kaempferi and mitochondria mostly from L. decidua. The embryogénie lines of the two 

recçrocal hybrids were chosen because they lacked the ability to produce mature somatic 

embrys when cultured on maturation medium (Lehi et aL 1994; K. Klimaszewska, 

unpublished data). In contrast, line L2 of t amarack was able to produce mature somatic
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Figure 1 Diagram showing reciprocal hybrids between L. kaempferi and L. decidua. 

9 cf (f 9

Larix kaempferi i  Larix decidua

Larix x iqjtoeuropaea 
(L5)

Larix kaempferi x Larix decidua

Larix x eurolepis 
(L6 )

Figure 2 Diagram showing a selection system for hybrid cells between hybrid larches 

and tamarack.

Larix x leptoeuropaea, L5 or Larix x eurolepis, L6 X Larix laricina (tamarack), L2

a. does not complete embryogenesis
*

b. no Na iodoacetate inactivation
*

c. will not r%enerate

a. complete embryogenesis

b. Na iodoacetate inactivation
*

c will not r%enerale

SI *  restores metabolism
★ restores growth
*  completes embryogenesis
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embryos under the same conditions (Klimaszewska et aL, 1997). The selection system 

for hybrid cells and/or embryonal masses derived from fusions was based on 

complementation of metabolic inhibition of tamarack and the ability to produce mature 

somatic embryos by the other parent (Figure 2). Protoplasts of tamarack were treated 

with various concentrations of the metabolic inhibitor (sodium iodoacetate) prior to fusion 

experiments. Theoretically, only the heterofused cells diould give rise to cultures that 

regenerate mature somatic embryos and develop into plants.

Both solid and liquid embryogénie cultures were used for protoplast isolation. The 

cultures were maintained in modified Murashige and Skoog (1962), MSG medium 

(Becwar et aL 1990; Klimaszewska 1989a) supplemented with 5 mM L-ghitamine, 58.5 

mM sucrose, 9.05 pM 2,4-dichlorophenoxyacetic acid (2,4-D), 2.32 pM 6- 

benzyladeninepurine (BAP), with or without 0.4% gellan gum (Gelrite, Adamscientific). 

The pH was adjusted to 5.8 before autoclaving. Subculture intervals were every two 

weeks for solid cultures and every three to four days for suspension cultures.

3.2.1.2 Tamarack and L. decidua

Embryogénie cultures of tamarack (line L2) and needles from ten-day-old 

seedlings o f L. decidua were used as protoplast sources in a few fusion experiments. The 

cotyledonary protoplasts of L. decidua were used because they lacked the ability to divide 

in cultures (based on preliminary experiments), whereas, under the same conditions, the 

protoplasts of tamarack were able to divide and produce mature somatic embryos. The 

selection system o f the hybrid cells was also based on complementation of metabolic 

inhibition o f tamarack protoplasts and the lack of ability o f cotyledonary protoplasts o f L.
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decidua to divide. Uniiised protoplasts of tamarack treated with sodium iodoacetate and 

those of L. decidua derived from cotyledons eventually died. Only heterofused cells 

would survive.

3.2.2 Tamarack: protoplast isolation, staining and inactivation with sodium 

iodoacetate

One gram of seven-day-old embryonal masses from solid cultures or cells from a 

four-day-old embryogénie suspension of tamarack was preplasmolyzed in 1 0  ml aqueous 

solution of 0.4 M mannitol containing 10 mM CaCl; HzO, 50 mM L-ghitamine, 5 mM 

2(N-morpholino)ethanesulfonic add (MES), and 29.3 mM sucrose (pH 5.8) for I h in 

100 X 15 mm Petri dish. Following preplasmolysis, 10 ml of enzyme mixture containing 

0.5% (w/v) Celhilase R-10 (Onozuka), 0.5% (w/v) Macerozyme R-10 (Onozuka), 10 mM 

CaClz.HiO, 5 mM MES, and 0.4 M mannitol (pH 5.8) was added to the preplasmolysed 

cultures resulting in a final enzyme concentration of 0.25%. In order to follow the fusion 

process and to determine the fusion frequency, the colourless protoplasts were stained 

with 3,3'-dihexyloxacarbocyanine iodide (DiOCg, Molecular Probes Inc.). DiOCg binds to 

the endoplasmic reticulum and homogenously stains protoplasts of tamarack with green 

fluorescence \^ e n  visualized under B3A Nikon filter (Figure 3), as a result of excitation at 

420-490 nm and emission at 520 nm. The staining was performed during the enzyme 

treatment by adding 2 0  o f DiOCe stock solution ( 1 mg DiOCe in 1 ml ethanol) to 2 0  ml 

of enzyme mixture. The tissue su^ension was incubated overnight (approximately 16 h) 

on a gyratory shaker (25 rpm) at 25 °C in darkness. The protoplasts were separated from
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Figure 3 Protoplasts of tamarack (line L2 ) stained with DiOCe and viewed through B3A 

Nikon filter. Bar = 40 jim.

Figure 4 Protoplasts of hybrid larch (line L5) stained with R6  and viewed through G^A 

Nikon filter. Bar = 40 pm 

Figure 5 Protoplasts of L. decidua with autofluorescent chlorophyll viewed through G2 A 

Nikon filter. Bar = 40 pm 

Figure 6  Protoplasts subjected to AC sine wave, causing them to line up towards the 

wires, and then DC square wave caused them to fuse together. Picture 

visualized under B3A Nikon filter. Arrow indicates fusing cells. Bar = 40 pm 

Figure 7 The same picture as Figure 6  but visualized under G:A Nikon filter for cells 

stained with R6 . Arrow indicates fusing cells. Bar = 40 pm 

Figure 8  Advanced stage of protoplast fusion under electric field pulses. Arrows 

indicate the two nuclei. Bar = 40 pm
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undigested tissues by fihering first through 73 pm and then 44 pm nylon mesh. The 

supernatant was collected in IS ml test tubes. The protoplast suspension was then 

centrifuged at 300 rpm (11 x g) for 6 min. The pellet was washed once with MSGp 

protoplast culture medium containing 50 mM L-ghitamine, 29.3 mM sucrose, 5 mM MES, 

0.4 M mannitol, 9.05 pM 2,4-D and 2.32 (iM BA, at pH 5.8. The cells were again spun 

down at 300 rpm for 6 mm and resuspended with MSGp medium at a density of 2 x 10̂  

protoplasts/mL At this stage protoplasts were treated with sodium iodoacetate at 7 

different concentrations: 2, 3.75, 5, 10, 15, 20, 25 or 30 millimoles. The appropriate 

volumes of fireshly prepared sodium iodoacetate stock (312 mg in 5 ml MSGp medium) 

were added to protoplast su^ension and gently p^etted to achieve an even distribution of 

sodium iodoacetate and protoplasts. The protoplasts were incubated for 30 mfn at room 

temperature during which the suspension was gently resuspended every 10 min. 

Protoplasts were subsequently collected by centrifugation (q)eed as above), washed once 

in MSGp medium and spun down again. After removal of the supernatant the protoplasts 

were resuq)ended in 3-4 ml of 0.5 M sucrose solution with an overlay o f 1 ml of MSGp 

medium. Whenever protoplasts were prepared for fusion mediated by polyethylene glycol 

(PEG) or electrofusion, a CKMM solution or a 0.5 M mannitol solution was overlain on 

top of the sucrose solution. CKMM was composed of 3 mM CaCk.HzO, 0.7 mM 

KH2 PO4 , 5 mM MES, and 0.4 M mannitol, wdiich was adjusted to pH 5.8 and fiker- 

sterilized. Following centrifugation, protoplasts were collected fi~om the interface, 

counted and adjusted to the appropriate densities by using a 1/16 square mm; 2/10 mm 

deep haemocytometer. Optimal density used for PEG-mediated fusion was 2 x 10*
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protoplasts/mL Optimal density for electrofusion was I x 10̂  protoplasts/ml and for 

culture was 1-1.5 x 10̂  protoplasts/ml

3.23 Hybrid larches: protoplast isolation and staining

Isolation of protoplasts of hybrid larches was performed as for tamarack but the 

staining was best done after enzyme treatment. Following the removal of the enzyme 

solution, protoplasts were suspended in MSGp medium containing rhodamine B hexyl 

ester chloride (R6, Molecular Probes Inc.). R6 binds to the cytoplasmic membranes and 

fluoresces red/orange under GzA Nikon filter (Figure 4), as a result of excitation at 510- 

560 nm and emission at 590 nm. One pi of R6 stock solution [(1 mg R6 in 1 ml double

deionized water (ddHzO)] was added to 4 ml o f  MSGp medium which was used to 

suspend the protoplasts at a density of 2 x 10  ̂ protoplasts/ml The protoplasts were 

incubated for 30 min. Every 10 min the suspension was gently repipetted to efifect an even 

distribution of dye and protoplasts. Then the protoplasts were washed once in MSGp 

medium and collected via centrifugation. Purification of protoplasts was also carried out 

by floatation on 0.5 M sucrose solution overlain with either MSGp medium or CKMM 

solution or 0.5 M mannitol Densities of the protoplasts were counted and adjusted by 

using a haemocytometer.

3.2.4 L. decidua', protoplast isolation

Protoplasts were extracted from 10-day-old seedlings of L. decidua. Whole 

seedlings were sterilized in 1% sodium hypochlorite for 10-15 min. The needles were then 

chopped and incubated overnight in 15 ml of 0.5% enzyme solution (0.5% (w/v) Celhilase 

R-10 (Onozuka), 0.5% (w/v) Macerozyme R-10 (Onozuka), 10 mM CaClz H2 O, 5 mM



45

MES, and 0.4 M mannitoL, wiiich was adjusted to pH S.8 and filter-stenlized. The 

protoplasts were separated from debris and undigested tissues by fihering through 73 

and 44 nylon mesh. The supernatant was collected in 15 ml test tubes. Collection of 

the protoplasts was as for tamarack using a sucrose gradient. The cotyledonary 

protoplasts are chlorophyll autofluorescent, producing red fluorescence under GzA Nikon 

fiber (Figure 5).

3.2.5 Fusion procedure

3.2.5.1 PEG-mediated fusion

Inactivated protoplasts of tamarack internally-labelled with EHOCô were used to 

fiise with either hybrid larch protoplasts or with protoplasts of L. decidua. Hybrid larch 

protoplasts were also internally-labelled with R6 whereas protoplasts of L. decidua 

contained chloroplasts and were autofluorescing. For PEG fusion, equal amounts of the 

protoplast su^ensions from each parent at a density o f 2 x 10̂  protoplasts/ml in CKMM 

solution were mixed and pipetted for even distribution in 1 ml volume. One ml of PEG 

solution, containing 40% (w/v) of PEG 4000 or 6000, 0.245 M CaCl2.2H20, 0 .1 M 

mannitol (pH 5.8) was slowly added to one ml of mixed protoplast suspension to achieve a 

final PEG concentration o f 20%. The suspension was gently mixed by aspirating with a 

widemouth pipette and allowed to rest for 15 min. The su^ension was diluted with 2 ml 

of CKMM solution and then 5 min later with a further 4 ml of CKMM at 5 min interval 

Five min after the final dilution, the pellet was collected by centrifugation at 300 rpm for 3 

min, resuspended in MSGp medium and cultured in 60 x 15 mm Petri dishes (1.5 m l/ Petri 

dish). Half of the protoplast pellet was cultured in MSGp medium solidified with 0.4%
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(w/v) SeaPlaque agarose (FMC Corporation) to observe cell division and separate the 

colonies. The protoplast fusion frequency was evaluated after final dilution with CKMM 

solution prior to collecting the pellet via centrifugation. The division frequencies were 

evaluated after 2d, 4d or 6d.

3.2.S.2 Electrofusion

Protoplasts o f tamarack and o f L. \  leptoeuropaea (line LS) were used for 

electrofusion. Equal amounts of the protoplast suspension from each parent, at a density 

of 1 X 10̂  protoplasts/ml in aqueous solution of 0.5 M mannitol (pH 5.8), were mixed 

together. Low conductivity medium must be used to reduce the heating effect. The ECM 

200 Electrofusion System (BTX Inc, San Diego, CA, USA) was used to generate 

Altemating Current (AC) and Direct Current (DC) pulses. The AC sine wave was applied 

to protoplasts in suspension causing them to form lines in perpendicular to the wires 

(Figure 6). The protoplasts were then subjected to a DC square wave causing transient 

pores to occur in the membranes (electroporation). Pores formed interconnecting 

channels between adjacent protoplasts allowing for cytoplasmic mixing. The membranes 

bonded together and subsequently fused cells rounded to form one hybrid cell (Figures 6,

7 and 8). In order to optimize the AC and DC setting, the protoplast suspension was first 

placed on a microslide #453 and observed under the Nikon inverted microscope. The 

microsUde wire electrode gap (3.2 mm) was filled with 0.6 ml o f mixed protoplast 

suspension. Various field strengths and pulse lengths of AC and DC field were operated 

to optimize the fusion parameters (Table 1). The fusion e^erim ents were performed in a 

VWR optical cuvette using the BTX reusable cuvette electrode (1.9 mm gap). After the



4 7

Table 1 Various AC and DC field strengths and pulse durations applied to fuse the 

protoplasts o f tamarack (line L2) and ofZ.. x leptoeuropaea (line L5).

AC field
Pulse

Volts/cm duration 
(Its)

Voks/cm

DC field
Pulse

duration
(ps)

Number
of

pulses apphed
80 15 895, 1000, 1040 40 1

20 1250 30 2
30 1250, 1340 30 2
40 1250, 1340 30 2

87 15 1340 40 1
20 1340 30 2

40 1
LOG 15 1000 60 1

80 1
1340 80 I
1500 80 I
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electrical applications, the protoplasts were left to recover for 5 min in the cuvette and 

then gently transferred to the 60 x 15 mm Petri dish. An additional 0.6 ml o f MSGp 

medium was added to make a total volume of 1.2 ml with a protoplast density of 0.5 x 10̂  

per ml. Fusion frequencies were determined at this stage and conq)ared to PEG-mediated 

fusion. To evaluate the fusion frequencies, the treated protoplasts were left to settle in the 

cuvette for 15-20 min. The mannitol solution was subsequently removed, the pellet was 

resuspended at a density o f 0.5 x 10̂  protoplasts/ml in MSGp liquid medium and/or 

medium containing 0.4% (w/v) SeaPlaque agarose and 1.5 ml of the solution was 

immediately plated in 60 x 15 mm Petri dishes. The division frequencies were evaluated 

four days later.

3.2.6 Determination of viability and cell wall formation

The viability tests o f the control, mixed and fusion cultures were performed on 

material unstained by DiOCe or R6 . Vital dyes, fluorescein diacetate (FDA, Sigma) and 

propidhun iodide (PI, Molecular Probes, Inc.) were used to stain the protoplasts. Five pi 

aliquots o f FDA stock solution (0.1% (w/v) in acetone) and 10 pi aliquots of PI stock 

solution (0.1% (w/v) in DMSO) were added to 1.5-2 ml of the protoplast suspension and 

incubated for 5-10 min The green (FDA) fluorescent and the red (PI) fluorescent 

protoplasts were detected using a B3A Nikon filter on a Nikon inverted microscope. 

Viabilities o f the controls, mixed and post-fusion cultures (both PEG and electric field 

treated) were compared. The level o f sodium iodoacetate appropriate for the treatment of 

tamarack protoplasts in the fiision e?q)eriment was not only determined by the protoplast 

viability but also by evidence o f inhibition of cell wall fi>rmation. Fluorescent Brightener
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28 (Calcoâuor white. Sigma) was added to protoplast cultures at a concentration of 

0.001% and incubated for 5-10 min before evaluation of cell wall formation using Zeiss 

filter set 02, excitation filter G365 and emission LP420, on a Zeiss Axioskop microscope. 

All fluorescent photographs were taken using Fuji HG 400 professional film

3.2.7 Protoplast culture and regeneration of somatic embryos

Samples of protoplasts treated with sodium iodoacetate and/or fluorescent dye, as 

well as mixed populations (without PEG treatment) were cultured as controls in all 

experiments. To culture these protoplasts, they were resuq)ended at a density of 1-1.5 x 

10̂  cells/ml in filter sterilized MSGp medium with or without 0.4% SeaPlaque agarose. 

All cultures were maintained in darkness at 24-25 °C. Addition of firesh medium without 

mannitol was done two weeks later if the cultures increased in density (evaluated by 

microscope). Four to six weeks after culturing, the protoplast-derived colonies from both 

liquid and solid cultures were picked out and transferred onto MSG maintenance medium 

The small colonies which could not be isolated were spread over filter paper discs 

(Whatman #2, 7 cm diameter) placed on the surface of the same medium. At this stage 

half of the individual colonies were screened for hybridity by the use of random amplified 

polymorphic DNA (RAPD) technique. The other half of the colonies were cultured on 

maturation medium [MSG basal medium with 0.2 M sucrose and 40 pM abscisic acid 

(ABA)]. After one month, single mature somatic embryos were randomly picked up from 

each colony and its DNA was screened using RAPD amplification.
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3.2.8 DNA isolation and RAPD ampiltication

The DNA isolation and RAPD amplification were done according to De Vemo 

and Mosseler (unpubU^ed protocol: Canadian Forest Services, Petawawa National 

Forestry Institute (PNFI), Chalk River, Ontario). Individual colonies and single matiue 

somatic embryos picked up fi*om fiision experiments were ground in a 1.5 ml eppendorf 

tube into which 500 pi o f 2 x CTAB extraction buffer (2% CTAB, 100 mM Tris (pH 8.0), 

20 mM EDTA (pH 8.0), 1.4 M NaCL 1% PVP 40,000) was added at room temperature. 

The solutions were mixed thoroughly before addition of 100 pi 2% Sarcosyl solution, and 

then incubated at 65 °C for 5-10 min. An equal volume (600 pi) of chloroformrisoamyl 

alcohol (24:1) was then added and the content was mixed thoroughly to form an emulsion. 

The extracts were centrifuged at maximum speed in a microcentrifuge for 4 min. The top 

aqueous layer was removed and placed in a tube containing 1 ml of absolute ethanoL The 

DNA precipitate was picked up using a pqiette tÿ  and resuqiended in 100 pi of 1/10 TE 

buffer. Two pi o f RNase was added to the solutions and incubated for 1-2 h at room 

temperature. The concentration of DNA was measured by using RNA/DNA calculator 

(GeneQuant, Pharmacia) and adjusted to 25 ng/pl in 1/10 ml TE buffer. The screening for 

suitable primers discriminating tamarack and hybrid larches, line L5 and L6, was initially 

done with primers 3, 4, 7, 8, 9, 11, 14, 18, 19, 20, 21, 26, 27, 29, 31, 35, 36, 37, 38, 39, 

41, 42, 44, and 46 (University of British Columbia) (Figure 9). The primers 8, 9, 19, 39,

41 and 42 were found suitable to distinguish tamarack and hybrid larches. For the RAPD 

amplification, 1 pi o f the DNA (25 ng) was added to 19 pi of Master Mix solution to run a
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Figure 9 Screening for suitable primers to discriminate tamarack and hybrid larches by 

RAPD amplification using primers 3, 4, 7, 8, 9, 11, 14, 18, 19, 20, 21, 26, 27, 

29, 31, 35, 36, 37, 38, 39, 41, 42, 44, and 46 (University of British Columbia). 

Lane 1 was the DNA of tamarack (Hne L2); lane 2 was the mixed DNA of 

tamarack and L. x leptoeurc^xiea (hne L5); and lane 3 was the DNA of L5. 

Primers 8, 9, 19, 39, 41 and 42 gave distinctive bands.
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Primers 3 4 7 8 9

Primers 11 14 18 19 20

Primers 9 21 26 27 29 31 35 36

Primers 38 37 39 41 42 44 46
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20 ni RAPD réaction. The Master NGx solution was composed of 2 ni of ID x PCR 

buffer, 2 ni of 10 X dNTPs, 3.5 nl of 25 mM MgClj, 10.7 nl of HPCL HzO, 0.4 nl of 

Amplitaq DNA Polymerase Stoffel Fragment (Perkin Elmer) and 0.4 nl of primer. The 

reaction mixture was incubated in a DNA thermocycler (GeneAmp PCR System 9600, 

Perkin Elmer) programmed for 3 min at 95 “C followed by 45 cycles consisting of 30 s at 

95 °C, 30 s at 32 °C, and 60 s at 72 “C, with a final extension at 72 °C for 7 min (personal 

communication, Linda De Vemo, PNFI). The DNA amplification products were then 

analyzed by electrophoresis in 2% Metaphore Agarose gel (FMC Corporation) and stained 

with ethidhim bromide for 20-30 min. Miotographs were taken under LTV light.

3.3 Results

3.3.1 Protoplast isolation and staining

In general, protoplasts derived firom embryogénie tissues were composed of two 

distinct types of cells (Figure 10): 1) small cells with dense cytoplasm, and 2) big cells 

with large vacuoles. The embryonal masses provided small cells with dense cytoplasm 

whereas the big cells with large vacuoles were derived fi*om the suspensors. Table 2 

showed that each embryogénie line had a different capacity for producing protoplasts. By 

comparison with line L2 of tamarack and line L6 of L. x eurolepis, line L5 of L. x 

leptoeuropaea usually produced the highest yield. Embryogénie suspension cells gave 

twice the yield than those of callus tissues (average of 1.5 x 10“ protoplasts/g FW for 

suspension cells. Table 2). However, the embryonal masses should not be maintained in 

suspension longer than two months, otherwise they lose the ability to regenerate somatic
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Figure 10 Protoplasts isolated from embryogénie tissues of tamarack (Hne L2),

comprised of small cells with dense cytoplasm (indicated by arrows) and big 

cells with large vacuoles (open arrow). Bar = 40 pm  

Figure 11 Somatic embryo derived from protoplasts of tamarack (line L2) labelled with 

DiOCe, after seventeen days in culture. Bar = 80 p m  

Figure 12 Cell division in protoplasts o f L. x leptoeuropaea (line L5), after three weeks 

in culture. Bar = 120 p m  

Figure 13 The formation of complete cell walls as well as cell division (indicated by 

arrow) detected by calcofhior white staining in protoplast cultures of 

tamarack (line L2), after two days in culture. Bar = 60 pm 

Figure 14 Incomplete cell wall detected by calcofiuor white staining in protoplast

cultures of tamarack (line L2) treated with 10 mM sodium iodoacetate for 30 

min. Picture taken after two days in culture. Bar = 40 p m  

Figure 15 Post-fusion products composed of heterofiised cells (indicated by big arrow), 

homofused cells (small arrow), multifused cells (big arrow head) and unfused 

cells (small arrow head). Bar = 50 p m  

Figure 16 Post-fiision products between embryogénie protoplasts o f tamarack (Une L2)

and cotyledonary protoplasts of L. decidua viewed in phase contrast 

microscopy. Arrows indicated heterofused cells. Bar = 40 p m  

Figure 17 The same picture as Figure 17 but visualized under fluorescence microscope 

through GzA Nikon filter. Arrows indicated heterofiised cells. Bar = 40 p m
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Table 2 Yields of protoplasts derived firom one gram firesb weight tissues, data averaged 

from at least three experiments.

Line used and treatments Average number o f protoplasts 
after sucrose gradient 

__________(cells/g)__________
L2 control 
L2 + DiOCs (o/n) 
L2 + DiOCs (o/n) 
L6 control 
L5 control 
L5 + R6 (30 min)

lA (30 min)

1.1 ± 0.4 X 10®
1.2 ± 0.6 X 10®
1.7 ± 0.1 X 10® 
0.9 ± 0.3 X 10®
2.7 ± 0.7 X 10® 
1.5 ± 0.2 X 10®

Note: L2: L. laricina L5: Z,. x leptoeuropaea
L6: L. X eurolepis lA: sodium iodoacetate
DiOC6; 3,3-dihexyloxacarbocyanine iodide 
R6: Rhodamine B, hexyl ester, chloride

Table 3 Numbers of mononucleate, binucleate and muhinucleate protoplasts of

tamarack (line L2), counted before and after sucrose gradient. Data based on 

three experiments.

Preplasmotysis Sucrose gradient
1 nucleus

Percentage having 
2 nuclei >2 nuclei

none before 82.3 ± 3.9 11.5 ±4.7 6.1 ± 5.2
after 76.2 ± 6.4 10.4 ± 4.3 13.2 ± 5.8

Ih before 71.8 ± 5.9 13.7 ± 4.9 14.5 ± 6.5
after 75.9 ±9.3 9.4 ± 5.5 14.9 ± 7.2
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embryos. Protoplasts o f line L5 and L6 were more uniform in their size than those of 

tamarack. In tamarack, most protoplasts (46.3%) had a diameter of 35-44 pm. The 

remainder (53.7%) were protoplasts with a diameter of less than 35 pm ( 16.7%), of 44-63 

pm (23.2%) or of bigger than 63 pm (13.8%), respectively. Line L5 derived 

su^ensions were mainly composed of small protoplasts with 20-30 pm in diameter 

whereas hne L6 derived suspensions mostly contained big protoplasts with large vacuoles 

(about 30-40 pm in diameter). For L. decidua, the protoplasts derived from the needle 

cells were 25-40 pm in diameter. Two to three grams fresh weight of chopped cotyledons 

yielded approximately 0.5 x 10̂  protoplasts/mL Chloroplasts were found abundantly in 

cotyledonary protoplasts (Figure 5).

During isolation, two adjacent protoplasts frequently fused. Muhinucleate 

protoplasts were found in about 23-24% of the protoplasts collected after centrifugation 

on the sucrose gradient (Table 3). In this study, non-preplasmolysis and preplasmolysis of 

the tissues in mannitol solution for 1 h prior to enzyme treatment gave almost equal 

numbers o f muhinucleate protoplasts. The number of multinucleate protoplasts was 

reduced by using less tissue, in a given volume of enzyme solution thus providing lower 

protoplast density during isolation.

Preliminary experiments for selecting the efficient fluorescent dyes were 

conducted. A number of vhal fluorescent dyes e.g. FDA (fluorescein diacetate), DAPI 

(4,6-diamidino-2-phenylindole, dilactate), carboxyfhiorescem, DiOCe, and R6 were tested 

at different concentrations. DiOCg and R6 were chosen since they gave uniform staining
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and had diSèrent excitation and emission wavelengths (see materials and methods). The 

final concentration o f DiOCe that gave uniformly stained protoplasts and dis not decrease 

the protoplast viability was I ng/ml wliereas that o f R6 was 0.25 p-g/mL

The protoplast yields (Table 2) and their ability to regenerate were not affected by the 

use of DiOCe and R6. Although protoplasts o f line L2 were stained overnight with 

DiOCô, they were still capable of regeneration. Protoplasts of line L2 stained with DiOCa 

divided within one week and produced somatic embryos after two weeks in cultures 

(Figure II). Protoplasts of line L5, whether they were stained with R6 or not, were 

capable of dividing, but lacked the ability to produce somatic embryos (Figure 12).

3.3.2 Sodium iodoacetate treatment

My preliminary experiments showed that protoplasts of tamarack (line L2) derived 

from embryogénie tissues were capable of dividing and giving rise to plants. However, 

those protoplasts did not survive after being treated with sodium iodoacetate, an enzyme 

inhibitor. Several concentrations of sodium iodoacetate, from two to thirty millimoles, 

were tested on freshly isolated protoplasts (Table 4). Sodium iodoacetate at 4 mM and 5 

mM was found not only to inactivate efficiently the protoplasts of line L2 but also to allow 

them to recover after fiision. Sodium iodoacetate partially inactivated emzyme activity of 

the protoplasts thus allowing them to recover when heterofusion occurred. The protoplasts 

treated with 4 mM and 5 mM sodium iodoacetate for 30 min all died in monocultures but 

some of those derived from fusion could produce mature somatic embryos. Some somatic 

embryos were produced from the post-fusion cultures when sodium iodoacetate at 4-5 

mM was used. The higher concentration of sodium iodoacetate at 5-10 mM had also
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Table 4 Percentage of viability, cell wall formation and cell division in protoplast 

cultures after isolation, after treatment with sodium iodoacetate (for 30 min) 

and after PEG-mediated fusion. The numbers were determined after 4 h, 2d, 

4d and 6d o f culture. Data were averaged fi’om two experiments.

Treatment
4 h

Viability
(%)

2 d  4d 6d

Cell wall formation 
(%) 

after 2 d ^ 2 d

Cell division 
(%)
4 d 6 d

A: L2 control 72.0 75.9 57.3 36.6 76.0* 6.3 23.4 22.3
(without lA)

B: L2 + LA 2 mM - 17.5 - - 9.4* + 5.1** - - -

C; L2 + LA 3 mM - 10.3 - - 4.8* + 4.2** 2.1 - -

D: L2 + IA4mM 17.3 9.8 2.2 0.01 2.3* + 6.9** - 0 0
E: L2 + LA 5 mM 17.7 6.8 0.02 0 0.6** 0 0 0
F: L2 + LA lOmM 20.7 0.8 0 0 0 0 0 0
G; L2 + LA 15mM 10.0 0.3 0 0 0 0 0 0
F: L2 + LA 20mM 9.8 0 - - 0 - - -

I: L2 -f- LA 25 mM 3.3 0 - - 0 - - -

J: L2 + LA 30 mM 7.3 0 - - 0 - - -

K; L5 control - 35.7 49.3 51.7 - - 29.8 27.7
L: L6 control - 65.0 38.7 23.3 - - 9.0 10.5
M: Fusion (K G ) - 42.1 29.0 14.2 - - 16.8 -

(L2+LA 4mM 
withL5)

N: Fusion (PEG) - 47.8 35.2 12.8 - - 16.7 -

(L2+LA SmM 
with L5)

O: Mixed culture - 57.3 31.2 - - - 24.0 -

(L2+LA 4mM 
andLS)

Note: L2: tamarack
L6: Z,. X eurolepis 
* complete walls

L5: L. ^  leptoeuropaea 
lA; sodium iodoacetate 
** inconq>lete walls
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been applied in some fusion experiments for more stringent selection but no cells survived 

in these post-fusion cultures.

After treatment with sodium iodoacetate, the protoplast viability dropped within 4 

h after treatments from 72% (L2 control) to 17% for protoplasts treated with 4 mM and 5 

mM sodium iodoacetate (Table 4). After four days in culture, all o f those treated 

protoplasts died while those o f tamarack (L2 control) and mixed culture were 57.33% and 

31.2% viable, respectively. Cell wall formation was used as another criterion for detecting 

protoplast viability. Of untreated protoplasts o f tamarack, 76% regenerated complete 

walls (Figure 13) after two days in cultures. Incomplete walls (Figure 14) were detected 

mainly in the populations o f sodium iodoacetate treated protoplasts (Table 4).

3,3.3 Protoplast fusion

3.33.1 Fusion between embryogénie protoplasts

PEG-mediated fusion caused heavy aggregation of the protoplasts and adhesion of 

the protoplasts to the tube surfrce. However, the protoplast aggregation dispersed in the 

solution again when the PEG solution was diluted with CKMM solution. The fusion 

frequencies were determined after the final dilution with CKMM solution. The 

populations o f protoplasts after fusion were comprised o f heterofused cells, homofused 

cells, multifused cells as well as unfused cells (Table 5 and Figure 15). The heterofused 

cells were distinguishable by the mixing of the two dififerent colours of fluorescent dyes 

viewed in B3A filter. Unfused cells made up the majority o f cells (71.22%) whereas the 

heterofused cells made up 14-18% of the population (Tables 5 and 6 ). Heterofusion 

frequencies in all electrofused treatments were found to be much lower than those in PEG-
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Table 5 Fusion frequencies determined after the final dilution with CKMM solution. 

Data were averaged from three fusion experiments.

Parents 1:1 heterofused 
cells

1; 1 hotnofiised 
cells

1:1 fused cells** multifused cells unfused cells

L2-L5
L2-L6
L2-L6 14.0 ±  4.2 8.4 ±  1.6

19.1 ±  2.9
14.2 ±  2.1
22.3 ±  2.7 6.1 ±  1.8 71.2 ±  4.2

Note: L2
L5
L6
* *

tam arack
L. X leptoeuropaea 
L. X eurolepis
numbers mchided both 1:1 heterofused cells and 1:1 homofused cells
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Table 6 Percentage o f fusion firequoicy (heterofused cells), viability and cell division 

after fiising protoplasts of tam arack (hne L2) with those o f L. x 

leptoeuropaea (line L5) by electrofusion and by PEG-mediated fusion. Data 

averaged from two fusion experiments. All electrofusion used the parental 

protoplasts at a density of I x lO’ cells/ml but the density for PEG-mediated 

fusion was 1 x 10  ̂cells/ml

AC field

Time 
V/cm (us) V/cm

DC field

Pulse
duration

(ns)

Number
of

pulses
applied

Fusion
Frequency

(%)

Viability
(%)

4 h  2d

CeU
Division

(%)
4d

80 15 895 40 1 3.4* 82.5 ±  10.8 50.0 ±2.3 -

1000 40 1 4.0 ± 1 .2 87.0 ±7.0 49.0* -

1340 40 1 4.5 ±0 .2 71.7 ±  19.6 48.4 ±4.9 -

20 1250 30 2 8.9* - . -

30 1250 30 2 6.8 ±  1.7 - - -

1340 30 2 6.4* - - -

40 1250 30 2 7.5* _ -

1340 30 2 N/A - -
87 15 1340 40 I 11.4* - - -

20 1340 40 1 5.1* - - -

30 2 7.3* - - -

100 15 1000 60 1 5.6 ±2.3 72.0* - -

80 1 6.4 ± 0 .6 71.0* - 19.9^
1340 80 1 7.8 ±0 .5 73.0* - 19.3*
1500 80 1 6.2 ± 3 .0 72.7* - 18.6*

PEG-mediated fusion 17.9±2.9 72.9 ±  11.5 24.2 ±  1.2
Mixed culture - 73.4 ±  0.5 - 24.0 ±  6.5

Note: For PEG-mediated fusion, fusion frequencies determined after the final dilution 
with CKMM solution.

For electrofiision, fiision frequencies determined after 5 min of cell resting period. 
Viability counted 4h and 2d after culturing.
Cell division counted 4d after culturing.

Data not followed by SD indicate one experiment only.
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mediated fusion (Table 6). When using the same materials but dififerent densities, the 

average fusion frequency of electrofused treatment was 6.52% (fusion density of 1 x lO’ 

protop last s/ml) while that o f PEG-mediated fusion was 17.87% (fusion density of I x 10® 

protoplasts/ml). Eighteen percent ofheterofused cells in a PEG^fusion experiment should 

contain about 1.8 x 10® heterofused protoplasts per one millilitre of treated protoplasts. 

In lectrofusion, therefore, fewer heterofused protoplasts (6250 cells) were obtained in one 

millilitre of treated protoplasts.

3 3 ^ .2  Fusion between embryogénie protoplasts and cotyledonary 

protoplasts

When fusing protoplasts of tamarack (embryogénie protoplasts) with those o f L. 

decidua (cotyledonary protoplasts), the heterofused protoplasts were readily 

distinguishable under phase contrast (Figure 16). Therefore, there was no need to stain 

protoplasts of tamarack. The heterofused cells could also be detected by viewing with 

GaA Nikon filter (Figure 17). The percentage of heterofused cells was about 10%. 

However, these were preliminary e?q>eriments since it was difficult to get enough 

protoplasts from needles of ten-day-old seedlings to perform many experiments.

3.3.4 Post-fusion culture: viability, division and colony formation

Protoplast viabilities were determined after 4h, 2d, 4d and 6d after culturing (Table 

4 and Figure 18). The protoplasts of tamarack treated with sodium iodoacetate all died 

within four days. There was no cell division detected in the cultures of protoplasts of 

tamarack treated with 4 mM, 5 mM and 10 mM sodium iodoacetate. After 2d in culture, 

first division was detected in the control protoplasts of tamarack (Table 4), either by
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Figure 18 Viability of protoplasts, determmed 4h, 2d, 4d and 6d after treatments. Figure 

drawn from data from Table 4.

Treatments

■ 4h
■ 2d 
□ 4d 
Q6d

Note: A: 
D:
E:
K;
L:
M;

N:

O:

tamarack (line L2, control)
tamarack treated with sodium iodoacetate at 4 mM for 30 mm 
tamarack treated with sodium iodoacetate at 5 mM for 30 min 
L. X leptoeuropaea (line L5, control)
L. X eurolepis (line L6, control)
fusion products (tamarack treated with 4 mM sodium iodoacetate with 
line L5)
fusion products ( tamarack treated with 5 mM sodium iodoacetate with 
line L5)
mixed culture (tamarack treated with 4 mM sodium iodoacetate and line 
L5)
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phase contrast (Figure 19) or by staining with caicofluor white (Figure 14). Cell division 

in line LS, line L6, and in post-fusion as well as mixed cultures (unfiised protoplasts) were 

determined, after 4d culture (Tables 4 and 6). After 4d, the division frequencies in post- 

fusion cultures derived from PEG treatment were 17% and 24% (Tables 4 and 6, 

respectively) whereas those from electrofusion averaged 19.3%. Although the division 

frequencies of PEG-fusion and electrofiision were about the same, PEG- fusion resulted in 

higher incidence o f fusion than electrofiision.

One week after culturing, unequal divisions were observed in the control cultures of 

tamarack (Figure 20). This event was found later (after two weeks) in the post-fiision 

cultures. The unequal division cells subsequently gave rise to somatic embryos (Figure 

21). Protoplasts o f line L5 always produced equal cell divisions, leading to the formation 

of microcolonies (Figure 12). Some protoplasts from line L6 started dividing after one 

week but finally, they stopped dividing and died (Table 7). After two to three weeks, 

colonies of early somatic embryos were formed in the control cultures o f tam arack as well 

as in the post-fusion cultures (Table 7 and Figure 20). After four to six weeks, the 

individual colonies derived from the post-fusion cultures, about 1 x 1  mm^, were picked 

up and cultured individually on gellan gum solidified medium (Figure 23). Once the single 

colonies reached a suitable size, half of each colony was cultured on maturation medium 

and the other half was used for ONA isolation. The mature somatic embryos (Figure 24) 

were picked out for ONA isolation after six weeks on the maturation medium The total 

period from fusion experiments until the production of single mature embryos was 

approximately three months.
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Figure 19 First division (indicated by arrow) detected in control culture o f tamarack

(line L2) after two days in culture. Bar = 40 |un.

Figure 20 Unequal division (indicated, by arrow) observed in control culture of

tamarack (line L2) after one week in culture. Bar = 80 ;im

Figure 21 The formation of somatic embryo in control culture of tamarack (line L2)

after two weeks in culture. Bar = ISO (im

Figure 22 Colonies o f somatic embryos formed in the control cultures of tamarack (line

L2) as well as in the post-fiision cultures after three weeks in culture. Bar = 

300 pm

Figure 23 A single colony of about 1 x 1  mm ,̂ picked out from post-fiision culture.

Bar = 1 mm

F^ure  24 Mature somatic embryos derived from a PEG-mediated fiision experiment

between tamarack (line L2) protoplasts treated with 4 mM sodium 

iodoacetate and protoplasts o f  L. x eurolepis (line L6). Bar = 2 mm.
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Table 7 Final products from protoplast cultures of controls, fusion experiments and 

mixed cultures of parental protoplasts evaluated after one, two, three and 

four weeks.

Original material 1-2 weeks
Duration of culture 

3 weeks 4 weeks
L2 control divide, beginning of 

somatic embryoggnesis
formation of 
embiyoggnic mass

embryogénie mass

L5 control divide beginning of somatic 
embryogenesis

formation of 
embryogénie mass

L6 control divide stop dividing and died no survival
Fusion (L2* with L5) divide, beginning of 

somatic embryogenesis
formation of 
embryogénie mass

may produce 
embryogénie mass**

Fusion (L2* with L6) divide, beginning of 
somatic embryogenesis

formation of 
embryogénie mass

embryogénie mass

Mixed culture (L2* & L5) divide divide beginning of somatic 
embryogenesis ***

Mixed culture (L2* & L6) divide stop dividing no survival

Note: L2: tamarack
L5: L .k leptoeuropaea 
L6: L. X eurolepis
L2* tamarack treated with sodium iodoacetate 4-5 mM 30 min
** only one out of thirty one fusion experiments produced embryogénie mass
*** usually non-embryogenic callus

Table 8 Number of experiments with cell colonies, individual colonies and mature

somatic embryos derived from fusion experiments between tamarack (L2) and 

L. X leptoeuropaea (L5) and between tamarack and L. x  eurolepis (L6).

Parents
Number of 
experiments

Number of 
experiments with 

cell colonies

Number of 
individual colonies

Number of 
mature embryos

L2/L5 31 1 13 0
L2/L6 24 5 239 19
Total 55 6 252 19
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bi total, fifty five fusion experiments were carried out, thirty one experiments 

between tamarack and line L5 of L. x leptoeuropaea (L2/L5 fusion) and twenty four 

experiments between tamarack and line L6 of L. x eurolepis (L2/L6 fusion) (Table 8). 

Two hundred and thirty nine individual colonies of embryogénie masses were produced 

from five successful L2/L6 fusion experiments. By comparison, there was only one 

successful fusion experiment between L2/L5 fusion. From those two hundred and 

thirty nine colonies derived from L2/L6 fusion, only nineteen mature embryos were 

produced. No mature embryos were produced firom L2/L5 fusion.

3,3.5 RAPD

The DNA firom 87 individual colonies and 19 mature embryos derived firom L2/L6 

fusion and from the 13 colonies from L2/L5 fusion was extracted and analyzed using 

RAPD method for a total of 119 DNA samples tested. For each sample, at least three 

primers out o f six (8, 9, 19, 39, 41 and 42) were used. Banding patterns were always those 

of one parent. None showed mixed bands of the two parents. For exançle, âigle colonies or 

single embryos picked up from the L2/L6 fusion had only the banding pattern characteristic of 

tamarack (L2) (Figure 25). The control, the sodium iodoacetate-treated protoplasts of 

tamarack, died as e^gected. The suspected fiision cultures grew and regenerated as 

characteristic of tamarack. Testing the same samples of DNA (lane I being the DNA of 

tamarack, lanes 2 to 9 being the DNA of putative hybrids derived from L2/L6 fusions, lane 10 

being the mixed DNAs of tamarack and L6 and lane 11 being the DNA of L6) but different 

primers. Figures 25A and 2SB (primers 39 and 41) confirmed that all the putative hybrids 

carried the DNA banding characteristic of tamarack. Therefore deqiite the sodium iodoacetate
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Figure 25 Electrophoresis products showing RAPD banding patterns of tamarack (line 

L2), putative hybrids derived from L2/L6 frisions and L. x eurolepis (line L6). 

A, B; Amplified using primers 39 (A) and 41 (B); lane 1 being the DNA of 

L2, lanes 2 to 9 being the DNAs of putative hybrids, lane 10 being the 

mixed DNA of L2 and L6 and lane 11 being the DNA of L6.

C, D: Amplified using primers 9 (C) and 39 (D): lane I being the DNA of

L2, lanes 2 to 22 being the DNAs of putative hybrids, lane 23 being the 

mixed DNA of L2 and L6 and lane 24 being the DNA of L6.

Figure 26 Electrophoresis products showing RAPD banding patterns of tamarack (line 

L2), putative hybrids derived from L2/L5 frisions and L. x leptoeuropaea (line 

L5), amplified using primers 8 (A), 9 (B), 19 (C) and 39 (D): lane 1 being the 

DNA of L2, lanes 2 to 4 being the DNAs of putative hybrids, lane 5 being the 

mixed DNA ofL2 and L5 and lane 6 being the DNA of L5.
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Figure 25

Figure 26
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treatment, tamarack protoplasts survived after fiision. fit the other fiiaon, single colonies 

picked up from the fiision between tamarack and line L5 of A. x leptoeuropaea always gave a 

banding pattern of line L5 (Figure 26). Line L5 itself could not conqilete embryogoiesis. 

Therefore, the colonies derived from L2/L5 fiiaon that had been verified as the DNA 

characteristic of L5 would never produce mature embryos (Table 8). Testing the same samples 

of DNA (lane I being the DNA of tamarack, lanes 2 to 4 being the DNAs of putative hybrids 

derived from L2/L5 fiision, lane 5 being the mixed DNA of tamarack and L5 and lane 6 being 

the DNA of L5), primer 8,9, 19 and 39 (Figure 26) verified that all the putative hybrids carried 

the DNA banding characteristic of L5.
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CHAPTER 4

DIFLOIDIZATION AND ANEUPLOIDY IN MEGAGAMETOFHYTE 

-DERIVED CULTURES OF LARIX DECIDUA

4.1 Introduction

A goal of many plant improvement programs is the creation of homozygous lines 

for breeding stock. Homozygous lines can be used for controlled hybridization or as 

background for transfer o f single genes. Achieving this in conifers by inbreeding is 

difhcuk because of the long period of time required to produce reproductive stock. 

However, in vitro methods may be used in wdiich haploid reproductive tissues serve as 

explants. In angiosperms, pollen has been the most successfully exploited source. 

Unfortunately, in conifers, pollen has proven intractable to date. Limited organogenesis 

has been recorded, such as root regeneration from callus obtained from pollen of Picea 

abies (Simola and Huhtinen, 1986). It is megagametophytes that have lent themselves 

best to this type of culture. In megagametophyte cultures o f Larix, Bonga and coworkers 

(Nagmani and Bonga, 1985; von Aderkas et aL, 1990) were able to get embryos to mature 

and occasionally germinate, and in Picea abies, Simola and Santanen (1990) achieved 

embryo formation. Plantlets have been regenerated via organogenesis in Sequoia 

sempervirens (Ball, 1987) and via embryogenesis in Ixarix decidua (von Aderkas and 

Bonga, 1993). In other gymno^erms such as Ephedra foliata  (Singh et aL, 1981) 

organogenesis from megagametophytes has led to plantlet formation, and protoplast 

cultures of megagametophyte cells of Gingko biloba produced somatic embryos (Laurain 

et aL, 1993).
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Plantlets produced firom such cultures are valuable if  the genetic stability o f the 

cultures is known. A particular culture Hne of L. decidua resulted in mosaicism o f ploidy 

level in the larch plantlet produced (von Aderkas and Bonga, 1993). Part of the plantlet 

was diploidized and homozygous. Once the homozygous parts produce fertile sexual 

cones, these would be clearly of value in breeding. The diploid parts could also be 

vegetatively propagated to build up stock.

The purpose of this investigation was to test how long haploid Unes would remain 

stably haploid in embryogénie cultures of L. decidua derived firom explanted 

megagametophytes. All o f  these Hnes had been verified as haploid (n=12) after induction. 

An important additional element to this study was to develop reliable methods to test for 

ploidy level

4.2 Materials and methods

4.2.1 Plant materials

The haploid embryogénie cultures of larch (L. decidua) used ia this study were 

derived fi’om excised megagametophyte tissues (Nagmani and Bonga, 1985; von Aderkas 

et al, 1987, 1990) of two L. decidua trees (G4 and G5, Fredericton, Canada) (Table 9). 

The Hnes used were 50%, SOj, 13Û4, 624, 1105, 2036 and 2110. The Hnes 50%, 50%, I3 O4 , 

624 and 1105 were initiated in 1984 whereas the Hnes 2036 and 2110 were initiated in 

1986 and 1988, re^ectively (Table 9). These cultures had been verified as haploid by 

chromosome squashes soon after they were induced (Nagmani and Bonga, 1985; von 

Aderkas et a l, 1987). The use of 2,4-D (2 mg/L; 2,4-dichlorophenoxyacetic acid) and BA 

(0.5 mg/L; 6-benzyladenine) was restricted to the first 3-week induction period.
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Table 9 Haploid embryogénie lines of Larix decidua.

Line Year of initiation Tree
50 1984 G5

130 1984 G5
624 1984 G4

1105 1984 G4
2036 1986 G5
2110 1988 G4

Table 10 Chromosome counts from L. decidua embryogénie culture lines derived from

megagametophytes.

Line Numbers of years haploid
50, 9
50: 6
624 9

1105 7
2036 2
2110 2
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The cultures were maintained on hormone-free half-strength Litvay’s medium 

(I/2LM) (Litvay et al, 1985) supplemented with 2% (wAr) sucrose, 3 mM glutamine, 0.55 

mM myo-inositol and 0.4% Gelrite (Adamscientific) (von Aderkas and Anderson, 1993). 

Subculture intervals were every two weeks.

4.2.2 Chromosome counting

The embryogénie tissues produced high number of cells in mitosis after they were 

trasferred to fresh medium for 3 days. The three-day-old (post-subcultured) tissues were 

manually teased apart and incubated in liquid 1/2 LM, at 24 °C, 150 rpm, for 2 days. In 

this condition, there were a lot of free cells separated from embryonal masses and 

suspensor cells. After two days in liquid medium, the tissues were filtered through a 73 

pm nylon mesh and then transferred to liquid 1/2 LM medium containing 0.6% (w/v) 

colchicine (Sigma). The su^ension was gyrated in the dark at 24 °C, 150 rpm, for 18 h. 

Following colchicine treatment, the tissues were rinsed 3 times with double deionized 

water (ddH^O) and fixed in Farmer’s fixative (3:1 95% ethanol:glacial acetic acid) for at 

least 2 h at room temperature. Fixed tissues were rinsed with ddHzO, hydrolyzed for 30 

min at 34-35 °C in 2.5 M HCl and squashed in a drop of 45% acetic acid. The slide was 

frozen on dry ice for 5 mfn and the coverslip removed with a razor blade. The still-frozen 

slide was immediately plunged into 95% ethanol for 5 min and air-dried overnight. The 

following day, the slide was stained in 10% Giemsa (Sigma) reagent for 10 min, washed 3 

times at 5 min each in ddHzO and once again air-dried. The slide was then mounted in 

Histoclad mounting medium (Clay Adams, Parsippany, NJ, USA).
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Protoplasts were sometimes used as alternative materials for squashing. For 

protoplast preparation, fixed tissues were rinsed 3 times with ddHjO, briefiy blotted and 

thai put in pre-warm (37°C) enzyme solution [2% ceUulase (Onozuka R-10, Yakuh 

Honsha, #201056), I % macerase (Macero^one R-10, Yakuh Honsha, #202025) and 

20% (v/v) pectinase (Sigma P-5146); stored at -20®C until used]. The tissues were 

incubated in enzyme solution at 37®C, 80 rpm, for 15-20 min. They were transferred to 

15 ml tubes and centrifuged at 300 rpm for 5 min The supernatant was removed and the 

pellet resuq)ended in ddH^O. The centrifugation was repeatedly done a few more times. 

Fina%, the pellet was resuspended in ddHaO. A drop of the pellet was added to a drop of 

45% acetic acid, covered with a 22 x 22 coverslip and squashed. The slide was put on dry 

ice and drying, staining and mounting were performed as described above. Chromosomes 

were counted and photographed with a 100 X Planapochromatic objective lens on a Zeiss 

Axioplan using Wrattan fiber #15 (Kodak).

4.2,3 DNA per cell - biochemical method

A known weight o f tissue, between 50-130 mg firesh weight, was processed by two 

methods: one for biochemical isolation o f DNA, the other to assess the cell number. L. 

decidua gametophytes firom trees G4 and G5 were used, as well as cultures of zygotic 

embryo origin o f L. x eurolepis (hne 2086).

To isolate DNA, tissue was ground in Uquid nitrogen in a ball mill for 30 sec. 

hmnediately afterward one volume o f 2CTAB buffer [2% CTAB, 100 mM TRIS (pH 

8.0), 20 mM EDTA (pH 8.0), 1.4 mM NaCl, 1% PVP 40,000] was added following a 

modification of the method described by Kim et aL (1990). This solution was pipetted
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into an Eppendorf tube and heated to 65 °C, at which point a I/IO volume of 2% sarcosyl 

was added. The mixture was kept at 65 °C for 15-20 min To this was added an equal 

volume o f chloroformiisoamyl alcohol (24; 1) at room temperature. This was mixed 

thoroughly to form an emulsion. The solutions were centrifuged at 14,800 g  for 3 min 

The top aqueous layer was removed to a clean tube, and two volumes of ethanol were 

added. The DNA precipitate was either hooked out (if abundant) or spun down again at 

14,800 g  for 5 min. Once the supernatant was removed, the pellet was dried using a 

Savant Speed Vac. TE buffer (50 pi) was added to the DNA to bring it into suspension. 

The samples were stored at -20 °C until needed. Analysis was on a LTV 

^ectrophotometer at 280/260 (Pye Unicam UV absorbance ^ectrophotometer).

To establish cell number, six replicates were digested in CrOs as described in 

Berlyn and Miksche ( 1976). This was done for cultures as well as for megagametophytes. 

Firstly, two ml of 5% CrOg was added to a sample o f  130 mg fresh weight and vortexed 

for 30 sec. Then another two more ml of 5% C 1 O 3  was added by swirling down to the 

bottom of the tube. The suspension was incubated in CrOs solution until the cells were 

well separated. It took about 3 days in this study. Then the numbers of cells/ml were 

counted using a 0.22 mm deep haemocytometer. Once the cell number was know, the pg 

amount of DNA per cell could be calculated.

4.3 Results

The genetic variation at the level of the chromosome complements was detected in 

megagametophyte Hnes of L. decidua. Each of the lines had been counted since initiation 

at 12- to 18-month intervals and found to be initially haploid, n=12. One of the lines (line
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2110, initiated 1988) began to exhibit a low proportion of diploid counts by two years 

post-inidation (von Aderkas, unpublished results). It was almost exclusively diploid 2 

years later. The other lines were generally slower to diploidize, with two (lines SOi and 

624) o f the five taking 9 years before diploid counts were found (Table 10). Subsequently 

chromosome counts of these lines were stably diploid (Figure 27) for a period of time.

Although the haploid cultures have been maintained in hormone-fi'ee medium to 

avoid genetic instability diploidization, followed by aneuploidization and polyploidization, 

has been detected in some lines. In 1993, aneuploid chromosome numbers were 

fiequently found in lines 624, 2036 and 2110 (Table 11). The main populations of the 

cells in line 2110 (81.7%; total o f 82 cells) had 23 (2n-l=23) chromosomes. The counts 

were consistently 23 (Figure 28) over a six month period, which represents 12 

subcultures. However, in 1995, the chromosome numbers o f the main populations of this 

line has been rising. Approximately 69.2% of cells (39 counts) had 30 (33.3%) or 31 

(35.6%) chromosomes (Figures 29 and 30). Chromosome numbers in line 624 have also 

been rising over the two years o f investigation. In 1993, diploids were occasionally 

found, then, in 1995, the aneuploid number of 25 (2n+l=25) was overwhelmingly 

recorded (Figure 31).

Throughout this study, haploids (1-1.9%) and tetraploids (0-1.9%) were rarely 

found in all lines (Table 12). Diploids that occupied about 20.4% of the counts in 1993 

were found to be replaced by aneuploids in 1995. The counts o f diploids had dropped 

from 20.4% to 3.0% whereas the aneuploid counts had risen from 75.7% to 96.0%.
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Figure 27 Chromosome squash of cells o f line 50%, showing 24 chromosomes.

Bar = 10 fim.

Figure 28 Aneuploid number (2m-1=23) o f chromosomes from cells o f line 2110. 

Bar = 10 |im.

Figure 29 Chromosome squash of cells o f line 2110, showing 31 sister chromatid 

pairs. Bar = 10 pm.

Figure 30 Chromosome squash of cells o f line 2110, showing 31 chromosomes. 

Bar = 10 |im

Figure 31 Aneuploid chromosome number (2n+l=25), prepared from protoplasts of 

cells o f line 624. Bar = 10 pm 

Figure 32 Anaphase bridge (indicated by arrow) found in a squash o f cells of 

Une 2110. Bar = 20 pm.

Figure 33 Chromosome fragment (indicated by arrow) found in a squash o f 

cells o f Une 2110. Bar = 20 pm 

Figure 34 Chromosome squash of cells o f line 2110, showing 29 chromosomes. 

Arrows indicate unusual long kinetochores. Bar = 10 pm.
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Table 11 Chromosome numbers of megagametophyte lines of L. decidua after 

maintenance for several years.

Line Chromosome numbers (counts) 
in 1993 in 1995

50, 24(2) -

50, 24(3) -

130, 24(3) 12(1)
- 13(1)
- 18(1)
- 19(2)
- 24(2)
- 25(3)
- 26(3)
- 28(2)
- 30(1)

624 20(1) 25 (47)
24(5) -

26(1) -

1105 24(2) -

2036 25 (2) -

26 (2) -

2110 12(2) 16(1)
22(3) 18(1)
23(67) 21(1)
24(6) 23 (2)
31(2) 24(1)
48(2) 26(1)

- 27(1)
- 29(1)
- 30(13)
- 31(14)
- 32 (3)

Total counts 103 101
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Table 12 Percentage of cells at different ploidy levels.

Ploidy level in 1993 in 1995
Haploid 1.9 1.0
Diploid 20.4 3.0
Aneuploid 75.7 96.0
Tetraploid 1.9 0

Table 13 Nuclear DNA levels in Larix decidua megagametophyte tissue and of Larix x 

eurolepis zygotic embryo origin line, measured by biochemical analysis.

Source pg DNA/cell
L. decidua megagametophyte (Canada) 14.1
L. X eurolepis line 2086 23.0
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This showed that the hapioids turned to diploids by firstly doubling their chromosome 

numbers. Then the diploid chromosomes underwent unequal separation, causing 

aneuploidization. Moreover, there was a tendaicy of rising chromosome numbers in all 

lines (Table 12). About 91.0% of the aneuploid counts (total of 78) in 1993 were found 

to be aneuploids with the chromosome numbers less than 24. Then in 1995, the majority 

(96.0%) of the aneuploid counts (total o f 97) were aneuploids with the chromosome 

numbers higher than 24. The circumstances such as anaphase bridges (Figure 32) and 

chromosome fragments (Figure 33) had created cytological variability within the cultures. 

Unusual long kinetochores were also found in squashes of cells of line 2110 (Figure 34).

The nuclear DNA per cell of L. decidua megagametophyte tissue and of L. x 

eurolepis zygotic embryo origin line was measured by biochemical analysis (Table 13). 

The amounts o f DNA per cell from this analysis were used as standard DNA amounts for 

haploid and diploid cells of larches. Haploid cells of L. decidua have 14.1 pg DNA per 

cell and diploid cells of A. x eurolepis have 23.0 pg DNA per cell
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CHAPTERS

KARYOTYPE OF LARIX DECIDUA PARTIALLY BASED ON 

FLUORESCENCE IN SITU  BTVBRIDIZATION

5.1 Introduction

Karyotypes provide a basic physical map of a genome, with each chromosome 

morphologically identified and numbered. They complement studies on molecular and 

quantitative genetics, and are necessary in order to assign linkage groups to physical 

chromosomes and to integrate physical and recombinational genetic maps (Doudrick, et 

aL, 1995). Larix decidua has been the subject o f  several karyotype studies (Sax and Sax, 

1933; Simak, 1963; Nkongolo and Klimaszewska, 1995). Simak (1963) investigated 

chromosome length, centromere position, and occurrence of constrictions. Although he 

did produce a morphological karyotype for L. decidua, the study showed that many of the 

chromosomes cannot be unequivocally distinguished on the basis of morphological data 

alone. Length measurements, arm ratios, and the presence of secondary constrictions on 

some chromosomes serve as identifying marks, but even so, many of the chromosomes are 

indistinguishable. Considering that constrictions may be arti&cts dependent on the 

technique of preparation (Simak, 1963), chromosomes may not always be readily 

identifiable. Chromosome lengths may vary enormously from cell to cell This can be 

caused by the entanglement of chromatin fibers o f unrelated chromosomes (Borzan, 1977) 

or by error in the measurement process (Nkongolo and Klimaszewska, 1995), and may 

also be related to artificial causes such as chemical treatment (Nkongolo & Klimaszewska,
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1994). In particular, certain chromosomes are too similar to be easily separable on 

relative length alone. Given these âctors, purely morphological studies o f L. decidua 

chromosomes cannot yield complete^ dependable karyotypes.

In situ hybridization, developed simultaneously by Gall and Pardue (1969) and 

John et aL (1969), is a powerful analytical tool which has important applications in 

genomic mapping. In situ hybridization links molecular results with physical

chromosomes. It is based on the hybridization of a labelled DNA probe to chromosomes 

in situ. Probes can be made of genomic DNA, highly repeated sequences such as 

ribosomal DNA (rDNA), or individual unique sequences. By targeting highly repeated 

sequences, a banding pattern emerges on many of the chromosomes in the genome, and 

serves to distinguish chromosomes which are not morphologically distinct, thereby 

producing a molecular karyotype. The development of probe labelling-detecting systems 

for in situ hybridization has now been refined firom the use of isotopic probes to 

nonisotopic probes where the signals are provided by different fluorochromes; this 

technique is referred to as fluorescence in situ hybridization (FISH). A number of 

protocols have been reported \ ^ c h  outline methods of chromosome preparation for 

FISH, including those for humans (Pinkel et aL, 1986; Fan et aL, 1990; Wiegant et aL,

1995), and plants (Gusta&on and DQe, 1992; Brown et aL, 1993; Doudrick et aL, 1995; 

Dong and Quick, 1995). In humans, this technique has proven useful for a wide range of 

research and clinical applications, e.g. for diagnostic roles in gene mapping (Fan et aL, 

1990; Lichter et aL, 1990; Heng et aL, 1992) or in chromosome identification and 

detection of aberrations (Pinkel et aL, 1986; Amoldus et aL, 1990). hi plants, FISH has



87

been widely used not only for gene mapping (Ambros et aL 1986a, 19866; Huang et aL, 

1988; Clark et aL, 1989; Gusta&on et aL, 1990; Jiang et aL, 1995) but also for studying 

genomic relationships among species (Devos et aL, 1993; Dong and ()uick, 1995; 

Nkongolo et aL, 1993) and hybrids (Schwarzacher et aL, 1989; Thomas et aL. 1994).

Most members of the Pinaceae have 24 chromosomes, many of which are not 

morphologically distinguishable from one another. Combining morphological features, 

patterns of FISH and fhiorochrome banding, more complete karyotypes of white qiruce, 

2n=24 {Picea gluca; Brown et aL, 1993) and slash pine, 2n=24 {Firms elliottii; Doudrick 

et aL, 1995) were physically identified. Highly repetitive sequences of genes coding for 

18S-5.8S-26S (18S-26S) rDNA have been mapped on seven pairs of chromosomes of 

wdihe spruce and on eight pairs o f chromosomes of slash pine. Here I report the mapping 

of a biodnylated rDNA probe from soybean on L. decidua chromosomes and the 

development of a karyotype for the species based on a combination of morphological 

features and patterns of FISH.

5.2 Materials and methods

5.2.1 Plant materials

Seeds of L. decidua (kindly supplied by Dr. J.M. Bonga; Forestry Canada, 

Fredericton, New Brunswick) were germinated on moist filter paper. When root tips 

were 1-2 cm long, seedlings were transferred to a solution of half-strength Litvay’s 

medium ( 1/2 LM) (Litvay et aL, 1985) supplemented with 0.6% (w/v) colchicine ( Sigma), 

at 24°C for 18 h. To improve aeration, seedlings were partly submerged in 10 ml 1/2 LM, 

0.6% colchicine in a 50 ml flask and gyrated at 100 rpm. Afier colchicine treatment.
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seedttags were rinsed 3 times with double distilled, deionized water (ddHzO) and then 

b rie^  blotted before immersing in Farmer’s fixative (3:1 95% ethanol:acetic acid) for at 

least 2 h at room temperature. At this point, seedlings were left overnight in fixative or 

treated immediately for squashing. Only material which was kept for less than 24 h in 

fixative gave successful hybridizations.

5.2.2 Enzyme treatment

Fixed seedlings were rinsed three times with ddHzO and then briefiy blotted before 

immersing in pre-warmed (37°C) enzyme solution (2% ceUulase (w/v) (Onozuka R-10, 

Yakuh Honsha, #201056), 1 % macerase (w/v) (macerozyme R-10, Yakuh Honsha, 

#202025) and 20% (v/v) pectinase (Sigma P-5146); store at -20“C until used). Seedlings 

were incubated in enzyme solution at 37°C, 80 rpm, for 25 to 30 min. Then, they were 

manually transferred from the enzyme solution through 3 changes of ddHiO At this 

point, they were used immediately for squashing.

5.2.3 Chromosome squashes

The root tip, about 2 mm long, was cut out off the seedling and placed m a drop of 

acetic acid on pre-cleaned slides (3 h in 3 M chromic acid; 2 h running tap water; 3 rinses 

in 100% ethanol; store in 100% ethanol and wiped dry immediately before used). Pointed 

tweezers were used to tease cells apart, which were then squashed with a coverslip on a 

slide. Slides were investigated at this point using phase contrast microscopy to search, 

photograph, and record the positions o f complete ^reads. Suitable slides were frozen on 

dry ice for 5 to 10 min, and the covers% was removed using a razor blade. Shdes were 

immediately immersed in 95% ethanol for 5 min, then 100% ethanol for 5 min; allowed to
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dry and then stored at -20°C. Slides were used within a few days after squashing to get 

the best hybridization signals.

5.2.4 Probe labelling

The rDNA probe used in this study was encoded on pGmRl [kindly provided by 

Dr. E. Zimmer (Washington University, St. Louis; Zimmer et aL, 1988) and Dr. John 

Carlson (University of British Columbia)]. pGmRI consists of the 7.9 kb I8S- 26S 

ribosomal RNA (rRNA) 7.9 kb £coRI fragment from soybean, cloned into £coRI site of 

pBR325. After isolation from the plasmid, the rDNA probe was labelled by nick 

translation with biotinylated 14-dATP according to the manufacturer’s instructions 

(GibcoBRE Life Technologies). The concentration o f  the probe was measured in 

minicuvette using OD̂ eo, and adjusted to 30 ng/pi

5.2.5 In situ hybridization

Protocol was as described in Brown et aL (1993), with some modifications. All 

steps took place at room temperature unless otherwise noted. Slides were first rinsed in 

100% ethanol to clean ofif dust and air-dried. One hundred pi o f RNase solution [Sigma, 

100 p.g/ml in 2X SSC (Standard Sodium Citrate = 0.15 M NaCL 0.015 M Na citrate)] was 

put on each shde, covered with a 22 x 44 mm coverslip, and incubated at 37°C for 1 h in a 

humid chamber. RNase was rinsed off 3 times, 6 min per rinse, in 2X SSC at room 

temperature. This was followed by treating the slides with 0.5% pepsin in 0.01 M HCl for 

10 min at 37°C. Slides were then washed in ddHzO for 3 min, followed by 2 changes of 6 

min each in 2X SSC, then dehydrated in an ethanol series o f 5 min each (70%, 95% and
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100%), and air-dried. Chromosomal DNA was denatured in 70% deionized formamide in 

2X SSC (pH 7.0) at 70-72 °C for 2 min, then ddiydrated in ice-cold ethanol series, and 

once again air-dried. The hybridization solution for 1 slide contained 8 ^1 50% dextran 

sulfate, 4 pi 20X SSC, 0.5 pi 10% SDS (Ig  SDS in 9 ml ddHzO, pH 7.2, fiber sterilized), 

2 pi carrier DNA (sheared herring sperm DNA, approximately 300 bp fragments, 

resu^ended in TE (pH 8.0) to 3.75 pg/pl), 1 pi probe (30 ng/pl stock), 4.5 pi ddHjO and 

20 pi formamide (70% deionized formamide in 2X SSC, pH 7.0). The hybridization 

solution was denatured at 80°C for 10 min, and chilled immediately on ice for 5 min. 

Denatured hybridization solution (40pl) was then put on the slide containing denatured 

chromosomal DNA, covered with a 22 x 22 mm coverslip, and incubated at 37 °C 

overnight in a humid chamber.

SJt.6 Detection by immunofluorescence

After hybridization overnight, the chromosome preparations were subjected to a 

series of washes. Non-^ecifically or weakly-bound probe was rinsed ofif with 2X SSC at 

room tenqierature, wariied 2 times at 5 min each in 20% formamide in 0. IX SSC at 42 °C, 

washed 2 times, 5 min each, in 0. IX SSC at 42 °C, and then washed 2 times, 5 min each, 

in 2X SSC at 42 °C. This was followed by blocking the slides with 100 pi 5% BSA in 

detection bufifer (0.2% Tween in 4X SSC) at room temperature for 5-10 min, and rinsed 

with 4X SSC. The biotinylated probe was detected with fluorescein isothiocyanate 

conjugated extravidine (FITC-extravidine; Sigma) because of the binding property of 

avidin to biotin. One hundred pi of extravidine (1:100 dilution with 5% BSA in detection
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buffer) was put on each shde, covered with a 22 x 44 mm covershp, and incubated at 37 

°C for Ih in a humid chamber. The excess extravidine was rinsed off with 4X SSC and 

shdes were washed 3 times (8 mm each) in detection bufifer at 37 °C. Shdes were 

counterstained in 5-10 fig/ml propidium iodide (PI; 5-10 pi of stock solution (I mg PI/ 1 

ml ddHzO) in 990 pi ddHiO) for 5 min, rinsed with ddHjO, and flooded with Slowfade 

Equilibration Buffer (Molecular Probes, Inc., S-746I) for 2 min. Shdes were then 

mounted in Prolong antifade reagent (Molecular Probes, hic., P-7481), and aUowed to 

dry in the dark for at least 2 h before examination. Chromosomes were observed with a 

100 X Planap ochromatic objective lens on a Zeiss Axioplan under Zeiss flker set 09, 

exciter flker BP 450-490 and barrier flker 515-565. The nonhybridizing chromosomal 

areas appeared as red fluorescence whereas the probe signals appeared as yeUow bands. 

Photographs were taken using Fuji HG 400 professional film.

S.2.7 Analysis of karyotype

Chromosomes fi’om six complete squashes with strong probe-target FISH signals 

were drawn, numbered firom 1-24, and separated by form characteristics into two groups; 

metacentiic and submetacentric. This aUowed the subsequent search for the homologous 

chromosomes. Measurements of total lengths and lengths o f short arm, long arm and 

secondary constriction position (in this case, the hybridization site) o f each chromosome 

were performed using a photographic enlarger (lOX; Tech “A”, Ken-a-vision Mfg., Inc.) 

which projected the film negative (lOOX) onto a Kurta tablet coupled to a McIntosh 

computer. The 48 cm distance between the lOX lens and the Kurta tablet provided an 

image with a final magnification of 2600X. The positions of secondary constrictions
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which appeared as FISH bands were measured from the band to the end o f its arm. The

measurements were done by tracing by stylus (pencil mouse). Five repeat measurements

were done on each measurement to reduce error. MacMeasure 1.9 and Excel software

was used to record measurements and to calculate average lengths and standard

, . . _  length o f each chromosome „  . . . .  ,
deviations. The relative lengths (  X 100), mchiding total

Ave. length of 24 chromosomes

length (RTL), short arm length (S) and that o f the long arm (L), as well as the relative

location of secondary constriction, were calculated. Then, data from six complete

squashes ( 12 chromosomes) were pooled and calculated an average relative length and a

standard deviation. Karyotype was created by arranging the chromosomes by average

relative length then by pairing them according to relative length, ratio o f short arm and

long arm to relative length, relative position of centromere (Centromere index =

relative short arm , _
—-—:------------------ ) and of secondary constriction.
relative total length

5.3 Results

5.3.1 Chromosome preparations

The use of plant tissue culture media (1/2 LM), as opposed to water, during 

incubation period of the roots in colchicine significantly increased the number of root-tip 

cells in late prophase. Mitotic Indices (MI: percentage o f cells in mitosis) o f40-50% were 

observed in chromosome preparations when the roots were pretreated with 0.6% 

colchicine in 1/2 LM for 18 h at 24“C (Figure 35). Treatment o f the roots, with 0.6%
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Figure 35 Metaphase chromosomes of L. decidua, prepared from protoplasts of root

tip cells. Photomicrograph was taken with phase contrast microscope.

Bar = 10 pm.

Figure 36 Complete chromosome set (2n=24) o f L. decidua. Bar = 10 pm

Figures 37 Localization of 18S-26S rDNA loci on L. decidua chromosomes (2n=24)

by fluorescence in situ hybridization. Arrows indicate five rDNA loci 

Bar = 10 pm.

Figure 38 Localization of 18S-26S rDNA loci on L. decidua chromosomes (2n=24)

by fluorescence in situ hybridization. Arrows indicate six rDNA loci 

Bar = 10 pm

Figure 39 Complete chromosome set (2n=24) o f L. decidua stained with Giemsa.

Some chromosomes with secondary constrictions identified (indicated by 

arrows). Bar = 10 pm.

Figure 40 Complete chromosome set (2n=24) of L. decidua stained with propidium

iodide. Some chromosomes with secondary constrictions identified 

(indicated by arrows). Bar =10 pm
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colchicine and without colchicine, in water for 18 h at 24 °C provided only 15-23% and 

2.4% MI, respectively (not shown).

Efigh-quahty chromosome squashes, in which all chromosomes were separated 

from one another, were required for successful FISH. Using phase contrast microscopy, I 

investigated and screened for slides immediately after squalling. The positions (x,y) of 

complete sets of 24 chromosomes were recorded and best squashes were photographed 

and drawn. ICgh quality squashes in which all of the 24 chromosomes were entirely free 

o f cellular debris could be clearly visualized using this technique (Figure 36).

5.3.2 In situ hybridization

The highly repeated sequences of genes coding for 18S-26S rDNA on L. decidua 

chromosomes could be physically mapped by FISH. Of 38 metaphase cells, we found that 

15 cells (39.47%) had 5 rDNA loci (Figure 37), and 23 cells (60.53%) had 6 rDNA loci 

(Figure 38). Taking into consideration the higher proportion at 60.53% as well as the 

pairing of the chromosomes wdiich would negate the possibility of an odd number of loci 

L. decidua chromosomes should have 6 major rDNA loci

In L. decidua, secondary constrictions have served as a key characteristic in 

identifying the chromosomes. I found that secondary constriction in this species is 

occasionally difQcuh to detect if the chromosomes are highly condensed (Figures 39 and 

40). Staining of the chromosomes with Giemsa (Figure 39) or with ftuorochrome such as 

PI (Figure 40) has improved the visualization of the constrictions but their positions are 

not necessarily always unequrvocaL The positions o f the constrictions were easily located 

when using in situ hybridization technique (Figures 37 and 38).
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5.3.3 Karyotype of L. decidua

Figure 41 illustrates the karyotype of L. decidua which consists of 6 pairs of 

metacentric chromosomes ( 1-6) and 6 pairs of submetacentric chromosomes (7-12). The 

longest chromosome (Chromosome 1) had 132.39 ±8.77 units RTL whereas the shortest 

one (chromosome 12) had 72.19 ± 2.85 units RTL (Table 14). Six major rDNA loci were 

detected at all secondary constriction sites on short arms of chromosome 2, and on long 

arms o f chromosomes 4 and 7 at 26.27± 4.46, 24.80± 4.48, and 25.51 ± 3.25 units 

based on RTL, respectively.
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Figure 41 A karyotype o f L. decidua. This figure was drawn using the data fi’om 

Table 1. * Ribosomal RNA genes were detected at the sites of secondary 

constriction on short arm of chromosome 2 as weU as on long arms of 

chromosomes 4 and 7.

1 2*  3 4*  5 6 7*  8 9 10 11 12

40
20
0

40

= secondary constrictions or FISH bands
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Table 14 The relative total lengths (RTL), relative loigths of short arm (S), long arm 

(L) and of secondary constriction (2nd), S:L ratio, and centromere index 

averaged from 6 complete squashes of FISH chromosomes.
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Chrom.

#

Relative total length 

(RTL)

S&L based <m 

RTL

S/L ratio Centromere

index

Location and length 

of 2nd

1 13Z39±8.77 59.93 ±  8.63 

7146 ±6.41

0.84±0.15 0.45 ±  0.049

2 123.30 ±  13.17 55.13 ±8.97 

69.37 ±7.98

0.82 ±0.15 0.45 ±  0.05 S=26.27±4.46

3 119.85 ±5.41 57.85 ±3.09 

6100 ±3.89

0.94 ±0.07 0.48 ±  0.02

4 112.12 ±6.08 5121 ±  6.07 

59.91 ±4.31

0.88 ±0.13 0.46 ±0.04 L=24.80±4.48

5 111.36±3.16 49.53 ±4.83 

61.83 ±5.73

0.83 ±0.13 0.45 ±  0.05 -

6 99.15 ±7.37 43.92 ±4.86 

55.23 ±6.07

0.81 ±0.13 0.44 ±0.04 -

7 93.20 ±5.73 31.29 ±5.83 

61.98 ±7.17

0.52 ±0.16 0.34 ±0.06 L=25.51±3.25

8 89.27 ±7.75 27.25 ±  1.84 

6102 ±6.90

0.44 ±0.05 0.31 ±0.02 •

9 86.11 ±4.63 28.70 ± 1 2 8  

57.41 ±  4.53

0.50 ±0.06 0.33 ±0.03 -

10 81.15±3.57 28.39 ± 1 4 5  

5176 ± 1 0 0

0.54 ±0.05 0.35 ±  0.02 -

11 76.70 ±3.37 25.94 ±  1.48 

50.76 ± 1 7 6

0.51 ±0.04 0.34 ±0.02 -

12 7119 ±2.85 26.18 ±1.89 

46.01 ±3.17

0.57 ±0.07 0.36 ±0.03
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CHAPTER 6

DETECTION OF TWO EXTRA 18S-5.8S-26S rDNA LOCI 

ON AN ANEUPLOID EMBRYOGENIC LINE OF LARIX DECIDUA USING 

FLUORESCENCE IN SITU BTifBRIDIZATION

6.1 Introduction

Chromosome number variability has been regular^ reported in plant tissue cultures 

(Wang et aL, 1991; Henry et aL, 1996). hr Larix x  eurolepis, hyperploid cells, 2n=25, 

were detected mainly in the embryogénie cultures (Nkongolo and KHmaszewska, 1995). 

Aneuploidy and polyploidization have been repeatedly detected in haploid, n=12, tissue 

cultures of L. decidua (von Aderkas and Anderson, 1993; Pattanavibool et aL, 1995). By 

counting the chromosome numbers of six haploid-originated lines over the period of two 

years (1993-1995), I found the occurrences o f diploidization (2n=24) which was followed 

by aneuploidy in aH lines. These aneuploid lines may prove to be useful for in vitro studies 

of the influence of chromosome complement on development, as weU as in situ 

hybridization of qreciflc genes.

Compared to the other Unes, line 2110 had the most unstable chromosome 

numbers. Line 2110 was originated in 1988 (von Aderkas, personal communication) and 

the q)ontaneous chromosome diploidization has been detected since 1990 (von Aderkas 

and Anderson, 1993). In 1993, the main population of this Une (81.7%) had an aneuploid 

chromosome number (2n-l=23) over a period of six months. This indicated that one 

chromosome had been lost firom the normal (2n=24) state. I did a preliminary karyotype
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of an aneuploid chromosome number (2n-I=23) using Giemsa staining to identify one 

missing chromosome. I found variations in positions, not in numbers, o f secondary 

constrictions in aneuploid chromosomes. The missing chromosome could be either 

number 4 or number 5. This study drew my attention to use of molecular techniques, such 

as in situ hybridization, for chromosome identification.

In this study, I used the technique of fluorescence in situ hybridization to detect 

chromosomal variations o f line 2110. la 1995, aneuploid chromosome numbers of 30 and 

31, instead of 23, chromosomes were frequently found in this line (33.3 and 35.6%, 

respectively). By using fluorescence in situ hybridization, the locations o f 18S-5.8S-26S 

rONA probes were mapped on aneuploid chromosomes (2n=30). This study was 

designed to detect whether chromosome multiplication involves preferential multiplication 

of particular chromosomes.

6.2 Materials and methods

6.2.1 Plant materials and chromosome counting

An aneuploid embryogénie line (line 2110) of Larix decidua was used in this study. 

The cultures were maintained on hormone-free half-strength Litvay's medium (1/2 LM) 

(Litvay et al, 1981) supplemented with 2% (w/v) sucrose, 3 mM glutamine, 0.55 mM 

myo-inositol and 0.4% gellan gum (Gelrite, Adamscientific). Subculture intervals were 

every two weeks. Only three-day-old (post-subcuhure) tissues were used as materials for 

chromosome counting. Protocol of chromosome counting was as described earlier in 

Chapter 4.



102

6 J ,^  Fluorescence in situ hybridization

Preparation for rDNA probes as well as protocol for FISH were performed as 

described in Chapter S.

6.23  Karyotype analysis

An aneuploid cell of 30 chromosomes having eight strong probe-target FISH 

signals was used for chromosomal analysis. Chromosome measurement and karyotyping 

were done as described in Chapter 5. Unfortunately, each chromosome was too 

condensed to distinguish its centromere. Therefore, only the total length was measured. 

The measurement was done five times repeated^ for each chromosome. A preliminary 

karyotype of this aneuploid cell was drawn from averaged relative total lengths.

6.3 Results

Cells possessing aneuploid chromosome complement have an abnormal karyotype, 

hi this study, an aneuploid cell line 2110 of L  decidua had fifteen pairs (2n=30) of 

chromosomes, instead of having twelve pairs (2n=24). There were three extra pairs of 

chromosomes. Eight (four pairs) 18S-26S rDNA loci were detected on these aneuploid 

chromosomes (Figures 42 and 43). Standard root-tip chromosomes of the same species 

have onfy three pairs of rDNA loci (Figure 43) and the loci were detected on the short arm 

of chromosome 2 as well as on the long arms of chromosomes 4 and 7. In aneuploid cell, 

the positions of rDNA were found on chromosomes 3, S, 8 and 14 (Figure 43). An extra 

pair of 18S-26S rDNA loci were detected on chromosome 14. Position of the centromere 

was difficuh to detect since the chromosomes had high degree of contraction.
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Figure 42 Localization of eight I8S-26S rDNA loci (indicated by arrows) on an

aneuploid cell (30 chromosomes) of L. decidua by fluorescence in situ 

hybridization. Bar = 10 pm



104

Figure 43 Conq)anson of locations of I8S-26S rDNA loci on normal and aneuploid 

karyotypes of L. decidua.

(A) A standard karyotype (n=12) from root-tip squash.

(B) A karyotype of an aneuploid cell (n=lS).

(A) 1 2*  3 4*  6 6 7*  8 9 10 11 12

40
20
0

40

(B) 1 2  3*  4  6*  6 7 8*  9  10 11 12 13 14*  16
0

40

80

= secondary constrictions or FISH bands
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Con^aiison of relative total loigths (RTL) between standard (root-tip) 

chromosomes (2n=24) and aneuploid chromosomes (2n=30) showed that the chromosome 

I of aneuploid karyotype had 12 RTL longer than the chromosome I of standard 

karyotype (Table 15). When chromosome I of aneuploid karyotype was not included, 

chromosomes 2 to 13 of aneuploid karyotype were found to be more or less comparable 

to those o f chromosomes I to 12 of standard karyotype. In addition, chromosome 15 of 

aneuploid karyotype is apparent^ too short to be a normal chromosome (6 RTL units 

shorter than the chromosome 12 of standard karyotype). AH these events indicated the 

possibility o f chromosome breakage resulting in a chromosome with shorter length (e.g. 

chromosome 15). It was possible that the breakage fragment was added to one 

chromosome causing a chromosome with unusual long length (e.g. chromosome 1). It 

was difficult to specify which chromosome multiplied because of the lack of short arm and 

long arm lengths of anetq>loid chromosomes. However, it is obvious that chromosomes 

having rDNA loci (either chromosome 2, 4 or 7) have gone through the process of 

multiplication. If any of the chromosomes 2, 4 or 7 multiplied, there was certainly 

chromosome breakage since chromosome 14 had a shorter length than any of 

chromosomes 2,4 or 7. The relative total length of chromosome 14 was less than those of 

chromosomes 2, 4 and 7 at 52, 41 and 22 RTL units, re^ectively.

Addition of chromosome fragments to other chromosomes causes karyotype 

abnormality by changing the chromosome order. In this study, the order of each 

chromosome changed due to the presence of chromosome 1 which had an unusually long



Table 15 Comparison of relative total lengths between (A) standard (2n=24) chromosomes from root-tip squashes and (B) aneuploid 

(2n=30) chromosomes from an aneuploid embryogénie cell of L  decidua.

1 2 3 4 5
Chromosome munber 

6 7 8 9 10 11 12 13 14 15
(A) 
n = 12 
(±s.d.)

132 39 
8.77

123 30* 
13.17

119.85
5.41

112.12*
6.08

111.36
3.16

99,15
7.37

93 2* 
5.73

89.27
7.75

86.11
4.63

81.15
3.57

76.70
3.37

72.19
2.85

- - -

(B) 
n = 15 144.28 125.58 122.77* 117.38 110.37* 110.01 106.35 102.72* 93.98 92 19 83.77 79.19 74.19 71.32* 65.93

Difif. + 11.89 +2.28 +2.92 +5.26 -0.99 + 10.86 + 13.15 + 13.45 +7.87 + 11.04 +7.07 +7.0 - ■ -

Note; * = Chromosomes with 18S-26S rDNA loci.
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length. The changes in chromosome order also affect the locations of secondary 

constriction or rDNA loci. Instead o f having rDNA loci at the chromosomes 2, 4 and 7 as 

in standard karyotype, aneuploid karyotype had rDNA loci on the chromosomes 3, 5 and 

8 as well as on additional chromosomes (number 14).
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CHAPTER?

DISCUSSION

7.1 Somatic hybridization of larches (Larix spp.)

7.1.1 Embryogénie and cotyledonary protoplasts

Sustained yield o f protoplasts for fusion experiments was supplied by embryogénie 

suspension cultures. As sources, embryogénie tissues are superior to cotyledons in 

producing protoplasts needed for fusion experiments. Fusion between the embryogénie 

and cotyledonary protoplasts are useful for hybrid identification and selection of hybrids 

but the chances to recover complete nuclear hybrids may be diminished because it would 

require a co-existence o f two diploid genomes in one cell I tried a few preliminary 

experiments on fusion between embryogénie protoplasts o f L. laricina and cotyledonary 

protoplasts o f L. decidua. These two q>ecies are naturally compatible (Johnson, 1939). 

However, no somatic embryo regenerated fiom these fusions. Some first divisions were 

observed in the fusion products but the dividing cells could not continue further 

development. On the contrary, embryogénie colonies, or even mature embryos formed if 

fusions occurred between the two embryogénie protoplasts. This indicates that cell type 

differences may play an important role in nuclear recombination and in regeneration of 

fused cells. The use o f  different cell types in the fusion experiments could lead to the 

differences in cell-cycle times or cell cycle phases that cause problems in nuclear fusion 

(Sundberg and Oimehus, 1991a; Sundberg et aL, 1991). The differences in cell-cycle 

phase were found in two different organs and cell types. For example, protoplasts derived
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from hypocotjds contain both dividing and mature ceQs vdiereas those derived from leaves 

contain mostly non-dividing (differentiated) cells (Sundberg et aL, 1991). It is possible 

that comhinding protoplasts from activefy dividing embryogénie cell suspensions with 

protoplasts from differentiated cotyledon cells prevented the recovery of a hybrid.

7.1.2 Sodium iodoacetate treatment

Sodium iodoacetate, an enzyme inhibitor, was used to inactivate protoplasts of 

tamarack in this study. Iodoacetate (ICHz.COO ) impairs enzyme activity by the 

phenomenon of competitive inhibition (Edwards and Hassall, 1971). It unites with 

sulphydryl centres of certain dehydrogenases, such as triosepho^hate dehydrogenase 

(McElroy, 1964), thus preventing the enzyme from perfomnng its catalytic role. The 

concentrations that allowed the protoplasts to survive for a few days would be appropriate 

for them to recover after fusion (Klimaszewska and Keller, 1988). However, the dosage 

suitable for one q>ecies may not always efficiently inactivate the others. Iodoacetate at 

concentrations of 1-1.5 mM (treated for 30 min) efficiently inactivated cauline cortical 

protoplasts of Brassica napus (Klimaszewska and Keller, 1988). Protoplasts o f Atropa 

belladonna L. were unable to divide after being treated with 2 mM iodoacetate for 15 

min. In contrast, cell divisions of 2.06% were detected in larch protoplasts treated with 

3mM iodoacetate for 30 min. This showed that individual species need preliminary tests 

to assess the effective iodoacetate treatment.

7.1.3 Fusion methods and culture density

For protoplasts of larches, PE&mediated fusion was found to be more efficient 

means than electrofusion. PEG-mediated fusion gave many more fused protoplasts than



110

eletrofusion although cell divisions after both treatments were almost equal This result is 

in contrast with Nakano et aL ( 1996). In their studies, electrofusion improved the rates of 

protoplast fusion, between Dianthus barbatus and Gypsophila pamculata, from 2-3% by 

PEG-mediated fusion to 5.2% by electrofusion. Fusion rates of more than 20% were 

achieved at lOOOV/cm and pulse duration of 30-60 |os when fusion occurred between 

sunflower protoplasts at a density o f 5 x 10̂  to I x 10̂  protoplasts/ml (von Keller et a l,

1995). Under the similar conditions as well as the same protoplast density as of von 

Keller and coworkers (1995), I obtained only 5.6% fused cells. It is possible that cell 

membranes of different plant species respond to electrical currents in different ways.

In addition to the selection system used in this study (sodium iodoacetate coupled 

with different culture behaviours), centrifugation of the fusion products was found to be 

useful to separate fused protoplasts from unfused protoplasts and debris. This process 

enhanced numbers of fused protoplasts as well as decreased debris and eliminated 

fusogenic solution. Plating density at 1.0-1.5 x 10  ̂ protoplasts/ml was found to be 

suitable for post-fusion cultures to regenerate. No cells regenerated if the post-fusion 

cultures as plated at a density lower than 1.0 x 10̂  protoplasts/ml High plating density at 

1.0 X 10̂  protoplasts/ml also improved plating efhciency of haploid Larix decidua (von 

Aderkas, 1992). When haploid protoplasts were cultured at densities lower than 1.1 x 10̂  

per ml they were unable to divide.

7.1.4 The fate of nuclear genome after protoplast fusion

In this study, two hundred and fifty two individual colonies and nineteen single 

mature embryos were picked out from fifty five fusion e?q)eriments but no heterokaryon
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was detected. The putative hybrid cells survived sodium iodoacetate treatments, 

indicating that there was a complementation o f cytoplasmic genomes between the two 

fusion partners. The recombination of cytoplasmic genomes was further confirmed by 

comparison with control sodium iodoacetate-treated cultures where no complete cell wall 

formation was recorded, even in the mixed cultures of unfiised protoplasts. Fusion of the 

two protoplasts resulted in cytoplasmic mixing but the two nuclei might or might not 

subsequently fuse. If there is a nuclear fusion this event should occur diuing the first 

interphase or first mitosis (Fowke et aL, 1975; Fowke, 1989). Nuclear fusion was found 

during interphase by the formation o f nuclear bridges (Fowke, 1989) but this type of 

fusion may be incomplete.

In this study, two possibilities could be accounted for: I) nuclear fusion did not 

occur, or 2) there were nuclear fusions but the formation of unstable chromosome sets 

subsequently caused pronounced selection against polyploids resulting in hybrids having 

uniparental nuclear DNA. A mechanism of selection against polyploid chromosomes was 

found by others in colchicine-induced polyploid meristematic cells o f Pinus elliottii 

(Mergen, 1959). The polyploid meristematic cells of radicles either died or reverted back 

to normal diploid cells within a coiq)le o f days. If nuclear fusion does not occur, genome 

segregation could cause chromosome elimination of one parent. On the other hand, 

heterofused cells consist of binucleate or multmucleate cells that are comparable to 

muhinucleate protoplasts derived firom q)ontaneous fusion. Studies of cell division in 

muhinucleate protoplasts derived fi^om qiontaneous fusion foimd that the nuclei had 

undergone synchronous division but no nuclear fusion was observed (Miller et aL, 1971;
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Fovdce et aL, 1975; 1990, (Giinaszewska, 1989). Multÿle cell plates intercepting the 

plasma membrane were formed between the daughter nuclei This indicated that single 

nuclei developed independent^ in muhinucleate protoplast. Although the basis of 

synchronous nuclear division is not really understood in conifers, evidence from a number 

of systems suggests that proteins in the cytoplasm may induce synchrony. Muhinucleate 

protoplasts of Picea glauca (Fowke et aL, 1990) and o f haploid Larix decidua (von 

Aderkas, 1992) divided and produced somatic embryos. This embryo formation resembles 

the free nuclear stages during the early zygotic embryo development in most conifers 

(Fowke et aL, 1990) but there is no evidence of nuclear migration. It is also possible that 

the embryo formation from haploid muhinucleate protoplasts resembles the muhinucleate 

stages during the megagametophyte development (von Adedcas, 1992).

The situation o f muhinucleate fiision products is not the same as those derived 

from qiontaneous fiision in terms of either cell-cycle phase, cell-cycle time or cytoplasmic 

components, hi fused protoplasts, muhinuclei come from two different ^ecies and they 

are surrounded with mixed cytoplasmic components. These muhinuclei may respond to 

the new cytoplasmic components in different ways. If only the nucleus from one ^ecies is 

capable of undergoing mitosis, the nucleus from the other speices can certainly be 

eliminated. In contrast, if the nuclei of both species undergo mhosis synchronously, the 

nuclei from two q»ecies may be fused. Although no nuclear fusion was observed in 

muhinucleate protoplasts derived from qiontaneous fusion (Fowke et aL, 1990) nuclear 

fusion was reported between two nuclei of different q)ecies (of pea and soybean) as 

detected by uhrastructural studies (Fowke, 1989).
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Chromosome ehmmations may occur after nuclear fusion. In some cases, most of 

the chromosomes fi^om one partner are eventual^ eliminated (e.g. soybean (+) Nicotiana, 

Kao, 1977) whereas in other fusions, little or no chromosome loss occurs (e.g. 

Arabidopsis (+) Brassica, d e b a  and Hoffmann, 1980). The cell-cycle phases of 

chromosomes of soybean and Nicotiana were not synchronous in the first few generations 

(Kao, 1977). The subsequent loss of Nicotiana chromosomes in the hybrid cells was 

found to be random. Chromosomes of Nicotiana tended to stick together and some broke 

into pieces during mitosis. Mitotic abnormalities such as chromosome bridges, ring 

chromosomes, as well as chromosome fiagments and muhiconstrictional chromosomes 

were also observed. These abnormalities caused chromosome instability in the hybrid 

cells. Because of nuclear segregation, the fusion products at the level of regenerated 

plants may possess an unmodified nucleus firom either one o f the parents and a hybrid 

cytoplasm (Pelletier, 1986). Chromosome elimination was also found when fusion 

occurred between two highly compatible ^ecies of barley and wheat (Taketa et aL, 1995). 

Chromosome elemination as revealed by C-banding analysis was a major cause of 

aneuploid chromosome numbers occurring in plants.

The use of either one o f reciprocal hybrids {L. x leptoeuropaea, line L5 and L. x 

eurolepis, line L6) as a fusion partner may be useful for studying the influences of 

cytoplasmic component on the segregation of nuclear genome. I found that the putative 

hybrids derived from L2 and L5 fusion always gave RAPD banding patterns characteristic 

of L5 whereas the putative hybrids derived from L2 and L6 fusions constant)^ showed 

RAPD banding patterns of L2. The elimination of nuclear genome of L2 was found in L2
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and L5 cytoplasmic combination. A contrasting result was found in L2 and L6 

cytoplasmic combination where the nuclear genome of L6 was eliminated.

7.2 Diploidization and aneuploidy in megagametophyte-derived cultures of Larix 

decidua

The conclusion from the present chromosome study is that haploid lines of Larix 

will diploidize if  kept in culture for many years. While diploidization happens slowly in L. 

decidua, it is more rapid in Pinus lambertiana (Borchert 1968). Flow cytometric data 

from megagametophyte maternal tissues show DNA levels about half of those found in the 

cultures derived from megagametophytes of these trees and subcuhured for several years 

(Pattanavibool et aL, 1995). From the flow cytometric analysis, the average amount of 

DNA per cell for megagametophyte tissue of L. decidua was 12.95 pg and for diploid cell 

line of I .  X eurolepis was 27.6 pg. The formerly haploid callus lines had DNA per cell 

around 23.5-34.8 pg. Megagametophytes had a uniform ploidy level, which is in keeping 

with other studies of megagametophytes \P. abies by Hakman and coworkers (1984) and 

L. X eurolepis by Wyman and coworkers ( 1993)]. In contrast. Ball ( 1987), working on in 

vitro organogenesis of Sequoia sempervirens from megagametophyte-derived cultures, 

found ploidy variability ranging from 1 to 16. NCxoploid and diploid callus lines from 

megagametophytes of P. abies (Simola and Honkanen 1983) and P. sitchensis 

(Baldursson et aL 1993) have been reported. In Larix, a mosaic plantlet arose from 

partially diploidized cultures o f an original^ haploid culture (von Aderkas and Bonga 

1993). hi this case, it was concluded that age of the culture had an influence on the
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chromosome level, increasing age causing increases in ploidy. This was further home out 

by a study o f L. decidua in which a Une was found to have aneuploid and tetraploid cells 

(von Aderkas and Anderson 1993).

Aneuploidization of the megagametophyte Unes has been confirmed by their 

nuclear DNA levels (Pattanavibool et aL, 1995). The higher levels of DNA per cell are 

6irly uniform amongst L. decidua lines, ranging from 23.5 to 26.6 pg DNA/nucleus. This 

is above the published level for L. decidua roots (19.7 pg per cell) (DhiHon 1987). An 

exceptionally high level is found in line 502, which has 34.8 pg DNA per nucleus, but this 

is a line that is known to be genetically unstable (von Aderkas and Anderson 1993), 

exhibiting aneuploidy, dÿloidy, and tetraploidy. The DNA level for diploid L. x eurolepis 

(27.6 ± 0.95) is close to that published by Ohri and Khoshoo (1986; 30.77 pg DNA per 

nucleus) and by Wyman and coworkers (1993; 32.5 ± 4.0 or 32.0 ± 6 .1  pg DNA per 

nucleus depending on the standard used for diploid in vitro shoot tissue of organogenic 

origin). Wyman and coworkers comment that their nuclear isolation methods provide a 

more accurate method than protoplast isolation. EarUer, Teoh and Rees (1976) similarly 

claimed that increased accuracy was afforded by using internal standards.

The chromosome work confirmed the interpretation o f the flow cytometric study. 

Larix chromosomes are difUcuk to separate because of their large size. Getting good 

counts depends on getting enough mitotic figures, which is helped significantly by the fret 

that the mitotic index in embryonal mass cells of the embryogénie tissues is high (20- 

40%). Ifigh numbers of cells in mitosis increased if embryogénie tissuses being used were 

in growing stages.
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A prolonged phase of somatic embryogenesis may lead to extensive changes in 

ploidy because of mitotic abnormalities (Henry et aL, 1996). Cytological studies provide 

some evidence that spindle aberrations, lagging chromosomes and chromosome breakage 

may all play a role (Peschke and PhiHqis, 1992). Anaphase bridges and fragments of 

chromosomes were detected in L. decidua lines. Unusually long kinetochores as found in 

chromosomes of hyperploid cells (2n=25) of diploid embryogénie Unes of L. x eurolepis 

(Nkongolo and Klimaszewska, 1995) were also found in squashes of cells of line 2110.

DupUcation of chromosome number is desirable in haploid lines as the materiaf if 

regenerated to the plant stage, will be able to reproduce. It represents a significant 

reduction in the time required to produce inbred lines suitable for breeding purposes 

(Bonga et aL, 1988). The cause o f dupUcation is unknown in these cultures, though long

term culture can be a cause in Chimonanthus (Radojevic et aL 1988). Ploidy changes also 

occur because of the effects o f auxins and cytokinins on the cell cycle (Liscum and 

Hangarter 1991). All L. decidua cultures (maintained on a medium free of plant growth 

regulators) have also d^loidized, although it has taken as long as 9 years in some lines, 

and as little as 2 years in others. These results argue strong^ for using methods of 

ciyopreservadon for keeping physiologically unique cell lines genetically intact. There 

have been numerous accounts o f plantlet regeneration from cryopreserved embryogénie 

cells o f conifers (Gupta et aL, 1987; Kaitha et aL, 1988), including Larix x leptoeuropaea 

(Klimaszewska et aL, 1992).
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7.3 Karyotype of Larix decidua partially based on fluorescence in situ 

hybridization

7.3.1 Chromosome preparations

Chromosomes o f Larix decidua are long, and it is difficult to induce the high 

proportion of cells in mitosis which are needed for in situ hybridization. Colchicine, 

known to arrest spindle formation and retard division o f centromeres (King and Stansfield, 

1990), was found to effectively stop cells at metaphase in a wide variety of species such as 

celery (Murata and Orton, 1984), tomato (Arumuganathan et aL, 1991), Larix sp. (Simak, 

1966; Hesemann, 1980), and Pseudotsuga sp. (El-Kassaby et aL, 1983). However, the 

concentrations of colchicine (0.02-0.1%) used with other species were found to be too 

low to affect L. decidua chromosomes. The efficacy o f colchicine was improved with the 

use of culture medium during incubation instead o f water (50% MI and 15-23% MI, 

respectively). Aeration o f roots at the time of colchicine treatment (by gyration and partial 

submersion of the roots in 1/2 LM) resulted in a higher MI. This is not in accordance with 

Nkongolo and Klimaszewska ( 1994) \&lio obtained only 6.2% MI from black ^ruce root- 

tip preparations after treating the roots with 0.6% colchicine in 1/2 LM for 18 h. The 

dif&rences of the results may be due to differences in material being used.

7.3.2 Enzyme treatment

FISH has been performed successfully on wheat (Rayburn and Gift, 1985; 

Nkongolo et aL, 1993; Dong and ()uick, 1995) and rye (Dong and ()uick, 1995) 

chromosomes using standard root-tç squashes. The use of protoplasts, however, were 

found to result in better chromosome q>reads and less background labelling (Ambros et
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aL, 1986a; Mouras et aL, 1987; Simpson et aL, 1988; Clark et aL, 1989; Brown et aL, 

1993). Protoplasts were found to provide better sensitivity o f the hybridization signals in 

this e?q)eriment.

1 3 3  In situ hybridization

By tracing the positions o f good squashes, I found a frequent loss o f chromosomes 

Wide performing FISH. One possible explanation lies in the abrupt change of 

temperatures during the dénaturation of chromosomal DNA. When the slides were 

transferred from formamide solution at 70-72°C to an ice-cold ethanol series the abrupt 

change o f temperatures o f the slides had brought the ethanol to a violent boiL This may 

dislodge poorly bound chromosomes. To avoid chromosome loss, dénaturation ought to 

take place in 10-20 pi o f hybridization mixture for 2.5-10 min at 70-80 °C (Ambros et aL, 

1986a; Wiegant et aL, 1995), and then be allowed to hybridize at 37 “C overnight. Time 

and temperature used during the dénaturation period are ^ecific for each type of material 

and species (Schwarzacher et aL, 1994). Given the success o f this denaturing technique, a 

programmable thermal cycler has been developed to be used in a wide range of material 

and species. Dénaturation of chromosomal DNA with the hybridization mixture in place 

has been found not only to reduce chromosome loss but also to prevent the disruption of 

chromosomal morphology (Simpson et aL, 1988).

Counterstaining of the chromosomes with PI was a critical step in this experiment. 

The probe signals were undetectable if the concentration o f PI was too high, but too low a 

concentration of PI resuhed in difBcuhy in getting an image because of the low intensity of 

the hybridization signals. To improve the intensity o f the signals, I performed a series of
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experiments in vriiich several 6ctors were varied, e.g. paraformaldehyde, probe 

concentrations, and concentrations of salt and formamide in post-hybridization washes. 

The signals were considerabfy improved with the reduction o f salt and formamide 

concentrations in post-hybridization washes firom 50% Formamide in 2X SSC to 20% 

formamide in 0. IX SSC. Temperature, concentrations of salt and formamide as well as 

the length and base pair composition of the probe have been noted as the main influences 

on the stringency of hybridization (Schwarzacher et aL, 1994). Conditions of weaker 

stringency have been recommended when hybridization takes place between nucleic acids 

of genetically diverse organisms (King and Stansfield, 1990). Lower stringency can be 

afifected by increasing the salt concentration, decreasing formamide concentration or 

decreasing hybridization temperature, thus allowing diort probes or incompatible probes 

to be hybridized (McFadden, 1994). Although McFadden (1994) recommended that the 

stringency conditions should be optimized during the hybridization rather than the post

hybridization washes I obtained stronger signals after lowering the stringency conditions in 

the post-hybridization washes.

Thousands of copies of 18S-26S rDNA in the plant genome are arranged in 

tandem arrays at the nucleolar organizer regions of chromosomes (Appels et aL, 1980; 

FlaveD, 1986). Ln general, 18S-26S rDNA is cytologically detectable on chromosomes as 

a secondary constriction. However, detection of 18S-26S rDNA by the occurrence of 

constriction may not necessarily be accurate because these genes do not appear as 

constrictions if they are not being expressed. In situ hybridization was used to detect 

these genes in any case, whether they are being expressed or not (Doudrick et aL, 1995).
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Brown and coworkers (1993), using in situ hybridization, found seven sites o f I8S-26S 

rDNA on white spruce chromosomes, and five out o f these seven sites were associated 

with secondary constriction. On slash pine chromosomes, eight 18S-26S rDNA sites 

were detected and six of these sites were found at the sites of secondary constrictions 

(Doudrick et aL, 1995). Unlike white spruce and slash pine, all 18S-26S rDNA sites on L  

decidua chromosomes were detected at the sites o f secondary constrictions.

Detection of rRNA genes on plant chromosomes by in situ hybridization has 

revealed high variation in sites and locations among members of the same 6mily. For 

example in the subtribe Trhiceae (family Poaceae), 5 pairs of 18S-26S rDNA sites have 

been located on chromosomes of barley {Hordeum vulgare\ Lehch and Heslop-Harrison,

1992), while only 2 pairs of 18S-26S rDNA sites were located on wild wheat {Aegilops 

umbellulata) chromosomes (Castilho and Heslop-Harrison, 1995). Sites and locations of 

18S-26S rDNA were also found to be variable in conifers. Although they all have 12 pairs 

of chromosomes, Picea, Pinus and Lxirix showed different numbers of 18S-26S rDNA 

sites. White ^ruce chromosomes have 7 pairs o f 18S-26S rDNA sites (Brown et al,

1993), \^iile slash pine (Doudrick et aL, 1995) have eight pairs and L. decidua ( this 

study) three.

73.4 Karyotype of L. decidua

L. decidua chromosomes are easily identifiable into two groups as metacentric and 

submetacentric chromosomes. However, they are not readily distinguished within these 

groups on the basis o f their size and morphological features alone. Although the
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secondaiy and tertiary constrictions were useful for chromosome identification their 

occurrence was rather inconsistent due to preparation (Simak, 1963; my preliminary 

results). When the chromosomes were extremely condensed the constrictions were 

difficult to detect, even after Giemsa or fhiorochrome (PI) staining. To avoid inaccuracy 

in number and position of secondary constrictions, I have created a karyotype of L. 

decidua using FISH. I found that all six detected 18S-26S rDNA loci were associated 

with secondary constrictions which are located on the short arm of chromosome 2 and on 

the long arms of chromosomes 4 and 7. My study confirms the previous studies by Simak 

(1963) and by Nkongolo and Klimaszewska (1995) in that there are 3 pairs of secondary 

constriction in L. decidua. Simak (1963), however, located the constrictions on the short 

arm of chromosomes 3 and 4, and on the long arm o f chromosome 7 while Nkongolo and 

Klimaszewska (1995) located them on the short arm o f chromosomes 2 and 4, as well as 

on the long arm of chromosome 7. I agree with Nkongolo and Klimaszewska ( 1995) that 

chromosome 7 is the most distinctive chromosome of L. decidua. The constriction 

observed on the short arm of chromosome 2 has been rather consistent, and so may serve 

as a specific characteristic for chromosome 2. For chromosome 4, there was some 

difficulty in detecting the constriction, as I found 39.5% of cells had only 5 rDNA loci. 

To avoid the dislocation of a missing rDNA locus, I have used only complete squashes 

with 6 rDNA loci for creating the karyotype. Measurement errors could also account for 

mistaken identification of the individual arms o f chromosome 4 because they were almost 

equal in length (Table 14). As mentioned earlier by Chetty et aL ( 1970), the chromosomal 

order may be unintentionaDy reversed if there is a very small difference in lengths.
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However, there was Uttle chance for me to mistaken^ identify the chromosomes; the error 

from my measurements having been reduced by the precision of the method and by 

measuring five repeat measurements for each chromosome.

7^ .5  Special discussion

Very recently, a FISH  karyotype of L. decidua has been published (Lubaretz et al.,

1996). The paper presented the localization o f 188-25S rRNA genes on L. decidua 

chromosomes and a FISH  karyotype of the species that was almost identical to my study. 

Therefore, I would Hke to m ake a special discussion dedicated to this paper.

There can be no question that L. decidua chromosomes are composed o f six pairs 

of metacentric and six pairs o f submetacentric chromosomes (Sax and Sax, 1933; Simak, 

1963; Nkongolo and Klimaszewska, 1995, Lubaretz et aL, 1996, the present study). All 

the studies reported three pairs of secondary constrictions. One pair of secondary 

constrictions have been found convincingly on chromosome 7 (Table 16). The locations 

of the other two pairs are still controversial

The inconsistency in occurrence and locations of secondary constriction by 

standard chromosome staining are avoidable using FISH technique. Both being expressed 

and unexpressed 18S-26S rDNA loci can be mapped precisely on the chromosomes. The 

differences in positions o f secondary constrictions found between the FISH karyotype 

produced by Lubaretz and coworkers (1996) and by this study (Tables 16) need to be 

considered.
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Table 16 The occurrence of secondary constrictions on chromosomes of I . decidua, in 

studies to date.

Reference
Chromosome carrying secondary constrictions 

2 3 4 5 7
Simak 1963 - s s L
Nkongolo and Klimaszewska 1995 S - s L
Lubaretz et aL 1996 - L - S L
This study s - L L

Note: S = short arm 
L = long arm
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Differences might have come firom the measuring process. Chromosome lengths 

firom Lubaretz and coworkers ( 1996) were completely different fi*om the lengths in this 

study as well as to those of Sax and Sax (1933) and in Simak (1963) (Table 17). 

However, the lengths firom all studies are comparable because they have more or less the 

same declining rate. L. decidua chromosomes are difficult to classify by both morphology 

and size. Data of relative total lengths in ail the studies to date showed the similarity in 

chromosome size. A great difficulty exists in identifying some chromosomes, for example 

distinguishing between chromosome 2 and 3, and between chromosome 4 and 5 (Table 

17). Error in measurement can easily reverse the chromosome order as well as attribution 

o f p and q chromosome arms. There are many Actors to be considered in order to get an 

accurate FISH karyotype of this ^ecies such as the numbers and method of measurement 

as well as chromosome preparations. The inaccuracy in the measurement may be reduced 

by increasing the numbers of replicates. On the other hand, it can be magnified due to 

poor quality of preparations or low quality images. Poor quality o f preparations include 

poor separation of chromosomes as well as elongation of some chromosomes in a squash.

Lubaretz and coworkers (1996) presented secondary constrictions on 

chromosomes 3 and S. From their data, chromosomes 2 and 3 have the same sizes (Table 

17). It may be difficult to judge v^ether it is chromosome 2 or 3 which has the secondary 

constrictions based on only three measurements. More mapping will be required. My 

preliminary studies on chromosome measurement as well as this study have shown a great 

deal of variability in chromosome lengths within the samples. In this study, the sizes of



Table 17 Comparison of relative total lengths of chromosomes of L  decidua from Sax and Sax ( 1933), Simak ( 1963), Lubaretz 

et al. (1996) and this study.

Reference Chromosome number
1 2 3 4 5 6 7 8 9 10 11 12

Sax & Sax, 1933 128 121 121 118 118 100 97 90 77 74 74 72

Simak, 1963 144 128 124 118 116 106 88 86 78 74 71 67

Lubaretz et al. 1996 
(±s.d.)

11,68
10

10.24
0.54

10.18
0.60

9.63
0.62

9.38
0.58

8,71
0.74

7.67
0.39

7.44
0.59

6.68
0.58

6.57
0.36

6.14
0.30

5.68
0.41

This study 
(±s.d.)

132.39
8.77

123.30
13.17

119.85
5.41

112.12
6.08

111.36
3.16

99.15
7.37

93.2
5.73

89.27
7.75

86.11
4.63

81 15 
3.57

76.70
3.37

72.19
2.85

Difif. from Sax & Sax 
Difif from Simak 
Difif from Lubaretz

+4.39 
-11.61 
+ 120.7

+2.30 
-4.70 

+ 113 1

-1.15 
-4.15 

+ 109.7

-5.88 
-5.88 

+ 102.5

-6.64 
-4.64 

+ 102.0

-0.85
-6.85

+90.44

-3 80 
+5.20 

+85 53

-0.73
+3.27

+81.83

+9.11
+8.11

+79.43

+7.15
+7.15

+74.58

+2.70
+5.70

+70.56

+0.19
+5.19

+66.51

b!
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chromosomes 4 and 5 are almost identical (Table 17) whereas those of the other 

chromosomes differed quite noticeably. Chromosome 3 and 5 also Aowed secondary 

constrictions, but this was only in one (out of six) measurement. The secondary 

constrictions were found more frequently on chromosome 2 and 4.
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7.4 Detection of two extra 18S-5.8S-26S rDNA loci on an aneuploid embryogénie 

line of Larix decidua using fluorescence in situ hybridization

Positions as well as numbers o f secondary constrictions (detected as rDNA loci) 

are altered in aneuploid chromosomes (2n=30) of line 2110 of L. decidua. This line was 

initiated as haploid embryogénie culture (n=I2) in 1988 but by 1995 it possessed 30 

chromosomes. Changes in chromosome number resulted in karyotype abnormalities 

v ^ ch  were found to be correlated with the age of culture. The degree of karyotype 

alteration has also been fotmd to increase with the callus age in many qiecies (Lee and 

Phillips, 1987).

Genetic variation of conifers has been studied by using DNA content ( Hakman et 

aL, 1984) and analysis of DNA including flow cytometry (Mo et aL, 1989), isozymes 

(Eastman et aL, 1991) and chromosome studies (Sahnia, 1975; Manandhar and GresshofL 

1980; Patel and Berlyn, 1982; Mehra and Anand, 1983; Wyman et al., 1992; Nkongolo 

and Klimaszewska, 1994) as well as RAPD (Heinze and Schmidt, 1995). While stable 

chromosome number was reported in nonembryogenic cultures of Picea pungens 

(Manandhar and GresshofE  ̂ 1980) and Larix x eurolepis (Wyman et aL, 1992) polyploidy 

and aneuploidy were found in several pine species (Sahnia, 1975; Patel and Berlyn, 1982; 

Mehra and Anand, 1983). Stable chromosome complement was also found in 

embryogénie cultures o f Picea mariana (Nkongolo and Klimaszewska, 1994).

Aneuploidy in conifer tissue cultures were reported in Pinus coulteri (Patel and 

Berlyn, 1982) and P. raxburghii (Mehra and Anand, 1983) as well as in haploid
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embryogénie cultures o f Larix decidua (von Aderkas and Anderson, 1993; Pattanavibool, 

1995). Unfortunately, aü studies in conifer aneuploidization have never been attributed to 

identify individual aneuploid chromosome. In this study, applications o f aneuploidy 

coupled with cytogenetics and in situ hybridization were used to reveal that 

aneuploidization in haploid embryogénie cultures of L. decidua involves both chromosome 

duplications and chromosome rearrangements. Chromosome duplication resulted in an 

increase in chromosome numbers wdiereas rearrangements o f chromosomes caused either 

an increase or a decrease in chromosome segments as well as changes in chromosome 

order. However, this study still can not pinpoint the chromosomes that are duplicated nor 

the chromosome breakage points or points of chromosome rearrangements. Applications 

of chromosome banding techniques and muMcoulour in situ hybridization may provide a 

detailed analysis o f chromosome structure that can contribute to those questions. These 

studies may also be useful to investigate influences of gene deletion or gene amplification 

to plant developmoit.
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CHAPTERS 

SUMMARY AND CONCLUSIONS

8.1 Somatic Hybridization of larches {Larix spp.)

Although no real nuclear-fiised hybrids have been verified in this study, the attempt

achieved numerous advances for hybridization o f somatic cells of conifers. The major

summary points are as follows:

1. Embryogénie culture-derived protoplasts are superior sources for conifer protoplast 

fiision because they are able to regenerate. The embryogénie suqiension cultures 

provide not onfy a sustained yield but also a high yield of protoplasts. Protoplast 

yields as high as 2.7 x 10̂  can be produced fiom 1 g fi'esh weight o f suqiension 

cultures.

2. The embryogénie suspension cultures used for protoplast isolation should be fireshly 

initiated (less than two months) to avoid decline of regeneration capacity of 

protoplasts.

3. When fusion occurs between two colourless embryogenic-derrved protoplasts vital 

fluorescent dyes at cUfiferent emission wavelengths are useful for hybrid 

identification. DiOCe and R6 were found to efficiently distinguidi fusion products of 

Larix.

4. Some vital fluorescent dyes affect developmental processes o f  protoplasts by 

reducing numbers o f dividing protoplasts as well as protoplast viability. For L. 

laricina protoplasts, DiOCa at a concentration of 1 pg/ml gives uniformly stained
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protoplasts. The DiOCe staining did not interfere with growth and development of 

protoplasts even when performed overnight. Protoplasts of L. laricina still 

produced somatic embryos. Protoplasts o f hybrid larches were efficiently stained 

with R6 at a concentration o f 0.25 pg/ml for 30 mm

5. Fusion of protoplasts o f Larix q)ecies can be done between embryogénie and 

cotyledonary protoplasts. The cotyledonary protoplasts provide natural chlorophyll 

autofluorescence that is useful for hybrid identification. However, the cotyledonary 

protoplasts are incapable o f regeneration that may reduce hybrid productivity.

6. A selection system for fusion products in this study was created on the basis of 

different regeneration behaviour between the two partners coupled with the use of 

sodium iodoacetate, a reversible enzyme inhibitor, to inhibit growth and 

development of the partner with regeneration capability. This selection system was 

found to effectivefy reduce the populations of unfused protoplasts as well as of 

homofused protoplasts. Onfy the heterofused protoplasts survived. This selection 

system is reliable and may be useful for other conifers.

7. For L. laricina protoplasts, sodium iodoacetate at concentrations of 4-5 mM was 

found to effectively arrest cell division in treated protoplasts but allowed heterofused 

cells to survive and regenerate.

8. This study showed that PE&mediated fusion is a more efficient means to fuse 

protoplasts of Larix q>p. than electrofusion. PEG>mediated fusion gave more 

heterofused cells and slight^ higher cell division rates.
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9. RAPD is an effective method for hybrid conrirmarion even if fusion occurs between 

closely related ^ecies. Several primers such as # 8, 9, 19, 39, 41 and 42 created 

distinguishable RAPD banding patterns between L. laricina and hybrid larches.

10. Based on the results from RAPD amplifications, putative hybrids from L2/L6 fusions 

(fusions between L. laricina, line L2 and L. x  eurolepis. line L6) always showed 

banding pattern characteristics of L. laricina whereas putative hybrids from L2/L5 

fusion (fusion between L. laricina, line L2 and L. x leptoeuropaea, line L5) 

possessed banding patterns of L. x leptoeuropaea. The use of reciprocal hybrids in 

the fusion experiments may be useful for studying cytoplasmic influences on nuclear 

recombination of the q)ecies.

8.2 Diploidization and aneuploidy in megagametophyte-derived cultures of Larix 

decidua

Genetic variability in haploid embryogénie cultures (n=12) of L. decidua resulted 

in cultures with polyploid and aneuploid cells. Haploid embryogénie cultures are sources 

of cells with unstable chromosome conçlements although they were maintained on 

medium free o f plant growth regulators. Several summary points from this study are 

addressed as follows:

I. Haploid embryogénie cultures of L. decidua maintained stable haploid chromosome 

counts within the first two years, after winch diploidization took place in the cultures 

followed by aneuploidization. Lines 2036 and 2110 (the most unstable line) 

exhibited diploid chromosome numbers after two years. The other lines (lines 50%, 

1105, SO; and 624) were more stable. Some of them (hnes 50i and 624) took nine
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years until diploidization was detected.

2. Genetic variation of haploid embryogénie cultures resulted in diploid and aneuploid 

chromosome complements was found to increase with the age of the cultures.

3. The cause of diploidization of haploid embryogénie cultures is unknown, but may 

be due to spindle failure, endoreduplication or endomhosis of the haploid 

chromosomes. Then unequal separation of the diploid chromosomes took place 

causing aneuploidization.

4. Mitotic abnormalities such as anaphase bridges, fragmentation of chromosomes and 

unusual long kinetochores were found as major causes of aneuploidization in haploid 

embryogénie cultures o f L. decidua.

8.3 Karyotype of Larix decidua partially based on fluorescence in situ  

hybridization

The genes coding for 18S-5.8S-26S rRNA were mapped by fluorescence in situ

hybridization on L. decidua chromosomes (2n=24) derived from root-tip squashes. A

karyotype of the qrecies was created using morphological features as well as locations of

rDNA.

1. A karyotype of L. decidua consists of six longer pairs of metacentric chromosomes 

and six shorter pairs of submetacentric chromosomes.

2. Three pairs of rDNA loci were detected at the locations of secondary constriction. 

The rDNA loci were found on the diort arm of chromosome 2 and on the long arms 

of chromosomes 4 and 7.

3. Chromosome 7 is the most distinguishable chromosome of L. decidua, the so called
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^ecies-^ecific chromosome.

4. High numbers o f cells in metaphase up to 40-50% were achieved from root-tip cells 

of L. decidua by gyration and partly submersion the roots in 1/2 strength Litvay’s 

medium containing colchicine (0.6%) for 18 h.

8.4 Detection of two extra 18S-S.8S-26S rDNA loci on an aneuploid embryogénie 

line of Larix decidua using fluorescence in situ hybridization 

Fluorescence in situ  hybridization was also used to locate positions of I8S-5.8S-

26S rDNA on aneuploid chromosomes (2n=30) of an aneuploid line (line 2110) of L.

decidua.

1. Changes in chromosome number complements as well as in chromosome structures 

cause karyotype abnormality.

2. Four pairs of rDNA loci were detected on aneuploid chromosomes (2n=30). The 

two extra positions o f rDNA loci were found on chromosome 14.

3. Relative total lengths and karyotype of 30 chromosomes indicated that chromosome 

multiplications, fragmentations of chromosomes as well as chromosome breakages 

were major causes o f  chromosome abnormalities in aneuploid cells of L. decidua.

4. Addition o f chromosome fragments to other chromosomes resulted in unusually long 

chromosomes. This event caused an alteration of chromosome order.
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PERSPECTIVES

Variability in embryogénie as well as protoplast cultures provides novel genotypes 

that may be useful to investigate the role of genes in development and metabolism. 

Biochemical studies such as RFLP can be used to detect length differences o f DNA 

fragments as well as to develop detailed genetic maps of the q)ecies. The aneuploid cells 

may be used to construct chromosome-specific probes (Schlarbaum, 1988). This 

approach will provide opportunities to map genes on aberrated chromosomes by in situ 

hybridization.

In addition, genetic transfr>rmations either by whole genome transfer, e.g. 

protoplast fusion, by partial genome transfer, e.g. asymmetric hybridization, or by single 

chromosome or single gene transfer should be important tools in conifer biotechnology. 

Transfr)rmed cells or tissues are useful to investigate mechanisms of chromosome 

rearrangements as weU as gene transmissions. Cytogenetics and biochemical studies may 

be used to investigate consequences o f genetic transformations at the level o f single genes 

or chromosomes.
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