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place with high efficiency. The choice of appropriate target cells is of major im-
portance as there are only few tissues and cells capable of plant regeneration.
Using embryogenic suspension cells and embryogenic callus cultures, success-
ful transformation and regeneration of cereals, such as maize, rice, wheat and
oat [10, 9, 3, 23, 22] could be achieved. However, the morphogenetic compe-
tence of cells is significantly reduced during long term maintenance and the
phenomenon of somaclonal variation limits the suitability of these cells for
transformation.

These limitations could be overcome by directly targeting tissues or cells
which can be obtained easily and manipulated in vitro. In cereals, scutellar tis-
sue of immature embryos, immature inflorescences or microspores are suitable
primary explants for bombardment or tissue electroporation as it was reported in
maize, wheat, barley, rice, tritordeum and triticale [16, 26, 24, 2, 19, 5, 13, 25,
1, 27]. The time necessary for preparation of the target cells is comparatively
low and the risk of somaclonal variation is negligible as the period in tissue cul-
ture is reduced to a few weeks. Another advantage of microprojectile bombard-
ment of primary explants is that even genotypes which are recalcitrant in pro-
toplast culture can be transformed easily [5].

In the following pages we will present protocols for the isolation and trans-
formation of scutellar tissue of immature embryos and the culture and selection
procedure used to obtain fertile transgenic wheat plants.
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Procedures

The primary requirement for an optimal target is that the tissue or
cells receiving exogenous DNA are culturable in vitro, actively divid-
ing and capable of giving rise to fertile plants. In our experiments we
used scutellar tissue of immature embryos of the winter wheat geno-
type “Florida” and the spring type line “Veery” as a target for particle
bombardment. The in vitro culture system used, allowed plant regen-
eration at high frequencies. Optimization of the transformation pa-
rameters was performed by transient transformation experiments us-
ing the plasmid pDB1 [2], containing the gus gene under control of the
actin1-promoter from rice [17] and the selectable marker bardriven by
the CaMV 35S-promoter. The aim of these experiments was to en-
hance transient transformation by minimizing tissue damage, which
is correlated with a reduced regeneration capability.

For the selection of putative transgenic plants we have developed
an in vitro selection system based on the resistant gene bar which
confers resistance against the herbicide BASTA. The advantage of
herbicide selection is not only the possibility to select plants in vitro,
but also to identify transgenic plants at each time point of develop-
ment by spraying plants with a herbicide solution.

Putative transgenic regenerants, transferred into soil, were ana-
lyzed for the presence of GUS-activity histochemically and for PAT-
activity by spraying plants with a BASTA herbicide solution.
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Isolation of immature embryos and preparation for bombardment

Steps in the procedure

1. Obtain spikes bearing immature caryopses 12-14 days after polli-
nation.

2. Remove the immature caryopses and sterilize for 1 min in 70%
ethanol and for 20 min in 1% NaOCI, 0.5 % Mucasol.

3. Wash three times with sterile distilled water.

4. Dissect the embryos in a sterile environment and place scutellum-
side up on modified L3D2 [13] callus induction medium (without
amino acids). For particle bombardment, place 20-30 embryos in
the center of a 9 cm Petri dish.

5. Seal the culture dishes with Parafilm and incubate in the dark at
26 °C.

6. The isolated embryos can be bombarded directly after isolation or
after a one to two days preculture.

Notes

1. The developmental stage of the immature embryos is the most significant factor
which regulates the response in vitro. Best response (high capability of somatic em-
bryogenesis and plant regeneration) is obtained from embryos in which the mor-
phological development has been nearly completed, and the deposition of starch in
the scutellar tissue has just begun.

6. A preculture treatment prior to bombardment depends on the genotype used. For
example, in our experiments scutellar tissue of the winter wheat genotype “Florida”
showed no significant differences in culture response without a preculture prior to
bombardment, whereas in the case of immature embryos from the spring type line
“Veery” only a preculture of one or, preferably, two days gave the same frequencies
of somatic embryogenesis as non-bombarded controls. Using longer preculture
treatments, we never obtained transgenic plants.
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Preparation of DNA coated gold particles

Steps in the procedure

1.

Place 40 mg gold particles (0.4-1.2 um) per 1 ml of 96 % ethanol in
a microtube. Sonicate the particle suspension for 30 sec using a
standard tip to destroy particle aggregates. Centrifuge the micro-
tube for 1 min at 4200 x g in a microfuge, remove the supernatant
and add 1 ml 96 % ethanol. Resuspend the particles briefly and re-
peat three times.

. Wash particles three times in 1 ml sterile distilled water as de-

scribed previously. After the last centrifugation step, resuspend
particles in 1 ml sterile distilled water. Aliquot 50 nul of the final sus-
pension into microtubes, while vortexing the suspension continu-
ally. Store aliquots at —20 °C.

. For precipitation of plasmid DNA, add to a 50 ul aliquot, 5 ul of

plasmid DNA (1 ng/ul) and vortex briefly.

Add 50 ul of a 2.5 M solution of calcium chloride and 20 ul of a 0.1
M spermidine (free base) solution. The suspension should be vor-
texed while adding each solution. Incubate on ice for 15 min.

. Spin the microcarriers down in a microfuge at 4200 x g for 5 sec.

and remove the supernatant. Wash particles with 250 ul of abso-
lute ethanol by vortexing for 1 min, centrifuge in the same manner
and remove the supernatant.

. Resuspend particles in 240 ul of absolute ethanol. Particles at-

tached to the microtube wall can be scraped and resuspended thor-
oughly with a pipet.

Notes
1. Gold particles with an average size of 0.4-1.2 um are available from Heraeus,

Karlsruhe, Germany.

6. DNA coated microprojectiles should be used for bombardment immediately after

preparation.
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Bombardment of scutellar tissue

The particle gun employed in these experiments was a DuPont PDS
1000/He gun. The bombardment parameters used are summarized in
Table 1.

Steps in the procedure

1.

Clean the PDS 1000/He particle delivery system, the sample cham-
ber and all the other material used for bombardment with 70 %
ethanol. Allow time for drying in a sterile environment.

Seat a macrocarrier into the macrocarrier holder. Pipet 3.5 ul of the
freshly prepared DNA-microcarrier suspension in the centre of the
macrocarrier. The particle suspension must briefly be vortexed
each time. Dry for 2 min.

Place a stopping screen in the stopping screen support and the
macrocarrier holder containing the macrocarrier on the top rung of
the fixed nest. Fix the macrocarrier holder with the macrocarrier
cover lid. Place in position.

Place a rupture disk of the desired burst pressure in the recess of
the rupture disk retaining cap and screw the rupture disk retaining
cap onto the gas acceleration tube.

Put a Petri dish containing the immature embryos on the Petri dish
holder and place in position.

. Close the sample chamber door and evacuate to a partial vacuum

of 27 inch Hg.

Press the FIRE switch to allow pressure to build in the acceleration
tube.

After the rupture disk has burst release the vacuum in the sample
chamber.
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Table 1. Successfully used parameters for particle bombardment of scutellar tissue of wheat

Distance between

— rupture disk and macrocarrier 25cm

— macrocarrier and stopping screen 0.8 cm

— stopping screen and target cells 5.5cm

gas pressure 900-1550 psi
partial vacuum 27 inch Hg
particles gold, 0.4-1.2 um
particle amount per bombardment 29 pug

An average number of 100 transient transformation events per embryo could be observed using a
plasmid construct containing the gus marker gene driven by the actin-1 promoter [17]. The number
of transient events was reduced, using greater distances between the stopping screen and the target
cells and/or lower partial vacuum. No significant differences in transient transformation numbers
were observed using helium gas pressures between 900-1550 psi. Lower or higher gas pressures
gave reduced transient numbers and, in the case of higher gas pressures, higher tissue damage. The
important step in minimizing tissue damage was the reduction of the amount of particles used per
bombardment. We observed a direct correlation between the particle amount (between 29 and
116 g per bombardment) used for bombardment and the capability of bombarded tissue to develop
somatic embryos in high frequency. On the other hand, there were no significant differences in the
number of transient transformation events. Using 29 ug particles per bombardment, the same rate of
somatic embryogenesis and plant regeneration could be observed as in non-bombarded controls.
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Transient expression assay

Following bombardment culture embryos for two days at 26 °C in the
dark. For histochemical detection of GUS-activity [14, 15], overlay
bombarded embryos with x-Gluc staining buffer. Incubate for 12-18 h
at 37 °C. Count the number of blue spots.
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Culture, selection and plant regeneration

Steps in the procedure

1.

Spread the embryos over the culture plate, one day after bombard-
ment. Developing coleoptiles from the embryo must be cut off in
the following days.

Subculture developing calluses 2 weeks after transformation for
additional 14 days on L3D2/B3 selection medium. At this time
point, the development of embryoid-like structures are visible on
the surface of the developing calluses.

Transfer callus showing the development of somatic embryos af-
ter 14 days on L3D0.1Z10/B3 regeneration medium for shoot devel-
opment. Culture under light conditions (3000 Ix for 16 h) at 26 °C.
Subculture after additional 14 days on L3D0.1/B3 regeneration me-
dium for root development. Subculture at 14-21 d intervals on the
same medium.

Transfer rooted plantiets with a leaf length of 1.5-2.0 cm to half
strenght MS-medium for additional 14 days.

. Transfer rooted plants to a peat/soil mix and grow under green-

house conditions to maturity.

Notes

1.

2.

The further development of the coleoptile can be observed in embryos of an
older developmental stage. The induction of somatic embryogenesis is in
principle possible, but it takes place at lower frequency. The development of
somatic embryos on the scutellum is inhibited when the coleoptile develops.
For the selection of transgenic plants, we use the herbicide BASTA. The so-
lution contains 20% phosphinothricin, the active component of the herbicide.

3. and 4. The same selection pressure used during the callus induction phase was also

5.

used during plant regeneration.

Plantlets with healthy shoot systems which do not form roots in vitro may
sometimes be rooted by placing a sterile droplet of a 1 mg/m| solution of IBA
(Indole-3-butyric acid) to the leaf bases.

The plantlets must be hardened in a high humidity chamber for about 1 week
before transfer to the greenhouse.
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Identification of transgenic regenerants

After the transfer of putative transgenic regenerants into soil, all
plants are analyzed for enzyme activity of both introduced genes.
GUS-activity is monitored histochemically and PAT-activity indirectly
by spraying plants with a BASTA-solution which is toxic for non trans-
formed plants.

Steps in the procedure

A. Detection of GUS-activity in leaf segments

1. Harvest leaf pieces of 1 cm in length and incubate them in GUS-
assay buffer for 12 to 16 h at 37 °C.

2. Extract the chlorophyll by incubating leaf pieces in a 3 : 1 solution
of ethanol : glacial acetic acid for 1 h at 70 °C.

3. GUS-activity is visible under the microscope.

B. Detection of PAT-activity

4. 14 days after transfer of plants into soil, spray whole plants or only
single leaves with an aqueous solution of the herbicide BASTA
(150 mg/l PPT, 0.1% Tween 20).

5. Examine plants one week after herbicide application for necrosis.
Resistant plants do not show necrosis or only partial necrosis at the
leaf tips, whereas sensitive plants do not survive herbicide treat-
ment. As a negative control, use in each experiment non trans-
formed regenerants of the same developmental stage.

Notes

3. The staining intensity depends on the expression level and the developmental stage
of the leafs. Younger leaves normally show a stronger reaction than older ones.

5. The lethal dose of PPT depends on the developmental stage of the plants. Older
plants tolerate higher concentrations than younger ones. In order to get clear results
of the status of older plants it is necessary to use PPT concentrations between
200 and 250 mg/l.
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Solutions

GUS assay buffer

— 5 mM potassium ferricyanide

— 5 mM potassium ferrocyanide

— 0.05% (w/v) 5-bromo-4-chloro-3-indolyl-B-D-glucuronic acid
0.06% (v/v) Triton X-100

0.2 M sodium phosphate buffer, pH 7.0

Sterilise by filtration. Store aliquots at —20 °C.

— Sigma 1-A agarose: prepare double-concentrated (1.6% for all media) in dis-
tilled water. Autoclave befor using.

— PPT stock solution: 20 mg/l PPT (use the herbicide BASTA) in sterile dis-
tilled water.

— DNA solution: dissolve DNA in sterile 10 : 1 mM Tris/HCL:EDTA buffer, pH
8.0. Final concentration 1 pg/pl.

— Spermidine solution: 0.1 M in sterile distilled water. Store at —80 °C.

— CaCl, solution: 2.5 M in sterile distilled water. Store at —20 °C
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Introduction

Genetic tranformation technologies are essential to programs of molecular biol-
ogy and genetic engineering. Although significant efforts in conifer molecular
biology have been initiated since the late 1980s, so far only a limited number of
genes have been cloned [1]. Conifers are by far the most difficult plant group
for this type of study because of their large genomes and lengthy life cycles.
Furthermore, progress has been hindered by the present inefficiencies in gene
transfer methods and tissue culture protocols for certain species such as pines.
Nevertheless, there is a significant body of literature on gene transfer in several
conifer species using Agrobacterium-mediated transformation and other proto-
cols of direct DNA transfer.

For example, specific strains of Agrobacterium that induce tumors on seed-
lings have been identified and, in some cases, the transfer and integration of
T-DNA encoded genes has been confirmed (see Table 1 and ref. {2, 3, 4] for a
complete list). The only success for transgenic tree regeneration was reported
with Larix decidua [5] but the number of trees produced was limited to less than
a dozen [6]. There is no report of Agrobacterium transformation using a conifer
tissue culture system.

Table 1. Agrobacterium-mediated DNA transformation of conifers

Genus Observations (results) Reference

Abies Tumours obtained on seedlings; opines detected [7, 8]

Larix Roots observed on in vitro grown stem [9, 10, 11]
Transgenic trees regenerated from inoculated seedlings [5, 6]

Libocedrus  Tumours obtained on seedlings [12]

Picea Tumours obtained on seedlings; opines detected [7, 13, 14, 15, 16]

Pinus Tumours obtained on plants and seedlings; NPT II transgene [8, 11, 12, 13, 16,
expression, Southern blot analysis 17, 18, 19, 20]

Pseudotsuga Tumours obtained on seedlings; opines detected; NPT II [8, 12, 13, 21, 22]
transgene expression; Southern blot analysis

Taxus Tumours obtained on shoot segments; opines detected; Southern [23]
blot analysis

Tsuga Tumours obtained on seedlings [8]

NPT II = neomycin phosphotransferase.
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With direct DNA transfer methods, transient gene expression of the delivered
genes has been obtained with electroporation, polyethylene glycol DNA deliv-
ery, silicon carbide-mediated DNA delivery and microprojectile bombardment
(Table 2). This last method has emerged as simple and promising for the stable
genetic transformation of conifers and other recalcitrant species, and has been
used to regenerate transgenic plants of black spruce (Picea mariana), white
spruce (Picea glauca), and tamarack (Larix laricina) [24, 25]. Furthermore, mi-
croprojectile DNA delivery has been an invaluable tool for studying expression
and regulation in conifers of various genes from both angiosperms and gymno-
sperms (Table 2 and ref. [2]). It provides a tool to bypass the long life cycle of
conifers by allowing gene delivery and expression in mature tree tissues such as
flowers, pollen, differentiating wood, and needles [26].

We shall describe the protocols employed in our laboratory for direct DNA
transfer in black spruce using microprojectile-mediated DNA delivery and we
shall also describe the gene expression assay procedures used (B-glucuronidase,

Table 2. Direct DNA transformation in conifers

Genus Method used and observations Reference
Larix Transient expression of GUS and CAT genes by electroporation  [27]
of protoplasts
Transient expression of GUS gene by microprojectile [28, 29]
bombardment of somatic embryogenic tissues
Stable transformation by microprojectile bombardment of [25]
somatic embryogenic tissues
Picea Transient expression of GUS and CAT genes by electroporation  [30, 31, 32, 33]
or PEG-mediated expression of protoplasts
Transient expression of GUS gene by silicon carbide-mediated [34]
DNA delivery
Transient expression of GUS gene by microprojectile [28, 35, 36, 37,
bombardment of somatic embryogenic tissues 38, 39, 40]
Stable transformation by microprojectile bombardment of [24, 25, 41, 42]
somatic embryogenic tissues
Pinus Transient expression of Luc or CAT genes by electroporation of  [32, 43]
protoplasts
Transient expression of GUS gene by microprojectile [43, 44, 45, 46]
bombardment of cell suspension, cotyledons, and differentiating
wood
Pseudotsuga  Transient expression of GUS gene by microprojectile [47]

bombardment of cotyledons

CAT= chloramphenicol acetyltransferase, GUS = B-glucuronidase, Luc= firefly luciferase, PEG=
polyethylene glycol.
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neomycin phosphotransferase, and luciferase assays). The microprojectile DNA
delivery method can be used with any plant tissue but this section will only cover
protocols for somatic embryogenic tissues and for pollen.

With conifers, somatic embryogenesis is an ideal tissue culture system for
gene transfer experiments because it can be induced readily from tree tissues
(immature and mature zygotic embryos, cotyledons, and needles from young
seedlings) and plants can be regenerated from tissue culture lines [48, 49]. Two
stages of somatic embryogenesis were used for transient gene expression and
stable genetic transformation; mature somatic embryos and embryonal masses.
In transient gene expression studies, our laboratory has tested over 35 different
chimeric gene constructs for level of expression and tissue specificity. Several
factors affecting the level of expression of introduced reporter genes using par-
ticle bombardment in Picea embryogenic tissues have been described previously.
For instance, the choice of tissue line and the time kept in culture will result in
variation in transient gene expression of the reporter gene [35, 37, 38]. More-
over, the type of vector used and the strength of the promoter driving the re-
porter gene have also been shown to be important [35, 36, 38].

For stable gene transfer, we have obtained transgenic tissue culture lines us-
ing kanamycin selection for black spruce, white spruce, and tamarack. From
these, transgenic trees have been regenerated in black spruce and tamarack and,
depending on the effort invested, unlimited numbers of transgenic trees may be
obtained. The procedure yields trangenic tissues at low frequency, but can be
repeated consistently. Some of the transgenic tissue cultures have been main-
tained for 3 years without loss in the level of foreign gene expression. Our labo-
ratory is improving transgenic embryogenic line recovery by investigating (a)
the use of other selective agents (e.g., geneticin), (b) by designing vectors car-
rying scaffold or matrix attachment regions [50] and; (c) by altering the physi-
ology of the tissue culture lines. We have already tested selection using hygro-
mycin and methotrexate resistance genes as markers but with no success.

It is difficult to estimate the frequency of stable transformant recovery in re-
lation to the level of transient gene expression obtained. According to several
authors, a large variation can be observed in the estimation of the conversion
rates from transiently expressing cells to stably transformed cells when using
microprojectile-DNA delivery in plant cells as detected by GUS histochemical
staining. The data can vary from a conversion rate of approximately 1% [51] to
5% of the cells that transiently expressed a foreign gene and then stably inte-
grated it [52]. For the conifer species with which we regenerated transgenic lines,
the ratio of cells showing transient gene expression to the number of lines stably
transformed is lower than 0.1%.

For pollen, microprojectile bombardment has been used successfully to
achieve transient gene expression in tobacco [53, 54], lily [54, 55], and maize
[56] for the study of tissue-specific gene expression. Pollen grains have also been
proposed as target material for gene transfer in plants [57, 58]. Because pollen
grains from conifers are usually relatively large in diameter (about 50-100 pwm
for spruce), are easy to collect in large quantities, and can be preserved for an
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extended period of time, we have investigated the genetic transformation of pol-
len using microprojectile bombardment technology [40, 59]. Comparison of the
germination frequency between bombarded pollen expressing GUS activity and
non-bombarded pollen showed that pollen vigour does not seem affected by the
bombardment procedure [40]. The frequency of gene transfer into this tissue
without optimization as indicated by transient gene expression is in the order of
5-8% [59]. These data are encouraging from the perspective of using micro-
projectile bombardment of pollen for the stable transformation of conifer germ-
lines.

Protocols for gene delivery in pollen and embryogenic tissues of black
spruce

The protocols that follow were used to optimize gene delivery, as indicated by
transient gene expression, and to assess the strength of different gene constructs
driven by various promoters. Although optimization of gene transfer for tran-
sient gene expression is often considered a first step in determining the param-
eters needed for stable transformation, conditions for microprojectile bombard-
ment used for stable transformation differed from those for transient gene ex-
pression. We describe here protocols for black spruce and we give some indica-
tions of the conditions that can differ for white spruce and tamarack.
Furthermore, these protocols can be applied to other spruce and larch species
using different tissue culture media.
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Procedures
i— Tissue culture protocols

The tissue culture protocols for black spruce embryogenic cultures
including initiation of embryogenic cultures, maintenance, matura-
tion of somatic embryos, germination, and transfer to soil have been
described in Lelu et al.[49] and in Cheliak and Klimaszewska [60]. Fur-
thermore, chapter C3 (pp. 1-16) of this manual, by Thorpe and Harry
[61], covers somatic embryogenesis of conifers. The embryogenic tis-
sue culture lines of black spruce used in this procedure were induced
from mature seeds.

Embryonal masses

Embryogenic cell suspension cultures are established by transferring
approximately 5 g of embryonal masses from gelled 1/2 LM medium
to 40 ml liquid 1/2 LM medium. The suspensions are maintained by
weekly transfer of embryogenic suspension into fresh medium (ratio
1:1) for a total volume of 40 ml in 250 ml Erlenmeyer flasks. These
flasks are kept on a gyratory shaker at 120 rpm under indirect light
with a 16h photoperiod. Cell suspension cultures of embryonal
masses of black spruce are preferable for transformation although
embryonal masses maintained on solid media can be broken up in
liquid media just prior to bombardment (see note). Actively dividing
four-day-old suspensions are used for transformation experiments. In
some cases, pretreatment of embryogenic tissues before bombard-
ment in liquid medium with increasing osmoticum can result in en-
hanced expression of the reporter gene [40]. Augmentation of the os-
moticum medium may induce plasmolysis of the cells, making them
less likely to release protoplasm after the penetration of the micro-
projectiles into the cells. Similar results, using particle bombardment,
have been obtained with white spruce embryogenic material and sus-
pension-cultured cells of tobacco [62] and maize [63] using mannitol,
sorbitol, or raffinose as the osmoticum.

Somatic embryos

Somatic embryos are produced by placing embryonal masses on
1/2LM maturation media. Mature cotyledonary somatic embryos
(size: 2-3 mm) are produced after 4-8 weeks at which stage they are
used for targets for microprojectile bombardment.

Notes
1. Higher levels of transient gene expression are observed with cell suspension cul-
tures because they are more easily and uniformly spread than callus on solid media.
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ii- Microprojectile bombardment and reporter gene assays

A- Microprojectile preparation

Steps in the procedure

1.
2.

3.

In a 1.5 ml microfuge tube, place 60 mg of gold microprojectiles.
Add 1 ml absolute ethanol and vortex for 1-2 minutes. Allow tube
to stand for 1 hr with brief periodic vortexing.

Briefly centrifuge the tube and remove supernatant. Wash the mi-
croprojectiles two times with 1 ml sterile distilled water by repeat-
ing resuspension and centrifugation. Finally, resuspend in sterile
distilled water to a final volume of 500 pl.

4. Aliquot 25 ul of gold microprojectile suspension into 0.5 ml mi-
crofuge tubes.

5. Add 10 ug of vector DNA at a concentration of 1 ug/ul in water or
TE and mix thoroughly.

6. While vortexing the DNA/gold microprojectile mixture, add 50 ul
of 2.5 M CaCl, and 20 ul of 0.1M spermidine (free base). Continue
vortexing for 30 sec. then let stand for 10 minutes.

7. Briefly centrifuge the tube and remove supernatant.

8. Add 200 ul of absolute ethanol and vortex. Briefly spin down mi-
croprojectiles and remove ethanol.

9. Resuspend the microprojectiles in 50 ul of absolute ethanol. 5 ul
of this suspension (1 ug of DNA) will be used for each bombard-
ment.

10. Use the DNA/ microprojectile preparations as soon as possible.

Notes

1. Gold microprojectiles with a diameter of 1.6 um are from Bio-Rad Laboratories, Rich-
mond, CA.

3. The gold microprojectiles may be stored at room temperature for up to a month.

5. Plasmid DNA was isolated by alkaline lysis [64] and subsequently purified on
Qiagen™ anion exchange resin according to the protocol provided by the manufac-
turer (Qiagen, Chatsworth, CA) or by CsCl gradient [65]. The optimal concentration
of plasmid DNA to be added to the gold microprojectiles for maximum transient
transformation can be established by a dose-response curve. However, increasing
gene delivery with higher DNA quantities will reach a plateau and eventually lead to
a decrease in transformation efficiency, presumably due to inappropriate conditions
for DNA precipitation on the gold microprojectiles. Aggregation of the gold micro-
projectiles is often observed at high DNA concentrations and this reduces efficiency
of cell penetration and could cause cell injuries.

6. Plasmid DNA is adsorbed onto the gold microprojectiles using the procedure de-
scribed originally by Klein [52].
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B- Tissue bombardment

DNA transfer is carried out using the Biolistic™ Particle Delivery sys-
tem PDS-1000/He System (referred to as the “gene gun” in the follow-
ing pages; Bio-Rad Laboratories, Richmond, CA) following the manu-
facturer's recommendations and as described in Kikkert [66] (See
note). The various settings and parameters used are given in Table 3.

Table 3. Potential settings of the PDS-1000/He apparatus and parameters used for transient expres-
sion

PDS-1000/He parts Tissue bombarded

Settings Pollen Embryonal Somatic

masses embryos

Rupture Disc pressure 400 (0]
(PST) 650

900 X

1100 X X X

1300

1550

1800 O

2000

2200
Gap distance (cm) 0.32

0.64 X

0.95 (o) X, 0 X
Fixed nest assembly 3 X
(macrocarrier flight distance, 8 (o} (6]
mm) 13 X X
Sample holder distance 6 X
(cm) 9 X, 0 x, 0

12

X =settings used for black spruce
O=settings used for white spruce

Steps in the procedure

1. Sterilize stop screens, kapton discs, and disc holders in ethanol
(70%) and then allow to air dry.

2. Position the kapton disc within the disc holder.

3. Pipet 5 ul of the DNA preparation from the tube (while vortexing)
and deposit in the center of the kapton disc. Let dry under a lami-
nar flow until ethanol has evaporated.

4. Position a rupture disc in the rupture disc holder and screw tightly
into position.
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5. Assemble the fixed nest as per the manufacturers’ instructions and
position in the gene gun housing.

6. Place the target tissue on the sample holder beneath the nest
assembly and close the gene gun door.

7. Evacuate chamber with a vacuum of 675 mm Hg (26.5 inch Hg) and
fire the gene gun.

8. Release vacuum slowly and remove the bombarded sample.

9. Repeat steps 2-8 for each sample.

Notes

1. Our laboratory compared the PDS-1000 gunpowder system with the helium system.
Also, the tungsten microprojectiles were tested in both systems. The helium system
and the gold microprojectiles consistently gave better results. The stop screens, kap-
ton discs, and disc holders should be resterilized before each use.
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C- Reporter gene assays

Standard protocols to detect expression of the B-glucuronidase gene
[67], neomycin phosphotransferase Il gene, and luciferase gene [68]
are suitable for enzymatic assays in conifer tissues. Small modifica-
tions have been made to prevent interference by endogenous bio-
chemicals such as the addition of methanol for the fluorescent GUS
assay and increase in the concentration of phosphate buffer in the
luciferase assay for black spruce.
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B-glucuronidase assay:
Histochemical staining

Steps in the procedure

1. Completely submerge tissue to be assayed in GUS histochemical
buffer.

2. Incubate material in the dark at 37 °C for 24 hours.

3. Count the number of cell clusters (GUS expression units) in em-
bryonal masses or of pollen grains with a blue colouration, indicat-
ing GUS gene expression.

Note
1. The GUS histochemical buffer can be vacuum infiltrated for 5 min for increased sen-
sitivity.
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Fluorometric assay

Steps in the procedure

1

2.
3.
4,

Harvest tissue and place in 1.5 ml microfuge tube.

Grind or sonicate tissue in 200 ul of GUS extraction buffer (GEB).
Pellet the cell debris by centrifugation.

Take 100 ul sample from the clarified extract and combine with 100
nl GEB containing 2 mM MUG (4-methyl umbelliferyl g-D-glucu-
ronide) and 40% methanol in a new microfuge tube.

After incubation at 37 °C for 1, 2, and 4 hours, take out aliquots of
20 pl and stop the reaction by adding to the aliquot to 1980 ul of
0.2 M Na,CO,.

Determine the fluorescence for each sample and calculate GUS ac-
tivity as described in Jefferson [69] by comparing with a standard
curve using MU (4-methyl umbelliferone) as a standard.

Notes

4.

As described in Kosugi [70], we found that addition of methanol in the reaction buffer
is essential to remove endogenous fluorescence of spruce and larch, tissues prob-
ably due to high phenolic content.

. In our laboratory, the fluorescence was determined in a TKO-100 fluorometer (Hoef-

fer Scientific Instrument, San Francisco, CA). A dose-response curve can be obtained
with both the histochemical staining and the fluorogenic assays. In several publica-
tions using microprojectile bombardment technology, the quantitative determina-
tion of GUS gene activity is done by assessing the number of discrete areas of blue
histochemical staining. Determination of the transient GUS activity in pmole of
4-methylumbelliferyl 8-D-glucuronide (MUG) per minute per mg of protein extracted
facilitate the evaluation of the efficiency of the method used.
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Neomycin phosphotransferase assay

The neomycin phosphotransferase gene product is assayed using an
ELISA (enzyme linked immunosorbent assay) kit from 5 Prime — 3
Prime, Inc. (Boulder, CO, USA). The steps are as indicated by the
manufacturer and the extraction buffer used is the one described for
plant tissues (0.256M Tris-Cl, pH 7.8, 1.0 mM phenylmethylsulfo-
nylfluoride). Alternatively, the fluorometric GUS extraction buffer can
be substituted when both GUS and NPT Il are being used to quantify
relative gene expression of two different promoters.
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Firefly luciferase assay

This assay is done according to the luciferase assay kit from Promega
Biotech (Fisher Scientific, Ottawa, Ontario, Canada). Modifications to
the extraction buffer and procedure were required due to luciferase
enzyme inhibition with black spruce tissues.

Steps in the procedure

1. Collect the bombarded tissues 36 hours after bombardment and
add 100 ul of cell culture lysis buffer.

2. Freeze the mixture in liquid nitrogen and grind to produce an uni-
form powder or, in an Eppendorf tube, grind directly the sample in
cell culture lysis buffer.

3. Centrifuge cells and add 20 ul of supernatant to 100 wl of beetle lu-
ciferin (470 wM) in reaction buffer.

4. Countimmediately the number of photons emitted by using a scin-
tillation counter (specially equipped) or a luminometer. Express
the data as 10 photon events/mg of protein.
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Protein assay
Protein concentration of the extracts is evaluated with the Bio-Rad

Bradford Protein assay kit or the Bio-Rad DC protein assay kit (Bio-
Rad, Mississauga, Ont., Canada) following manufacturer’s protocols.
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iii- Gene transfer for transient gene expression into conifer pollen
A- Pollen collection and storage

Steps in the procedure

1. At the first sign of dehiscence, collect and bag sections of twigs
containing several microstrobili (male flower cones) directly from
the field.

2. Release the pollen by shaking bags and collect by pouring into
scintillation vials.

3. Store black spruce and white spruce pollen desiccated at —20 °C.

Notes .

1. The male flower can also be forced to dehiscence under controlled laboratory con-
ditions.

3. The pollen can be stored for up to a year with marginal loss in germination rate.
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B- Pollen bombardment

Steps in the procedure

1.
2.

Weigh out the desired amount of pollen.

Make a suspension of poilen in sterile distilled water. 5 ml of the
suspension should contain the desired amount pollen per bom-
bardment.

. Vacuum filter 5 ml of suspension onto a nylon membrane using a

sintered glass filter assembly to ensure uniform distribution.
Place the nylon filter in the center of a 9 cm Petri dish containing
solidified polien germination media or three layers of Whatman fil-
ter papers soaked with 1.5 ml of the same liquid media.

. Prepare DNA-coated gold microprojectiles for transformation (see

section ii A).

6. Bombard pollen within 30 minutes of plating.
7.
8. Assay the pollen for expression of the transferred gene(s).

Incubate the pollen at 24 °C until it germinates.

Notes

3.

Nylon membrane (e.g., for nucleic acid hybridization) is preferred as the pollen can
be easily washed or scraped off and recovered if desired. Do not use a Buchner fun-
nel as the pollen tends to be unevenly distributed on the filter. Vigorous stirring of
the suspension is required to maintain homogeneity. For transient assays, various
amounts of pollen (1 to 5 mg) are used.

. 16-24 hours is sufficient for black spruce.
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iv— Gene transfer for transient gene expression in embryogenic
tissues

A- Embryonal masses

Steps in the procedure

1. Vacuum filter 0.1-0.5 g black spruce cell suspension culture onto
paper filter discs (5.5 cm diam, Whatman # 2) using a Buchner fun-
nel.

Position the filter in the center of a 9 cm diameter Petri dish con-
taining solidified 1/2LM maintenance media.

Prepare vector DNA for transformation.

Bombard the target tissue using the PDS1000/He.

Incubate the tissue at 24 °C for 48hrs in the dark.

Assay tissue for expression of the introduced genes.

N

oorw
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B- Somatic embryos

Steps in the procedure

1. Position a 3 cm x 3 cm piece of nylon mesh (200 wm pore size) in
the center of a 9 cm diameter Petri dish containing solidified 1/2LM
maintenance media. Carefully position (disperse horizontally) 30 to
35 mature somatic embryos on the nylon mesh.

2. Prepare vector DNA for transformation.

3. Bombard the target somatic embryos using PDS1000/He.

4. Incubate the bombarded somatic embryos at 24 °C in the dark for
48 hours.

5. Assay the somatic embryos for the expression of the introduced
genes.

Notes
1. The embryos are placed on a fine mesh to prevent them from becoming embedded
in the media and also for ease of handling.
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v— Gene transfer for stable transformation of embryogenic tissues

A- Determination of the antibiotic concentration for optimal
selection.

The antibiotic concentration to be used for selection of tranformed
tissues is determined by establishing toxicity curves and by identify-
ing a concentration that will cause inhibition of growth but not com-
plete killing. This was essential for spruce and larch embryogenic cul-
tures selected for kanamycin resistance.
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Embryonal masses

Steps in the procedure

1. Dilute a 4-day-old cell suspension culture in 1/2 LM maintenance
media to a concentration of 20 mg/ml.

2. Vacuum filter 5 ml of diluted suspension (100 mg of embryonal
masses) onto paper filter disc (6.5 cm diam. Whatman #2) using a
Buchner funnel.

3. Transfer the filter bearing the cells on a Petri dish containing solidi-
fied 1/2 LM maintenance media.

4. Weigh the filter paper and the cells after one week of incubation
and transfer them on fresh 1/2 LM media containing a given con-
centration of kanamycin (8 Petri dishes with each of the following
concentrations: 0, 10, 15, 20, 25, and 30 wg/ml).

5. At weekly intervals, the filter paper discs from each Petri dish are
weighed and subcultured to fresh media each 2 weeks.

6. The lowest concentration that inhibits growth and results in cell
mortality after 4 weeks on selection should be chosen (viability is
assessed by vital staining or growth).
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Somatic embryos

Steps in the procedure

1. Place somatic embryos (16) in a Petri dish containing 1/2 LM gelled
media with a given concentration of kanamycin (0, 5, 7.5, 10, 12.5
and 15 pg/ml).

2. Incubate in the dark at 24 °C for 8 weeks with a subculture after 4
weeks.

3. Identify minimal (threshold) antibiotic concentration that inhibits
secondary embryogenic growth but does not kill all regrowth.
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B- Stable transformation using embryonal masses as target
material.

Steps in the procedure

1.

2.

Tissue preparation and bombardment procedures are the same as
those used for transient gene expression.

After bombardment, incubate tissues on a filter paper placed on
gelled 1/2 LM medium in the dark for 7 days at 24 °C.

. Then transfer the bombarded tissues on the filter paper to mainte-

nance media containing the selective agent (25 ng/ml kanamycin
for black spruce and tamarack). Return to previous incubation con-
ditions for 6-8 weeks. Subculture to fresh media after 4 weeks.
Identify putatively transformed embryonal masses by screening
any growing tissue for expression (enzymatic assay) or presence
of the introduced gene by polymerase chain reaction (PCR) [71].
After 8 weeks, remove all tissues from the selective media and
place on regular maintenance media and continue to monitor for
any growth.

. Bulk up transformed embryonal masses then pass through liquid

media containing 500-750 ug/l of kanamycin for two weeks to
eliminate or reduce chimerism.

Maintain transgenic lines on selection free media or, preferably,
cryopreserve the tissues [72, this manual] to avoid loss of regen-
eration capacity or change in gene expression.

Place tissues on maturation media to produce somatic embryos
that will germinate to regenerate transgenic trees. For this, follow
the established procedure described in Lelu [49] and Thorpe and
Harry [61, this manual].
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C- Stable transformation using mature somatic embryos as target
material.

Steps in the procedure

1. Tissue preparation and tissue bombardment procedures are the
same as those used in transient expression.

2. Incubate the bombarded somatic embryos on a filter paper depos-
ited on gelled media at 24 °C in the dark for 7days.

3. After this time, spread embryos out over the surface of fresh main-
tenance media containing the selective agent (10 ug/mi Km- no
mesh required) and return to the previous incubation conditions
for 6-8 weeks.

4. |dentify putatively transformed callus formed through secondary
somatic embryogenesis by screening all secondary embryogenic
growth for expression (enzymatic assay) or presence of the intro-
duced genes (PCR).

5. Bulk up the transformed callus and then briefly pass (2 weeks)
through liquid media containing 500-750ug/l kanamycin to elimi-
nate or reduce chimerism.

6. Maintain the transgenic lines on selection free media or preferra-
bly cryopreserve the transgenic lines.

7. Tissues can be matured to produce somatic embryos from which
transformed plantlets can be obtained.

Note

4. Secondary somatic embryogenesis is defined as the re-induction of embryonal
masses from somatic embryos using the same conditions as for the induction of
embryonal masses from zygotic embryos. The tissue culture medium used for in-
duction of somatic embryogenesis is the same as used for maintenance.
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Solutions:

For 1 litre of half strength Litvay’s medium (1/2LM; [41])

172 LM 5X frozen stock 200 ml
Casein hydrolysate (casamino acids) 1g
Sucrose (1% final) 10 g
2,4-D (1mg/ml stock solution) 2.2 ml
6-benzylaminopurine (BA, 0.5mg/ml stock solution) 2.2 ml
Add distilled H,Oto 11

pH 5.7

Autoclave and add 20 ml of filter sterilized glutamine (25 mg/ml stock solution)
to cooled medium.

If solid medium is required, add gelrite (4g/l) before adjusting pH and before
autoclaving.

Maturation medium (1 litre)
same as 1/2LM but replace 2,4-D and BA with abscisic acid

Abscisic acid (10 mM stock solution) 2.0 ml
Sucrose (6% final) 60 g

For 2 litres of Litvay’s 5X stock (1/2 LM 5X frozen stock)

NH,NO, 821g
KNO, 95¢g
MgSO0,.7H,0 925¢
KH,PO, (monobasic) 17 g
CaCl,.2H,0 011 g
LM micro nutrient stock (100X) 100 ml
LM vitamin stock (100X) 100 ml
Myo-inositol lg

Fe diethylene triamine pentaacetate 04¢g

Add distilled H,O to 2000 ml and store frozen in 100 ml aliquots for further
use.

For 1 litre of LM micronutrient stock 100X

KI 0415 g
H,BO, 31g
MnSO,.H,0 21g
ZnSO,.7H,0 43 g
Na,MoO,.2H,0 0.125 g
CuS0,.5H,0 005¢g
CoCl,.6H,0 0013 g

Add distilled H,0 to 1000 ml and store frozen in 100 ml aliquots for further use.
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For 1 litre of Im vitamin stock 100X

Nicotinic acid 0.05¢g
Pyridoxine HCI] 0.01 g
Thiamine HC1 0.01 g

Add distilled H,O to 1000m] and store frozen in 100 ml aliquots for further use.

GUS histochemical buffer

0.5 mg/ml X-GLUC (5-bromo-4-chloro-3-indolyl glucuronide)
100 mM sodium phosphate pH 7.0

0.5 mM ferrocyanide

0.5 mM ferricyanide

0.5% (V/V) Triton X-100

1 mM EDTA

GUS extraction buffer (GEB)
50 mM NaHPO4 pH 7.0

10 mM B-mercaptoethanol
0.5 M Na,EDTA pH 8.0
10% Triton X-100

Luciferase assay cell lysis buffer
100 mM Tris-phosphate pH 7.8
2 mM DTT

2 mM DACT

10% glycerol

170 Triton

Luciferase assay reaction buffer
20 mM Tricine

1.07 mM ((MgC),) ,MG(OH),
267 mM MgSO,

0.1 mM EDTA

33 mM DTT

270 uM Coenzyme A

530 uM ATP pH7.8

Pollen germination medium (Brewbaker [73])
8.0 mM H,BO,

1.3 mM Ca(NO,),

1.0 mM KNO,

1.5 mM MgSO,

5% (W/V) sucrose

pH of 5.2

0.6% agar
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Introduction

Several methods are available to maintain plant tissue cultures. Each method has
advantages and disadvantages regarding the labour required, the frequency of
necessary transfers, the availability of equipment, the potential for contamina-
tion, the risk of somaclonal variation, and the type of tissue to be preserved [1].
Subculturing is used in most laboratories because of its simplicity. However, it
is risky because of the possibility of contamination and somaclonal variation and
it is not practical for long-term preservation because it is labour intensive. Typi-
cally, subculture is required every 1 to 4 weeks. Another method is reduction of
the growth rate (often called slow growth or minimal growth), which is the same
as subculturing except that growth of tissue is inhibited by special environmen-
tal conditions [2, 3]. Artificial seed production is also used to maintain plant tis-
sue cultures. It can be used with mature somatic embryos desiccated to a level
that arrests metabolism [4, 5]. The limitation of the method is that it can only be
used in species where somatic embryogenesis is available and desiccation can
be applied successfully. Both slow growth maintenance and artificial seed pro-
duction are medium-term approaches (2 months to a year). The best method for
long term storage is the freezing of tissues at the temperature of liquid nitrogen
(—196 °C) or its gaseous phase (—140 °C) which suspends all metabolic pro-
cesses. This technique, called cryopreservation, has four types of protocols [6].
In all of the protocols, the critical point is to avoid intracellular ice crystal for-
mation by ensuring that the cells and tissues are adequately dehydrated. The first
type of protocol is referred to as conventional slow freezing. It includes expo-
sure to chemical cryoprotectants, followed by ice inoculation and gradual slow
freezing to —40 °C. The tissues are then placed in liquid nitrogen. The second
type is called simple freezing and includes exposure to cryoprotectants at room
temperature, followed by rapid freezing at —30 °C (temperature of a domestic
freezer). The vials containing the tissues are then placed in liquid nitrogen. The
third type is vitrification where the tissues are treated with high concentrations
of cryoprotectants and then directly placed in liquid nitrogen. The resulting so-
lution (cellular content and cryoprotectants) is supercooled, which transforms it
into amorphous glass without ice crystallization. The fourth protocol includes
the desiccation of the plant tissues to induce physiological drought followed by
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Table 1. Types of plant tissues that have been cryopreserved

Protocols Type of plant tissues

Conventional slow freezing cultured cells [10, 11, 12], meristems [13] and
somatic embryos [14]

Simple freezing cultured cells [15, 16] and somatic embryos [17, 18]

Vitrification winter hardy meristems and buds [19], meristems

[20], orthodox pollen [21], somatic embryos [22],
cultured cells [23]

Desiccation followed by vitrification somatic embryos [24], lateral buds [25], apical
meristems [26], shoot tips [27], excised zygotic
embryos from recalcitrant seeds [28], recalcitrant
pollen [29]

Orthodox = desiccation tolerant, Recalcitrant = desiccation sensitive, references are only examples
of the protocols that were applied.

immersion in liquid nitrogen. Table 1 summarizes the four types of methods used
and their potential application to different types of tissues. For more details on
the theory and practice of cryopreservation applied to plant cells the reader
should consult Kartha [7], Dresser et al. [8], and Withers [9].

The present chapter will describe the conventional slow freezing method that
has been applied extensively in our laboratories to somatic embryogenic cultures
of conifers [30, 31, 32]. As indicated in Table 2, it has been used with several
conifer species and cell lines (genotypes) from which trees were regenerated af-
ter thawing. Cryopreservation of conifer embryogenic tissue does not appear to
be genotype-dependent [32]. Conifer embryogenic cultures have been preserved
for a period of 3 years at PNFI and they are still viable after thawing.
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Table 2. Cryopreservation of conifer embryogenic lines at the Canadian Forest Service

Species No. of lines in cryopreservation Location
Larix decidua 9 PNFI
L. decidua (haploid) 4 PNFI
Larix laricina 12 PNFI
Larix laricina (transgenic) 2 PNFI
Larix leptolepis 3 PNFI
Larix leptolepis (haploid) 1 PNFI
Larix x eurolepis 11 PNFI
Larix x leptoeuropaea 26 PNFI
L. occidentalis 2 PNFI
Picea abies 5 PNFI
Picea glauca 54 PNFI
450 CFS- Maritimes Region
Picea glauca (transgenic) 19 PNFI
P. glauca engelmannii complex 16 PNFI
Picea mariana 259 PNFI
P. mariana (transgenic) 11 PNFI
Picea rubens 15 PNFI
Pinus strobus 11 PNFI
3 CFS- Quebec Region

Total number of species and lines 12 species and over 913 lines

No. of lines cryopreserved successfully as of March 1995
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Procedures

Cryopreservation of conifer somatic embryogenic tissues comprises
five main steps: choice of tissues to be frozen, chemical pretreatment,
freezing, thawing, and regrowth [30]. The choice of tissue is critical for
the success of the process. The protocol described below is optimized
for tissues that are typically embryogenic (Fig. 1). As a general rule,
rapidly growing tissues with a population of small cells that are

Fig. 1. Photograph of embryonal masses of A) Picea mariana and C) Larix x eurolepis at 2 weeks

after subculture on maintenance media. Micrograph of embryonal masses showing isolated early

embryos of B) Picea mariana and D) Larix x eurolepis. Two zones can be distinguished; the mer-

istematic head (small dense cells) and the suspensor area (loose elongated cells). For B) and D),
bar=32um.
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densely cytoplasmic will give the best results. One way to achieve
rapid cell division is to use a cell suspension prepared from the em-
bryonal masses.

Chemical pretreatment of the cells is required to dehydrate the tis-
sues and to lower their freezing temperature. This is done by growing
the tissues in media with high chemical osmoticum (e.g., polyethyl-
ene glycol or sorbitol) followed by a short treatment with a cryopro-
tectant such as dimethyl sulfoxide (DMSO). Following this treatment,
the cells are gradually frozen from 0 °C to —40 °C at an average rate of
—0.33 °C/min. This slow freezing is required to avoid internal ice crys-
tal formation. Once the tissues have reached —40 °C, they are trans-
ferred to liquid nitrogen (either the gaseous phase at —160 °C or the
liquid phase at —196 °C). Once frozen, there is no specific requirement
with respect to storage. Regrowth of the frozen cells is accomplished
by rapidly thawing the cells in a warm water bath (37 °C). The proce-
dure is followed by a regrowth phase that includes a step to eliminate
the osmoticum and the cryoprotectant. This reduces the osmotic
shock and the toxicity associated with the cryoprotectant.

Typically, with spruce and larch species, only the meristematic cells
(small densely cytoplasmic cells) survive the procedures. The large
vacuolated cells of the embryo suspensor do not survive the process
and a new suspensor is regenerated [31].

The protocol described here, or similar protocols, have been used

in several other laboratories with conifer embryogenic tissue cultures
[33-38].
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Steps in the procedure
A) Tissue culture protocols

The tissue culture protocols for spruce and larch embryogenic cul-
tures, including initiation of embryogenic cultures, maintenance,
maturation of somatic embryos, germination, and transfer to soil
have been described in Lelu et al. [39]. Furthermore, chapter C3 (pp.
1-16) of this manual by Thorpe and Harry [40] covers somatic em-
bryogenesis of conifers. Table 2 gives a listing of species for which
this protocol has been applied successfully. As examples, the recipes
for Picea mariana and Larix x eurolepis for tissue culture maintenance
and cryopreservation will be provided.

The embryonal masses of both species are maintained on solid me-
dium (1/2 LM for P. mariana and MSG for L. x eurolepis) in Petri dishes
(100 x 25mm; nine clumps per dish) and subcultured every 14 days.
They can also be maintained in liquid medium (same media as above
but without the gelling agent) in 125ml flasks containing 50ml of me-
dium and subcultured every 7 days on a rotary shaker at 120 rpm.
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B) Material to be frozen

The embryogenic tissue cultures should be in a vigorous phase of
growth. Typically, 3-day-old embryonal masses from a cell suspen-
sion subcultured every 7 days or 4-day-old embryonal masses from a
culture on solid medium subcultured every 7 or 14 days can be used.

Note

The embryogenic tissues should be monitored closely for their macroscopic and mi-
croscopic appearance. The manipulator must develop a knowledge of what constitutes
a healthy tissue culture. Any changes could indicate that the line is not suitable for
cryopreservation.
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C) Pretreatment

1.

If the cultures are maintained on gelled medium, suspend the em-
bryonal masses in liquid tissue culture medium (1/2 LM for P. mari-
ana and MSG for L. x eurolepis). Gently mix the suspended tissues
and use a spatula if needed to break up large tissue pieces.
Collect the embryonal masses from the suspension by filtering
through a nylon mesh (pore size 73 um).

Transfer 1-2 g (fresh weight) of cells to 125 ml Erlenmeyer flasks
each containing 7 ml of liqguid medium (1/2 LM for P. mariana and
MSG for L. x eurolepis) supplemented with 0.4 M sorbitol.

Place the flasks on a rotary shaker at 100-115 rpm for 20-24 hrs.
Place the flasks on ice.

Add stepwise, over a period of 30 min, 3 ml of a DMSO solution
prepared in 0.4 M sorbitol medium so that the final concentration
will reach 5-10% DMSO (volume/volume).

Mix gently and leave on ice for 30 min for the mixture temperature
to equilibrate.
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D) Freezing

8. Mix the pretreated suspension gently. Dispense 1.0 ml aliquots of
suspended cells into 1.2 ml sterile cryogenic vials (Corning Lab.
Science Co., USA).

9. Place vials in a programmable freezer. The freezer should be pro-
grammed to cool as follows: hold at 0 °C for 10 min and cool to
—40 °C at a rate of 0.33 °C/min.

10. Remove the vials from the freezer and immerse in liquid nitrogen
(=196 °C).
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E) Thawing

11. Remove vials from storage and place them in a container with lig-
uid nitrogen.

12. Prepare a warm water bath at 37-40 °C.

13. Remove vials from the liquid nitrogen, a few at a time, and thaw
by swirling them in the warm water bath. The vials should be re-
moved from the bath as soon as the ice pellet inside the vial has
thawed, which should be within 2 min.

14. Allow the contents to equilibrate to room temperature (a few min-
utes) before opening the vial.
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F) Regrowth

15. Pour contents of the vial onto two layers of sterile filter paper
discs (Whatman #2, Whatman International Ltd., England) placed
on the surface of the gelled medium in a Petri dish (1/2LM for
P. mariana and MSG for L. x eurolepis).

16. Seal the Petri dish with parafilm and place in the dark at 25 °C.

17. After 24 hrs, transfer the upper filter paper disc with the cells to
fresh medium to remove DMSO and excess liquid.

18. After 2 weeks, subculture as usual by transferring portions of the
actively growing embryonal cell masses to a Petri dish containing
gelled tissue culture medium (1/2 LM for P. mariana and MSG for
L. x eurolepis).

19. Regenerate plantlets following the published protocols [39].
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G) Vital staining of regrowing tissue cultures

The cell viability after thawing can be determined using fluorescein
diacetate (FDA; [44]) by incubating the cells in 0.005% (weight/vol-
ume) of FDA for 30 minutes, followed by two washings in tissue cul-
ture medium. The cells are observed under a microscope with ultra-
violet illumination. Living cells will produce fluorescence.

Notes
3. Itis important that the embryonal cell mass density is such that after thawing there
will be enough surviving cells with sustained growth. We found that increasing the
fresh weight from 1 g to 2 g per 10 ml of the final medium volume will ensure a
rapid regrowth in some lines.

10. Storage of the cryovials is preferable in the vapour phase of liquid nitrogen because
this reduces the risks of the vials exploding. Ashwood-Smith and Friedmann [43]
estimated that it would take up to 30 000 years before background radiation would
have a significant effect on the genetic make up of the cultures stored at —196 °C.
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Solutions

For 500 ml of half strength Litvay’s medium (1/2LM; [41])

1/2 LM 5X frozen stock 100 ml
Casein hydrolysate (casamino acids) 05¢g
Sucrose (1% final) 50¢g
2,4-D (1 mg/ml stock solution) 1.1 ml
6-benzylaminopurine (0.5 mg/ml stock solution) 1.1ml
Add distilled H,O to 500 ml

pH 5.7

Autoclave and add 10 ml of filter sterilized glutamine (25 mg/ml stock solution)
to cooled medium.

If solid medium is required, add gelrite (2 g/500 ml) before adjusting pH and
before autoclaving.

For 2 litres of Litvay's 5X stock (1/12 LM 5X frozen stock)

NH_,NO, 825¢g
KNO, 95¢g
MgSO,.7H,0 925 ¢g
KH,PO, (monobasic) 17 ¢g
CaCl,.2H,0O 0.11 g
LM micro nutrient stock (100X) 100 ml
LM vitamin stock (100X) 100 ml
Myo-inositol 1g

Fe diethylene triamine pentaacetate 028 g

Add distilled H,O to 2000 ml and freeze in 100 ml sterile Twirlbags (Fisher
Scientific Co, Canada) for further use.

For 1 litre of LM micronutrient stock 100X

KI 0415 ¢
H,BO, 31g
MnSO,.H,0 21g
ZnS0O,.7H,0 43 g
Na,Mo0,.2H,0 0.125 g
CuSO,.5H,0 005¢g
CoCl,.6H,0 0.013 g

Add distilled H,0 to 1000 ml and freeze in 100 ml sterile Twirlbags for further
use.

For 1 litre of LM vitamin stock 100X

Nicotinic acid 0.05¢g
Pyridoxine HCl 001 g
Thiamine HCI 001 g

Add distilled H,O to 1000 ml and freeze in 100 ml sterile Twirlbags for further
use.
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For 500 ml of MSG medium (MSG; [42])

MSG 5X frozen stock 100 ml
Sucrose (2%) 100 g
2,4-D (1mg/ml stock solution) 1.0 mi
6-benzylaminopurine 0.5 ml
Add distilled H,O to 500 ml 5.8

Autoclave and add 29.2 ml of filter sterilized glutamine (25 mg/ml stock solu-
tion) to cooled medium.
If solid medium is required, add gelrite (2.0 g/S00 ml) before autoclaving.

For 2 litres of MSG 5X stock

KNO, 10g
CaCl,.2H,0 44 ¢
MgS0,.7H,0 37¢g
KH,PO, (monobasic) 17g
KCl1 74¢
Fe diethylene triamine pentaacetate 04¢g
MS micro nutrient stock (100X) 100 ml
MS vitamin stock (100X) 100 ml
KI (10 mg/ml stock solution) 0.83 ml

Add distilled H,O to 2000 ml and freeze in 100 ml sterile Twirlbags for further
use.

For 1 litre of MS micronutrient stock 100X

H,BO, 062¢g
MnSO,.4H,0 223 g
ZnS04.7H20 0.86 g
Na,Mo00,.2H,0 0.025 g
CuSO,.5H,0 0.0025 g
CoCl,.6H,O0 0.0025 g

Add distilled H,O to 1000 ml and freeze in 100 ml sterile Twirlbags for further
use.

For 1 litre of MS vitamin stock 100X

Myo-inositol 100 g
Nicotinic acid 005¢g
Pyridoxine HCI 005¢g
Thiamine HCI 0.01¢g

Add distilled water to 1000 ml and freeze in 100 ml sterile Twirlbags for further
use.

Concentrated dimethysulfoxide (DMSO) solution

For a solution of 10% DMSO in 10 ml, add 1.0 ml of tissue culture medium
(1/2 LM for P. mariana and MSG for L. x eurolepis) with 0.4 M sorbitol to
1.0 ml double-strength tissue culture medium with 0.8 M sorbitol. Place on ice.
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Gradually add 1.0 ml of filter sterilized DMSO and mix thoroughly. Make this
solution just before adding to the pretreated cultures contained in 7.0 ml of tis-
sue culture medium with 0.4 M sorbitol.
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In vitro culture, mutant selection, genetic analysis and
transformation of Physcomitrella patens

DAVID COVE
Department of Genetics, University of Leeds, Leeds LS26 &JF, UK

Introduction

The suitability of mosses for the study of plant development and genetics has
been appreciated for a considerable time [19]. Early studies extended to a num-
ber of species, including Funaria hygrometrica and Physcomitrella patens. More
recent studies, using both classical and molecular genetic analysis to study de-
velopment, have concentrated principally on Physcomitrella and most of the
techniques described in this chapter have been developed for this species. How-
ever, some of these methods are suitable, with little modification, to other moss
species, in particular to Ceratadon purpureus.

The main phase of the life cycle of mosses is the haploid gametophyte. Spore
germination or tissue regeneration gives rise to a system of cell filaments, the
protonema, from which are produced gametophores, the leafy shoots which
comprise the more familiar part of most mosses. Gametes are produced on the
gametophores. Physcomitrella is monoecious and both male and female gametes
are produced on the same gametophore. Gamete fusion leads to the production
of the diploid sporophyte which in turn produces haploid spores following meio-
sis. Conventional genetic analysis is possible but many developmentally-abnor-
mal mutant strains are infertile and so must be analysed by parasexual methods,
using somatic hybrids obtained by protoplast fusion.

The protonemal phase of the Physcomitrella life cycle, comprises two types
of cell, chloronema and caulonema. Filaments of both cell types extend by the
serial division of the apical cell. Sub-apical cells of both chloronemal and cau-
lonemal filaments can also divide, usually no more than twice, to produce fur-
ther filaments. Chloronemal filaments develop following spore germination or
as a result of regeneration from all types of tissue. The apical cells of chlorone-
mal filaments, which have a cell cycle of about 24 h under standard conditions
(see below), may after a few days of growth, give rise to the second cell type,
caulonema. The apical cells of caulonemal filaments, under comparable condi-
tions, have a cell cycle time of only about six hours, and so comprise the ad-
ventitious phase of protonemata. Branching of the sub-apical cells of caulone-
mal filaments can give rise to three types of side branches. Most commonly,
chloronemal filaments are produced. Less commonly, side branches may develop
into either further caulonemal filaments, or gametophores.
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In vitro culture

The regenerative capacity of moss tissue, allows vegetative tissue to be propa-
gated without difficulty in a number of ways.

Growth on agar medium

Agar medium in Petri dishes may be inoculated either with spores or with so-
matic tissue. For routine sub-culture using somatic tissue, it is best to use pro-
tonemal tissue from a vigorously growing culture. Chloronemal tissue, the
growth of which is enhanced when ammonium is provided as nitrogen source, is
easiest to sub-culture. A fragment of tissue 1 to 2 mm in diameter is sufficient to
establish a new culture. Tissue other than chloronemata, e.g. leaf cells, may take
a long time to regenerate. For growth in tubes or jars, it is important not to use
lids which seal tightly.

If contamination is a problem, Petri dishes may be taped with “Micropore”
medical plaster strip, without affecting the growth or development of cultures.
This is a porous material that slows evaporation from the dish slightly and re-
duces contamination, principally because it limits air exchange during handling.
Sealing cultures with paraffin film slows growth and prevents rapid regenera-
tion. It is however satisfactory for long-term cultures which have been started
with a protonemal inoculum (see below).

Growth on agar medium overlaid with cellophane

Protonemal tissue, free of agar, may be obtained by inoculating protonemal
fragments onto cellophane overlaying solid medium in a Petri dish. Petri dishes
containing solid minimal medium + 5mM di-ammonium tartrate are overlaid
with sterilized cellophane discs (type 325P, Cannings, Avonmouth, Bristol, U.K.;
the specification of the cellophane appears to be critical, but other sources may
be suitable). Suspensions of protonemal fragments are prepared by blending
protonemal tissue in sterile distilled water. The exact procedure will depend on
the type of blender used. 500 mg fresh weight of tissue is suspended in 20 ml of
water and blended until the tissue is cut into fragments containing approximately
20 to 100 cells. About 2 ml of suspension is required to inoculate a 90 mm Petri
dish. After 7 days incubation in standard conditions, about 500 mg (fresh weight)
of vigorously-growing protonemal tissue is obtained from a wild-type culture on
a 90 mm Petri dish. Tissue may be harvested using a sterile spatula.

Growth in liquid medium

Physcomitrella can be grown in liquid culture either in shaken flasks or in a fer-
menter. For shaken flask culture, a tissue inoculum, prepared as for the inocu-
lation of cellophane-overlay plates (see above), may be used to inoculate liquid
minimal medium. Vigorous agitation is not necessary for growth, but growth
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rates in shaken liquid cultures are not as great as those obtained on Petri dishes
or in a fermenter supplied with CO, -enriched air. Full details of fermenter cul-
ture are given in Boyd et al [6]. The maintenance of fermenter cultures, free of
contamination is difficult and the production of tissue in quantities up to about
100 g is usually easier using cellophane-overlay plates.

Temperature

Physcomitrella grows on solid media in temperatures up to about 28 °C, possi-
bly somewhat higher in liquid medium. Little difference in growth rate is ob-
served in the temperature range 20 °C to 26 °C. Temperatures between 24 °C
and 26 °C are used for routine culture. Growth is slower but still satisfactory at
15 °C and this has been used as the permissive temperature when temperature-
sensitive mutants have been sought. Because of the radiant heat from the light
source it is usually necessary to keep the air temperature below the desired cul-
ture temperature. The temperatures given are those of the medium on/in which
cultures are grown.

Light

For routine culture, the exact quality of light provided is not critical. Most stud-
ies to date have used continuous light from fluorescent tubes at an intensity of
between 5 and 20 W m ™2 Some laboratories use intermittent light, the most
commonly used cycle being 16 h light + 8 h dark. Intermittent light results in
slower development. No developmental effects of intermittent light have yet
been reported, although it may allow synchronization of the cell cycle.

Media

The medium which has been used most commonly is ABC medium. However,
this medium, when prepared in the way described here, has a heavy precipitate
and so, notwithstanding its high calcium content, is probably variable in the
amount of calcium, and possibly of other nutrients, that are available. There has
therefore recently been agreement among many Physcomitrella workers to try a
modified ABC medium, BCE the recipe for which is also given below.

“Standard” conditions

Throughout this chapter, standard conditions refer to growth at 25 °C, in con-
tinuous white light at intensities greater than 5 W m ™2,
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Procedures

Culture maintenance

Cultures can be kept in a healthy state for a considerable time (at least
6 months) after they have developed to a required stage by sealing the
Petri dish or test tube with paraffin film. Storage is prolonged further
by keeping the sealed cultures at 15 °C. For very long term storage,
moss strains can be stored in liquid nitrogen. Recovery from cryo-
preservation is not reliable and it is advisable to preserve a number of
replica cultures. Some developmentally-abnormal mutants appear to
be less tolerant of cryopreservation than developmentally-normal
strains.
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Cryopreservation [ 12]

1.

ONo

Tissue of the strains to be preserved, is grown for at least 7 days
under standard conditions on 90 mm cellophane-overlay plates of
appropriately-supplemented minimal medium plus ammonium.
The tissue is transferred on the cellophane, to fresh appropriately-
supplemented solid minimal medium plus ammonium plus 500
mM mannitol.

1 ml of liquid medium plus ammonium plus 500 mMM mannitol is
added to the surface of the tissue.

The culture is incubated for a further seven days under standard
conditions.

2 ml of 5% v/v DMSO + 10% wi/v glucose is added to a series of
sterile Eppendorf tubes.

Tissue (about 1/10th of plate per tube) is added to each tube.
Incubate at 20 °C for 1 h.

Freeze the tubes at a rate of 1 °C per min to —35 °C, then place into
liquid nitrogen for storage.

To retrieve cryopreserved tissue, tubes are thawed at room tempera-
ture, and the contents of each tube added to 10 ml of sterile distilied
water and left for 30 min. The tissue is then inoculated onto appropri-
ate solid medium.
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Protoplast isolation and regeneration [9, 10, 11]

Protoplast isolation and regeneration are easy to achieve in Phy-
scomitrella, and protoplasts therefore provide a way of establishing a
clone from a single cell, a procedure that is often crucial for both
transformation and somatic mutagenesis. Protoplasts can also be
fused and so provide a method of somatic hybridization.

Protoplasts are isolated from young protonemal tissue obtained from
cellophane-overlay plates.

1. Protonemal tissue is added to a sterile aqueous solution of Drise-
lase in 8% D-mannitol (for preparation, see below), at about the
rate of 100 mg of tissue (fresh weight) per ml of Driselase solution.

2. Incubate for 20 to 30 min at 25 °C with occasional gentle shaking.

3. Remove undigested tissue, by filtering sterilely through a stainless
steel or nylon mesh (pore size: approx. 100 um x 100 pm).

4. Sediment protoplasts by gentle centrifugation (100 to 200 x g for 3
min).

5. Remove supernatant carefully, and resuspend the protoplasts in
about the same volume of sterile 8% (w/v) D-mannitol. Sediment
as in step 4.

6. Repeat step 5 once more and finally resuspend the washed proto-
plast and adjust to a concentration appropriate to the procedure
involved. About 10€ viable protoplasts are obtained from 1 g fresh
weight of tissue.

Protoplasts are usually regenerated embedded in soft agar medium
overlaying cellophane, in turn overlaying osmotically-buffered me-
dium. Once regenerated, the cellophane and protoplast can be trans-
ferred to medium without mannitol, where development is more
rapid.

7. 1 volume of protoplast suspended in 8% D-mannitol solution is
added gently to 10 volumes of molten PRT medium (see below)
which has been maintained at 42 °C.

8. The mixture is pipetted or poured gently but quickly, onto cello-
phane overlaying PRB medium. 1 ml of top layer covers a 90 mm
Petri dish, 400 ul covers a 50 mm dish.

9. Afterincubation under standard conditions for 3 to 4 days, the pro-
toplasts will have regenerated cell walls and may be transferred to
fresh medium without mannitol. Regeneration of Physcomitrella
protoplasts requires a high light intensity (> 5 Wm~2).
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Mutagenesis
N-methyl-N'-nitro-N-nitrosoguanidine (NTG) mutagenesis

N-methyl-N'-nitro-N-nitrosoguanidine is a very potent mutagen and
should only be used by those who have been trained in mutagen han-
dling. Since it is a powder, extreme caution must be taken when
weighing this compound and local safety rules for mutagen handling
must be observed.
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Using spores [ 1]

1.

N

Noop,rw

Prepare 10 ml of a spore suspension containing about 10° spores
per ml in sterile Tris-maleate buffer (pH 6).

Dissolve 1 mg of NTG in a separate 10 ml of Tris-maleate buffer (pH
6) and incubated for 30 min at 25 °C.

Mix the spore suspension with the NTG solution.

Incubate for 30 min at 25 °C, shaking gently from time to time.
Centrifuge at 2500 x g for 5 min Discard the supernatant.
Resuspend the spores in 20 ml distilled water.

Repeat steps 5 and 6 twice more.

The spores are now ready for plating. About 10% of the originally vi-
able spores survive this treatment. The mutagenic treatment results
in an initial delay in development but once germinated, the sporelings
grow as usual.

PTCM-F2/13



Using somatic tissue [5]

The method used for somatic mutagenesis is identical to that em-
ployed with spores except that the NTG solution is added to 1 g (fresh
weight) of young protonemata obtained by growth on cellophane-
overlay plates which has been pre-incubated for 30 min at 25 °C in 10
ml of Tris-maleate buffer. The mixture is then incubated for a further
60 min at 25 °C with gentle agitation. The treatment is terminated by
filtering the mixture sterilely using a stainless steel or nylon mesh
(pore size: approximately 100 uwm x 100 wm) which retains the pro-
tonemal tissue and by washing thoroughly, with sterile, distilled
water.

This procedure results in a cell survival rate of about 10%. If indi-
vidual cells are required these may be obtained by protoplasting the
tissue using the method described above.
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UV mutagenesis

Although not as an effective mutagen as NTG, UV irradiation is less
hazardous if used with the correct safety precautions. The mutagenic
UV source will need to be standardized before use. Most studies aim

for spore/cell survival around 5%.
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Using spores

20 ml of a spore suspension in water is irradiated in an open 90 mm
Petri dish. The spore suspension must be kept in darkness for 24 h

following UV irradiation to limit repair.
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Using somatic tissue

Seven-day old tissue growing on cellophane-overlay plates can be ir-
radiated directly with UV. Tissue must be held in darkness for 24 h
following UV irradiation to limit repair. If individual cells are required,
the tissue can be protoplasted following the dark incubation.
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Mutant isolation from either spores or protoplasts
Auxotrophic mutants[1, 5]

No satisfactory selective procedure for obtaining auxotrophic mu-
tants is yet available. All such mutants have been obtained so far by
non-selective isolation. This procedure involves culturing protone-
mata derived from mutagenized spores or protoplasts, initially on me-
dium containing the substances which are required for the growth of
the classes of nutritionally-deficient mutant which are being sought.
After 1-2 weeks’ growth on this medium, the protonemata can be
tested for auxotrophies by transferring half of each culture on to
supplemented medium and the other half on to minimal medium. 25
protonemata can be tested in this way in pairs of 9 cm petri dishes. In
order to isolate a particular kind of auxotroph, it may be necessary to
test several thousands of somatic clones, each of which has grown
from a single mutagenized spore or protoplast. Analogue-resistant
strains could also be obtained using total isolation but it is easier to
isolate them selectively by including the analogue in the growth me-
dium either from the outset, as for example for resistance to D-serine
or p-fluorophenylalanine, or as soon as mutagen-treated spores/pro-
toplasts have germinated/begun to regenerate, as for resistance to
8-azaguanine.
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Isolation of developmentally-abnormal strains[2, 3, 8]

The most straightforward way to isolate a wide range of morphologi-
cally-altered mutants is to inoculate mutagenized spores or proto-
plasts at a density of about 100 survivors per 9 cm petri dish and in-
cubate them for 3 to 4 weeks under standard conditions. At this time,
abnormal strains blocked or altered in various stages of gametophytic
development will be readily observable and can be saved for further
study by subculturing on to fresh medium.
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Procedures for genetic analysis
Sexual crossing [ 1, 2, 4]

Gamete production in Physcomitrella requires a temperature below
18 °C. Since Physcomitrella is monoecious, it is self-fertile but cross-
ing can be ensured by the inclusion of auxotrophies, eg requirements
for nicotinic acid or p-amino benzoic acid, in the strains to be crossed.
Such auxotrophic strains are cross-fertile, but self-sterile on normally-
supplemented medium [7]. The two strains to be crossed are inocu-
lated near to each other, on minimal medium. After about 3 weeks
growth in standard conditions, the culture is transferred to a tempera-
ture of 15 °C to 18 °C. After a further 3 weeks, sterile water is added to
the culture to allow the male gametes to swim to the female gametes
and effect fertilization. Sufficient water is added to make the culture
thoroughly damp but not submerged. Sporophytes should be visible
within a further two weeks, but if none are formed, further irrigation
may be necessary. The timings given here are relaxed, and success-
ful crosses have been made using shorter intervals. It is probable that
the protocol for crossing could be improved.
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Somatic hybridization [4, 8, 9]

Many developmentally-abnormal strains are sexually sterile, but can
be analysed genetically by the use of somatic hybrids, which can be
used to test for dominance of mutant phenotypes and for comple-
mentation between two phenotypically-similar developmental mu-
tants [11]. Somatic hybrids involving recessive characters are fertile
and can be used for further genetic analysis.

The method using polyethyleneglycol (PEG) -induced protoplast fu-
sion, to obtain somatic hybrids, first described by Grimsley et al [9,
10], is still used widely. Electrofusion of protoplast has also been used
[18]. Either method relies on the use of complementing auxotrophies
in the strains to be hybridized to allow the selection of the hybrid.
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Transformation

Transformation of Physcomitrella can be carried out using plasmid
DNA, containing a gene coding for resistance to either G418, or hy-
gromycin or sulfadiazine. Selection for transformants is made using
G418 at 50 ng/ml, hygromycin at 30 ug/ml and sulfadiazine at 150 ug/
ml. Following transformation three classes of antibiotic-resistant re-
generant are obtained:

transient: Do not retain resistance upon sub-culture.

unstable:  Grow slowly on selective medium. Resistance lost when
selection is relaxed. Probably not transmitted through
meiosis.

stable: Grow on selective medium almost as fast as on non-
selective medium. Resistance retained when selection
is absent. Transmitted in a regular Mendelian manner
through meiosis.

Transformation procedures are still being refined, but pBR-derived
vectors appear to be most reliable, while the physical state of the DNA
does not seem to be a significant factor influencing transformation
rates. Two methods for transformation are used routinely. PEG-medi-
ated DNA uptake by protoplasts is reliable and requires no special ap-
paratus but micro-projectile bombardment gives higher transforma-
tion rates and this method can probably be improved further.
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Transformation using PEG-mediated DNA uptake by protoplasts [ 17]

1.

Protoplasts are prepared as described above.

2. After the second wash, estimate protoplast density using a

oo

11.

12.
13.

SwmN

haemocytometer. Centrifuge (100 to 200 x g for 3 min) and resus-
pend in sufficient D-mannitol/MgCI,/MES solution to give a final
protoplast density of 1.6 x 10%/mi.

Meanwhile, prepare DNA to be used in transformation by dis-
pensing 20 to 50 ng of DNA dissolved in no more than 30 ul TE,
into sterile 10 ml tubes. Centrifuge gently to bring DNA solution
to bottom of tube.

Add 300 pl protoplast suspension from step 2 to DNA from
step 3.

Add 300 ul PEG/T solution.

Heat for 5 min at 45 °C. Return to room temperature (20 °C) for
10 min.

Add 1 ml 8% D-mannitol solution. Invert gently to mix. Wait 1 min.
Add 2 ml 8% D-mannitol solution. Invert gently to mix. Wait 1 min.
Add 7 ml 8% D-mannitol solution. Invert gently to mix. Wait 1 min.

. Centrifuge (100-200 x g for 3 min). Remove most of supernatant,

retaining about 500 nl, gently resuspend protoplast in the residual
supernatant.

Add protoplasts to 10 ml molten PRT medium (at 42 °C). Pour
immediately onto 3 Petri dishes containing PRB medium overlaid
with cellophane.

Incubate in standard conditions for 3 days

Transfer regenerating protoplasts on top layer to appropriate
selective medium.
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Transformation using micro-projectile bombardment

This method was developed using a gun to the design of Lonsdale et
al.[14], which uses polycarbonate macroprojectiles and 0.22 inch cali-
bre blank launcher cartridges. This design gives best results with a
distance of 150 mm between the stopper plate and the tissue, and
with two discharges per petri dish of tissue (the position of the dish is
moved between discharges).

1.

N o

Suspend 50 mg of dry tungsten powder (M17 grade, Sylvania,
Towanda, PA 18848, USA) in 300 ul of absolute ethanol, mix vigor-
ously, and centrifuge at 10,000 x g for 5 min. Withdraw the ethanol
carefully.
Wash the tungsten by the addition of 1.5 ml of sterile distilled wa-
ter. Resuspend and centrifuge. Repeat twice more and finally re-
suspend in 1 ml of 50% (w/v) sterile glycerol.
To 25 ul of the tungsten suspension add in turn:

5 wl of a solution of 1 ug plasmid DNA/ul TE

25 ul sterile 2.5 M CaCl, solution

10 ul sterile 0.1 M spermidine (free base) solution
Mix gently and allow to stand for 10 min. Carefully withdraw 35 ul
of the supernatant and discard. Transfer to ice until used for bom-
bardment.
The addition of CaCl, and spermidine causes DNA-tungsten com-
plexes to from. These must be dispersed immediately before use.
Flicking the tube with the finger is effective. Immediately after dis-
persal, place 3 ul of DNA-tungsten complex on the macroprojectile
(or as appropriate for the method of micro-projectile bombard-
ment used).
Bombard 6 to 7 day old tissue grown on cellophane-overlay plates
containing minimal medium with ammonium as nitrogen source.
Remove the lid from the Petri dish and cover with sterile stainless
steel mesh (aperture size 1 mm X 1 mm). Evacuate the chamber to
28 mbar before discharge.
Incubate the tissue under standard conditions for 48 h.

. After 48 h incubation, the tissue may be transferred on the cello-

phane directly to selective medium, or may instead be harvested
and either blended and plated onto selective medium (as described
above for the preparation of cultures on cellophane-overlay
plates), or, if single-cell clones are required, protoplasted before
plating onto osmotically-buffered selective medium.
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Media, supplements and solutions [13]

Unless stated otherwise, sterilization is by autoclaving at 121 °C for 20 min.
Analytical grade inorganic chemicals should be used where possible.

Stock solutions for growth media

These are best dispensed into convenient aliquots and stored frozen. Under these
conditions there is no need to sterilize these solutions before use.

Solution A

Ca(NO,),.4H,0 118 g
FeSO,.7H,0 125¢g
distilled H,O toll
Solution B

MgS0O,.7H,0 25 g
(or anhydrous MgSO, 12 g)
distilled H,O toll
Solution C

KH,PO, 25¢g
distilled H,O 500 ml

Adjust pH to 6.5 with minimal volume of 4 N KOH and make up to 1 1 with
additional distilled H,O.

Solution E

KNO, 101 g

Ferric citrate.H,O 263 mg

distilled H,O toll

Hoagland’s A-Z trace element solution (TES):

H,BO, 614 mg MnCl,.4H,0 389 mg

Al,(S0,),.K,S0,.24H,0 55 mg CoCl,.6H,0 55 mg

CuS0O,.5H,0 55 mg ZnS0,.7H,0 55 mg

KBr 28 mg KI 28 mg

LiCl 28 mg SnCl,.2H,0 28 mg
distilled H,O toll

Hoagland’s TES is widely used but the exact composition of the TES is prob-
ably not important.
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Growth supplements

substance concentration weight
in the medium per litre
adenine 500 uM 67.5 mg
p-aminobenzoic acid 1.8 uM 247 pg
di-ammonium (+) tartrate 5 mM 920 mg
nicotinic acid 8 uM 1 mg
D-sucrose 15 mM 5g
thiamine HCl 1.5 uM 0.5 mg

All the above supplements, with the exception of adenine, may be kept as aque-
ous 100 X concentrated stock solutions, sterilized by autoclaving, and added to
growth media as required to give the concentrations listed above. Adenine is best
added as a solid, and medium containing adenine may be autoclaved.

Growth media
Agar

It is probable that any high grade agar, such as Sigma High Gel Strength Agar
(cat. # A9799), can be used to gel moss media. The quantities in the recipes
below refer to Sigma Agar #A9799, and may need to be altered for other agars.
Either heat media containing agar, to dissolve agar before aliquoting and auto-
claving, or add the appropriate amount of agar to each individual aliquot, auto-
clave and disperse/dissolve the agar before medium solidifies.

ABC minimal medium
This is a modified Knop’s medium that contains a high level of calcium and

which precipitates on autoclaving. Although ABC medium has been used in
many past studies, BCE medium may be give more reproducible results.

solution A 10 ml
solution B 10 ml
solution C 10 ml
TES (either) 1 ml
(agar 8g)
distilled H,O tol1

The pH of the autoclaved medium will be between 5.3 and 5.9, the actual
value depending upon the type of agar used, and is not usually adjusted.
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BCE minimal medium

This medium contains no calcium, which must be added (as CaCl,) as required.
1mM calcium is now being assessed for routine use, but note that protoplast
regeneration requires at least SmM calcium.

solution B 10 ml
solution C 10 ml
solution E 10 ml
TES (either) 1 ml
(agar 8 g
distilled H,O toll

PRB (protoplast regeneration medium, bottom layer)

liquid BCE medium 11

CaCl, 6H,0O 2.19 g (= 10mM)
D-mannitol 60 g
di-ammonium(+ )tartrate 920 mg (=5mM)
agar 8¢g

PRT (protoplast regeneration medium, top layer)

liquid BCE medium 11

CaCl, 6H,0 2.19 g (= 10mM)
D-mannitol 80 g
di-ammonium(+ )tartrate 920 mg (=5mM)
agar 8¢g

Other solutions.

IM Ca(NO,),

Ca(NO,),.4 H,O 236.1 g
distilled water 11
Sterilize by autoclaving. Store at 4 °C.

Driselase solution

Driselase 1 to 2 g (depending on batch)
D-mannitol 8g
distilled H,O to 100 ml

1. Stir to mix but do not shake vigorously.
2. Leave to stand at room temperature for 15 min.
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3. Centrifuge at 2500 X g for 5 min.
4. Remove the clear supernatant and filter sterilize.

D-mannitol/Ca(NO ), solution

8% (w/v) D-mannitol solution 9 ml
IM Ca(NO,), solution 1 ml
IM Tris buffer, pH 8.0 100 ml

Make up fresh, on day of use. Filter sterilize

D-mannitol/MgCl,/MES solution

D-mannitol 9.1¢g
distilled water 8.85 ml
Sterilize by autoclaving and store at room temperature. On day of use, add:
1M MgCl, (203.3 g MgCl,.6H,0/ 1) 150 pl
1% MES pHS.6 solution iml

Filter sterilize

1% MES pH 5.6

Use 1% (w/v) 2-[N-morpholino Jethanesulphonic acid in distilled water. Adjust
to pH 5.6 with 0.1M KOH. Sterilize by autoclaving. Store at 4 °C.

PEG/T (PEG solution for transformation)

1. Autoclave 2 g PEG 6000 in a glass container.

2. On day of transformation, melt PEG in microwave.

3. Add 5 ml D-mannitol/Ca(NO,), solution and mix well.
4. Leave at room temperature for 2 to 3 h before use

TE

Tris-(hydroxymethyl)-aminomethane 121g
diaminoethanetetra-acetic acid 372 mg
distilled water 11

Adjust to pH 8.0 with 0.1M HCI. Sterilize and store at 4 °C.
IM Tris buffer (pH 8.0)
Tris-(hydroxymethyl)-aminomethane 121.1 g

distilled water 11
Adjust to pH 8.0 with 0.1M HCI. Sterilize and store at 4 °C.
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Tris-maleate buffer (pH 6)

Tris-(hydroxymethyl)-aminomethane 6¢g
maleic acid 6¢g
distilled H,O toll

Adjust pH to 6.0 with 10M NaOH or KOH. Store at 4 °C.
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Thin cell layer (TCL) method to programme morphogenetic
patterns
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Introduction

The establishment of plant organ shape, structure and function proceeds from
the embryo stage to the adult stage according to an ordered sequence of events.
This implies that the genetic information is expressed or repressed according to
a temporal and spatial order.

Due to the fact that growth and development events can be changed, to a cer-
tain extent, by a large array of factors which apparently lack specificity, the
analysis at the biochemical molecular level cannot be easily conducted especially
when developmental mutants are not available, as is the case for most plant spe-
cies.

As an alternative to the study of developmental mutants, it would be valuable
to be able to “programme” different morphogenetic patterns experimentally.

To date, the tobacco Thin Cell Layer (TCL) experimental system, consisting
of a few cell layers (the epidermal layer and 3 to 6 cortical layers of differenti-
ated cells) with reduced sizes (Imm X 5 or 10mm), is a unique system in which
not only all patterns of morphogenesis known in plants can be programmed di-
rectly (without an intermediate callus phase), but also patterns which are new
for the species studied. For example, in tobacco, somatic proembryos can be in-
duced from subepidermal cells [14, 15, 16, 17, 19].

Markers of morphogenetic differentiation can be delineated in experimental
systems in which different patterns can be : i) followed at the cell level from the
early stage, ii) controlled by specific molecules, iii) inhibited by inhibitors of
specific metabolic pathways and iv) recovered upon addition of such com-
pounds. The identification of cytological and biochemical markers can lead to
the identification of the gene(s) involved in specific steps of morphogenetic dif-
ferentiation and to the study of their function(s) [3, 4, 7, 9, 12, 18, 20].

Application of the TCL method to recalcitrant species has allowed us and
other researchers to overcome the difficulty in obtaining regeneration. For the
study of gene function as well as for the production of transgenic plants, espe-
cially crop plants, for improvement purposes, the control of regeneration con-
stitutes, at the present time, a serious limitation in plant biotechnology despite
the availability of refined modern techniques of analysis at the molecular level.

The TCL method, originally developed on Nicotiana tabacum has been suc-
cessfully applied and/or adapted to other species. Longitudinal TCLs are used in
order to allow the analysis of mechanisms of cell differentiation and organogen-
esis from a defined cell layer whereas transverse TCL (tTCL) is used when the
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first objective is to overcome the difficulty in obtaining organ regeneration and/or
somatic embryogenesis. As both longitudinal and transverse TCLs consist of one
or a few cell layers, the content of their endogenous factors which are most of
the time unknown, is assumed to be minimal, compared to the exogenous con-
ditions applied in which the cells are cultured. Therefore, they are more medium-
dependent than the classical type of explant which is larger and more complex.

In summary, the advantages of TCLs are as follows : i) when comprising only
differentiated cells (epidermal and cortical cells), as in the case of longitudinal
TCLs, the TCL method allows the analysis of the programmed patterns from the
early stages to the full development of the organ, and therefore allows its study
at the temporal level; ii) the minimal size of TCL and the well defined cell layer
from which morphogenetic events start facilitate this study at a spatial level; iii)
the rapidity (12, 14 days) in obtaining different patterns of morphogenesis in-
cluding fully developed flowers has led to a reduced time in obtaining trans-
genic plants and transgenic seeds in vitro [2]; iv) the high number of organs
obtained per TCL explant (up to SO flowers or 800 vegetative buds) has also led
to the high frequency in the production of transgenic plants or seeds.

To date, our group has succeeded, by using TCL methods, in reprogramming
morphogenesis in several species including species of Nicotiana, Torenia, Petu-
nia, Brassica, Nautilocalyx, Saintpaulia, Begonia, Arabidopsis, Soja biloxi, Vi-
cia faba, Psophocarpus. For recalcitrant species such as Phalaenopsis and crop
plants as well as for non-recalcitrant species with small sized organs (such as in
Arabidopsis), one can use TCL to control: i) organogenesis in Arabidopsis, ii)
both organogenesis and somatic embryogenesis in wheat, Sorghum (in collabo-
ration with M. Sené, L. Bui, J. Vidal and P. Gadal), iris (in collaboration with H.
Schricke and D. Joulain) and iii) somatic embryogenesis in other monocotyle-
dons (bamboo [5]), and Digitaria (in collaboration with L. Bui, T. Do, J. Vidal
and P. Gadal).

Other groups have successfully applied TCL methods to Nicotiana tabacum
[1, 11], Helianthus [10] and Pisum sativum [6] in order to obtain programmed
patterns including flower development, somatic embryogenesis and regeneration
of vegetative buds respectively.
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Procedures
| - Longitudinal TLC method

Model system: Nicotiana tabacum cv Samsun, Wisconsin and Xanthi.
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1. Culture conditions of the donor plants:

Steps in the procedure

1. Grow plants from seeds in pots (10 cm diameter) in vermiculite.

2. Water with a mineral solution three times a week and on every
other days, with deionized water (for both types of watering, 700
mi per day).

Mineral solution:

(in mM) 2.71 KNO,, 1.00 KH,PO,, 1.11 MgSO,, 1.04 (NH,), SO,,
4.64 Ca(NO,),,

(in M) 110.00 Na, Fe-EDTA, 36.75 KCI, 48.52 H, BO,, 10.06 MnSO,,
0.95 ZnS0,, 0.55 CuSO,, 0.22 (NH,)¢ Mo-0,

and (in nM) 2.565 H,SO,.

3. The environmental conditions are : 24 °C = 2 °C for temperature,
65% relative humidity, 16h photoperiod of natural light comple-
mented by artificial irradiation of 25 W. m ~2 when the natural irra-
diance decreases below 50 W. m 2

4. After three months, the plants reach the floral stage. When the ter-
minal flower of the inflorescence becomes a green fruit and the
donor plant bearing 5 — 80 green fruits, the physiological stage of
the plant is appropriate for TCL.
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2. Preparation of TCL
A. Sampling

Steps in the procedure

1. At this precise physiological stage, select 2-3 floral branches of 5
to 10 cm of length below the top of the inflorescence from each do-
nor plant. Three to four donor plantsi.e. 6 to a 12 floral branches in
total are used.

. Cut the floral branches from the inflorescence.

Wash in water, then in water with teepol and surface sterilize with

7% of calcium hypochlorite for 10 minutes.

4. Rinse thoroughly (five times) in sterile water and store in sterile

water for the next phases of the procedure.

W N
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B. Excision of TCL

Steps in the procedure
1. Excise several long ribbons of TCL (1mm width and 4 to 8 cm

length from each floral branch; Fig 1), using special microscalpels

Fig. 1. Schematic of floral branches and excision of TCL.

made in the laboratory : triangular pieces (7mm x 2mm) of razor
blade mounted on special metal handles of the type used in micro-

surgery (supplier: Moria).
2. Put these ribbons in a 10 cm diameter Petri dish and cover them
with a film of sterile water.
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3. Cut TCLs of 6 to 8 mm in length from each TCL ribbon in the Petri
dish or directly on the floral branch (Fig 1). A pool of 20-25 TCLs
from different floral branches is made and kept under a fine film of
water in Petri-dishes.

4. Inoculate TCLs randomly onto a solidified medium and randomly
distribute them to different types of culture medium.

Notes

— Only the handles (not the razor blades) are autoclaved. During the excision of TCL
ribbons and of TCLs, microscalpels are sterilized only by alcohol, then thoroughly
rinsed (5 times) in sterile water, dried and stored under filter paper.

- Only sharp razor blades are used. This requires that at least 10 microscalpels are
sterilised, rinsed, dried and ready for use successively.

—~ TCLs are inoculated into the medium as soon as possible when a small number e.g.
20 to 25, (5 to 10 for less experienced worker) are made.
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3. Inoculation of TCL

Steps in the procedure

1. Only a TCL method using solidified medium is described here. Use
test tubes (15 cm length, 2.5 cm diameter) as containers for me-
dium solidified with gelose Difco (10g/l) or gelrite (3g/l) except for
flower programme.

2. Pour 25 ml of culture medium into each test tube.

3. Use forceps to pick up gently TCL (stored in Petri-dishes) and place
them on the surface of the culture medium, the epidermis side up-
wards.

Notes

- Use only fine forceps with tips of 1 or 2 mm wide. Select forceps for which the dis-
tance between the tips does not exceed 1 cm, so as to reduce the pressure exerted
on the TCL while manipulating it.

— Test tubes are covered by a metal lid (Bellco type) which allows gas exchange
through a cotton wool ball placed at the bottom of the lid. Hermetic types of closure
should be avoided. In order to ensure that the TCL is closely applied on the surface of
the culture medium (but not immersed in the medium), a slight pressure is made on
the TCL, the two tips touching the two poles of the TCL.

- Container shape and volume as well as the type of sealing, and so gas exchange, are
important factors for “flower programme”. Therefore, Petri dishes of 1 cm height,
and sealing with parafilm, should be avoided.

— Multiwell (1 cm diameter) plates of 20 wells (supplier: Falcon) can be used, and so
the volume of the medium can be reduced to 1.5 ml.

PTCM-H4/11



4. Culture conditions for TCLs

Once inoculated in test tubes, incubate in a growth chamber at 24
°C =1 °C under an irradiance of 20 W. m~2. The TCL should receive
the light vertically and not laterally. The relative humidity is 70%, the
photoperiod can be 16h or 24 h. For root programme, the TCLs must
be kept in the dark when solified medium is used.
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5. Culture medium

A. Composition:

the culture medium contains macro and microelements of Murashige
and Skoog [8], and myo-inositol (100 mg/l). IBA, kinetin and glucose
are added at different concentrations (Table 1) to induce separately
different morphogenetic programmes (Fig. 2). The medium pH is ad-
justed to 5.6. Gelose is added at 10 g/, gelrite at 3g/l.

Table 1. Glucose, IBA and Kinetin concentrations for different morphogenetic programmes on to-
bacco thin cell layer (TCL).

Morphogenetic Programme Glucose (g/L) IBA (molar) Kinetin (molar)
Flower 30 10-° 10-°
Vegetative Bud 30 10-¢ 10-°
Root 10 1073 1077
Callus 30 3.10°° 1077

Fig. 2. Four morphogenetic programmes from tobacco TCL (stage: 14 days).
From the top : first line : Flower Programme (flowers are formed directly on the surface of the TCL)
Second line : Root Programme
Third line : Vegetative buds Programme
Fourth line : Callus Programme
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Fig. 3. Young flowers (approximately 50 in total) formed directly on one tobacco TCL (stage: 14 days).

Fig. 4. Fully developed flower from Petunia TCL (stage : 4 weeks).
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Functional flowers are obtained within 12-14 days (Fig. 3). Fully de-
veloped flowers are obtained within 3 weeks for tobacco TCL, 4-5
weeks for Petunia TCL (Fig. 4).

B. Autoclaving:

The medium is autoclaved at 115 °C for 20 minutes under 1 bar pres-
sure.

PTCM-H4/17



6. Observations

Morphogenetic changes are scored every two days (starting from day
4 to day 28 after the beginning of the culture) by observation under a
stereo microscope and if necessary scanned with a scanning electron
microscope.

The number of organs formed (flowers, vegetative buds, roots), per
TCL and the number of the TCLs responding to the treatment are
analysed statistically.
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Il - Transverse TCL (tTCL) method

Model system : Iris pallida, Phalaenopsis, Oryza sativa, Sorghum,
Digitaria, Arabidopsis, Panax ginseng

This method is applied to recalcitrant species (monocotyledons,
woody species, legumes) and non-recalcitrant species of small size.

Steps in the procedure

1. Grow donor plants in appropriate environmental conditions (see
above, section 1.1).

2. Select the optimal size for tTCL method, by making transverse sec-
tions of various sizes [e.g. from 1 mm, 1.5 to 2 mm, 500 wm-1 mm
or 300-200 w.m (using a vibratome)]. All plant organs can be used:
root, mesocotyl, hypocotyl, epicotyl, cotyledon of immature/ma-
ture/germinating embryos, petiole, leaf blade, leaf vein, internode,
node, stem, immature inflorescence, inflorescence, filament of an-
ther, anther, carpel, ovary style, petal, sepal, etc.

3. Inoculate the tTCL into Petri dishes (10 cm diameter) or multiwell
plates, on the surface of media solidified by gelose (10 g/l). Gelrite
(2 g/l) or agarose (8 g/l) are used for monocotyledons (e.g. Sor-
ghum, wheat, barley, rice, Phalaenopsis).

4. Inoculate the tTCL in rows of different sizes. For the first phase of
the investigation, the proximal or distal poles can be put at random
on the surface of the medium. However, the order of each tTCL on
the original organ should be respected, in order to detect the influ-
ence of the gradient.

5. From this phase of the study, observations can be made on i) the
influence of the polarity and ii) the optimal size of the tTCL to pro-
gramme morphogenesis. If polarity between the basal and proxi-
mal poles is shown (by the difference in the responses obtained
when inoculated at random), either reduce the size of the tTCL or
consider the polarity for the next phase of the study. Tissues can
be arranged in rows with the proximal pole placed on the medium,
or rows with the distal pole, on the medium.

6. Other parameters such as cell proliferation, cell expansion, orga-
nogenesis and/or embryogenesis can be scored between 4 to 28
days.
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Introduction

Sedentary plant-parasitic nematodes establish intricate relationships with their
hosts. The interaction reveals several unique features and is a prime object to
study host-pathogen recognition, cell-cell communication and induction of feed-
ing structures.

Economically the most devastating species are root-knot nematodes (e.g. Me-
loidogyne incognita) and cyst nematodes (e.g. Heterodera schachtii). Host
ranges can be very wide and in areas of intensive agriculture, population densi-
ties may increase in 2-3 years to such levels that crop yields are severely af-
fected. Although plant-nematode research is difficult under laboratory condi-
tions, the recent infection protocols for Arabidopsis have given new momentum
to this area of phytopathology [1, 2, 4, 6, 8, 9].

Nematode juveniles remain dormant in the soil until proper host roots grow
in their vicinity. Diffusable root factors induce hatching and the juveniles will
migrate towards young roots. They invade roots preferably behind the zone of
cell elongation and move up to specific sites of the developing vascular cylin-
der. Here they carefully select cells for the initiation of feeding structures. This
process is induced by nematode secretions [3] and will eventually lead to large,
multinucleate and hypertrophic structures that provide a constant source of nour-
ishment for the then sedentary nematode. A more detailed description of the life
cycle is given in [7, 8].

The protocols described in this chapter provide complete details for the in
vitro infection of Arabidopsis with Heterodera schachtii. The first section de-
scribes the maintenance of nematode starter cultures and the preparation of a
sterile inoculum, followed by the infection procedure for Arabidopsis with
freshly hatched second-stage juveniles.
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Procedures
In vivo stock of Heterodera schachtii

Grow Brassica oleracea in sand and inoculate the young plants with
second stage juveniles of Heterodera schachtii. (Other suitable hosts
can be used to maintain stock cultures). The plants can be grown at
standard greenhouse or growth chamber conditions although the soil
temperature should be kept below 20 °C. Harvest the Brassica plants
after 4 weeks and store the sand containing roots with cysts at 4 °C in
the dark. As long as the sand remains moist, the cysts can be stored
this way for several years. (Note: in some countries, quarantine regu-
lations are necessary to grow certain species of cyst nematodes).
Have in vitro plantlets available when you start the hatching proce-
dure.
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Collecting cysts from the sand culture

Steps in the procedure

1.

Put some sand containing the roots and cysts in a beaker and add
tap water. The sand will settle while the cysts, along with root de-
bris, will float. Pour the cysts off on a 0.5 mm mesh screen that is
placed in a kitchen sieve or similar device. Repeat this until you
have collected all the cysts from the sand. Next, rinse the cysts on
the 0.5 mm mesh screen to remove foam.

For easier handling, rinse the cleaned cysts from the 0.5 mm onto
a 0.25 mm mesh screen and place the whole screen flat in a large
Petri dish. Using fine forceps and possibly a binocular, collect only
the large and clearly egg containing cysts and put them in a small
sieve of 20 pum gauze (see note 1). For sterilization and hatching
you can keep the cysts in this sieve (about 150 cysts per sieve).
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Sterilization of the cysts and hatching of the juveniles

Steps in the procedure

1. Work from now on in a laminar flow cabinet. Put the sieve with the
cysts with the aid of a sterile pair of tweezers in a 50 ml beaker and
add 0.05% HgCl.,. Leave this for 3 minutes. Rinse the cysts 3 times
in 50 ml beakers containing distilled water.

2. For hatching place the sieve in a glass funnel to which a silicon tube
is attached that is closed with a clamp and place the whole unitin a
beaker (Fig. 1). Add sterile 3 mM ZnCl, until the cysts are just cov-
ered. Close the top of the beaker with sterile aluminium foil and
store at 23 °C in the dark.

Fig. 1. Device that is used for hatching nematodes under axenic conditions. The top part is made

from a syringe as described in note 1. The filter is placed in a glass funnel that is closed at the

bottom with a silicon tube and a clamp. The entire unit is autoclaved before use. The hatching so-
lution is added to just cover the cysts that are placed on the nylon filter.
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3. After 3 to 4 days second stage juveniles will be visible at the bot-
tom of the tube just above the clamp. All handling must be done in
a laminar flow cabinet. Collect the juveniles by opening the clamp
when the tube is above a 15 um gauze sieve (see note 1) placed on
a 25 ml beaker. Keep the juveniles on the sieve and rinse them 3
times by placing the sieve in sequential beakers filled with sterile
distilled water. To surface sterilize the juveniles, place the sieve in
a beaker with 0.05% HgClI, for 3 minutes and rinse again 3 times in
clean beakers with sterile water. After the last rinsing the juveniles
on the sieve in the beaker must be covered with water.

4. Transfer the juveniles with a sterile Pasteur’s pipette from the sieve
to a watch glass. Let the worms settle and decrease the volume by
removing most of the water. A Pasteur’s pipette that is heat-pulled
into a thin capillary can be used to prevent worms being sucked up
with the water. Small samples can be taken for counting the num-
ber of worms per ul. Suspend the juveniles in the watch glass in
0.5% Gelrite (see note 2) and dilute until you have the desired con-
centration.
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In vitro stock of Heterodera schachtii on Sinapis alba plants

Steps in the procedure

1. Collect Sinapis alba seeds in a stainless steel teasieve or similar
device. Soak for 2 minutes in 70% EtOH and for 10 minutes in 0.2x
Teepol (0.8% active chlorite)+ 0.1% Tween 20. Rinse 3 X 10 min-
utes in sterile distilled water.

2. Pour 20 ml KNOP medium (0.6% agar) in 25 cm Petri dishes and let
it cool to room temperature. Place two Sinapis seeds per dish and
incubate at 23 °C (16h L, 8h D). After two weeks the plants can be
inoculated with Heterodera second stage juveniles.

3. Inoculate the two weeks old axenic Sinapis alba plants with about
1000 juveniles divided in droplets of 1 pl containing about 10 juve-
niles per droplet. Store the inoculated S. alba plates at 23 °C in the
dark.
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Sterilisation and in vitro culturing of Arabidopsis seeds

Steps in the procedure

1. Arabidopsis seeds can be sterilized in several ways. We routinely
use the protocol of Lluis Balcells; small seed batches (not more
than a few hundred) are folded into filterpaper discs and closed
with a plastified paperclip. The packages are immersed for 2 min
in 70% EtOH and sterilized for 15 min in pure Teepol (4% active hy-
pochlorite) + 0.1% Tween 20. Rinse 4 times for 10 min in sterile
distilled water.

2. Pour 10 ml of solid KNOP medium (0.6% agar) in 9 cm Petri dishes
(see note 3). Let the plates cool down to room temperature and
place 10-20 sterilized seeds on a straight line at ca. 1/3 from the top.
To synchronize germination, plates can be placed at 4 °C for 3-5
days before transfer to the growth room. During growth, the plates
should be tilted at an angle of 10-30° for the roots to grow down.
Two weeks after germination the roots can be inoculated.
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Inoculation of Arabidopsis with sterile juveniles

Steps in the procedure

1. Collect cysts from the Sinapis alba roots by using a fine pair of
sterilized tweezers (see note 4).

2. Hatch the juveniles without further sterilisation of the cysts. Follow
for hatching the same procedure as described above.

3. As a precaution, a second sterilisation step is performed on the
hatched juveniles by immersing them in 0.025% HgCl, for 3 min-
utes, followed by 3 rinses in sterile distilled water. Follow the same
procedure as described in above.

4. Inoculate about 25 juveniles per plant suspended in droplets of
1 pl.

5. Transfer the inoculated plates back to the growth room. They can
now be placed horizontal.

The infection process can be followed daily with an inverted or bin-
ocular microscope. The first signs of feeding structure development
can be observed at the second or third day after inoculation. Nor-
mally, the Heterodera life cycle will be completed at 2-3 weeks after
inoculation, when the cysts start to turn brown. Metabolic stains or
detection of marker gene activities such as GUS can be done at any
stage without disturbing the root system mechanically. Isolation of
feeding structures from the agar-grown roots is also possible
although the quantity by weight is limited. Very detailed in situ obser-
vations can be performed with the help of specially constructed
observation chambers (Grundler, Univ. of Kiel, Germany), which
allows for both root- and nematode development under high magni-
fication.

Notes

1. Construction of the 20 um and 15 um gauze sieves (see also figure 1):

— cut the top of a 25 ml syringe in a ring of about 1.5 cm in height

- cut from 15 wm respectively 20 um mesh gauze nylon cloth circles that are a bit
larger in diameter than the syringe rings.

— melt the gauze on the syringe by preheating the cut surface of the syringe on a
hot plate of about 150 °C and quickly move the melting surface onto the nylon
gauze. To improve the weld, the nylon gauze can be placed flat on a small glass
plate which is heated on a second hot plate to ca. 80 °C.

— check carefully whether the nylon gauze is completely welded onto the syringe.
The juveniles can be lost during the sterilisation procedure if openings remain.

2. The gelrite is used to keep juveniles in suspension, permitting fairly even distribu-
tion during inoculation steps. The 0.5% gelrite is autoclaved for 15 minutes at 120 °C
and cooled to room temperature before use.

3. It is very important not to pour more than 10 ml in standard size Petri dishes. The
nematodes need root exudates to locate the roots. A larger volume will dilute this
signal and leads to lower infection rates.

4. Use a binocular microscope in the laminar flow cabinet and avoid damage to the
cysts as much as possible.
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Solutions

Knop medium

This medium originated from W. Knop [5] and was modified for hydroponic
culture. For growth of Arabidopsis, the medium is used at 0.2X strength. Stock
solutions are stable when stored at 4 °C.

Stock solutions for Knop medium:

- KNO, 120 gram
MgSO,.7H,0 19.7 gram together in 1 liter H,O

- Ca(NO,),.4H,0 30 gram 100 ml H,O
- KH,PO, 13.6 gram 100 ml H,O
— Fe-Na EDTA 0.73 gram 100 ml H,O
— Micronutrients/100 ml H,O:

- H;BO, 286 mg

— Mn(Cl, 181 mg

- Cu(Cl,.2H,0 5 mg

— ZnSO, 3 mg

- Na,MoO,2H,0 7 mg

— Na(Cl 585 mg
To obtain 10 liter of 0.2xXKnop solution, add to ca. S liter of water:
- KNO; + MgS0,.7H,0 20 ml
— Ca(NO,),.4H,0 8 ml
- KH,PO, 4 ml
— Fe-Na EDTA 4 ml
— Micronutrients 2 ml

Mix and fill up to 10 liter. The pH must be 6.4 (adjust with 1 N KOH; there is
hardly any buffering capacity in this medium; adjust the pH carefully). Store at
4 °C in the dark.

Solid Knop medium:

Add 0.6% Daichin (or similar tissue culture grade) agar and 1% sucrose to 0.2X
Knop solution. Autoclave 20 minutes at 120 °C.

PTCM-HS/15



Acknowledgments
We would like to thank Maria Gagiy for practical advice and Ronny

Krutwagen for the drawing. This research was partially funded by Avebe,
The Netherlands.

PTCM-H5/16



References

1. Bockenhoff A, Grundler FMW (1994) Studies on the nutrient uptake by the beet cyst nematode
Heterodera schachtii by in situ microinjection of fluorescent probes into the feeding structures
in Arabidopsis thaliana . Parasitology 109: 249-254.

2. Goddijn OJM, Lindsey K, Vanderlee FM, Klap JC, Sijmons PC (1993) Differential gene
expression in nematode-induced feeding structures of transgenic plants harbouring promoter
gusA fusion constructs. Plant J 4: 863-873.

3. Hussey RS (1989) Disease-inducing secretions of plant-parasitic nematodes. Annu Rev
Phytopathol 27: 123-141.

4. Niebel A (1994) Molecular and genetic approaches to plant-nematode interactions. Thesis,
State Univ. Gent, Belgium.

5. Knop W (1860) Uber die Ernihrung der Pflanzen durch wisserige Losungen unter Ausschluss
des Bodens. Landwirtsch Versuchsstat 2: 65-99 and 270-293.

6. Sijmons PC (1993) Plant-nematode interactions. Plant Mol Biol 23: 917-931.

7. Sijmons PC, Atkinson HJ, Wyss U (1994) Parasitic strategies of root nematodes and associated
host cell responses. Annu Rev Phytopathol 32: 235-259.

8. Sijmons PC, Grundler FMW, Vonmende N, Burrows PR, Wyss U (1991) Arabidopsis thaliana
as a new model host for plant-parasitic nematodes. Plant J 1: 245-254.

9. Wyss U, Grundler FMW (1992) Heterodera schachtii and Arabidopsis thaliana, a model
host-parasite interaction. Nematologica 38: 488—493.

PTCM-HS5/17



Index

AA medium (amino acid medium) Al/1, 2,
14, 17
ABC medium (for moss), and modifications
F2/3, 38, 39
Abies spp. (first) C3/1
— transformation B13/1
Abscisic acid
— component of media A1/3-5; B13/41;
C3/11, 12; C7/3; G2/18
Acalypha
— endosperm E3/1
Acer pseudoplatanus
— cell suspension cultures H3/1
Aceto-carmine
— in cytology C4/3, 5,7
Acetolactate synthase (ALS; enzyme, gene)
B9/2
Acetosyringone
— component of media BS5/6; B6/5; B8/6,
11, 15; G1/5
Acetylsalicylic acid
— in protoplast culture B9/1
Achras sp.
— endosperm culture E3/2
Acridine orange
— DNA stain H3/2, 15
Actinl gene, promoter
— to drive transgene expression B12/3, 10
Actinidia spp.
— endosperm culture E3/2, 8
Activated charcoal
— component of media A6/13; B1/9; C2/4;
C3/3, 7, 11; C8/6
Adenine
— component of media C7/3, 8; E3/13
Agar ’
— component of media A1/6, 7; A2/1, 6,
12; A4/7, 9,11; A8/7, 9,13-15; A9/19, 23,
29; B1/5, 12; B4/17, 21; B11/3, 4, 11;
Cl/4-6; C3/3, 7, 8, 11, 12; C7/9; C8/S,
11, 15, 17; D5/3; D7/17; E4/S, 6; E5/17;
F1/5, 6, 13; G1/5, 6; H1/18
Agarose
~ protoplast embedding A1/14; A10/21,
23-25; B1/13; A11/1, 3, 4, 7, B2/4, 13;
B3/7, 9, 11, 14; B4/3, 4, 13, 15, 17,
B10/4-6, 10
— for callus culture A1/7; A2/1; A5/3
— for embryo culture ES5/8, 13, 14
Agrobacterium rhizogenes B4/1; C8/6, 8;
Gl/5

— see also ‘hairy roots’
Agrobacterium tumefaciens
— in plant transformation A4/2, 9; A5/1;
A6/1-17; A7/1; A8/1-17; B1/1; B2/1;
B4/1, 2; B5/1-9; B6/1-9; B7/1-14;
B8/1-18; B10/1; B11/1-18; B12/1; B13/1;
C7/5, 10; D2/1, 2; D7/1
Alkaloids
— tropane alkaloid biosynthesis in root
cultures G1/1-17
— monoterpene indole alkaloids,
biosynthesis G3/1-23
Amaranthus sp.
— photoautotrophic cultures H1/1
Amino acids
— components of media B10/9; E3/2, 3, 6,
13
— .see also ‘AA medium’, ‘casein
hydrolysate’
Aminoglycoside phosphotransferase
— see ‘neomycin phosphotransferase’
Ampicillin
— for bacterial selection C5/9
— to control culture contamination A2/16;
D5/15; G1/5
Aniline blue
— fluorescent stain (pollen) D5/7, 9

Ancymidol

— gibberellin inhibitor C8/5
Annona sp.

— endosperm culture E3/2, 5
Anthocyanin

— accumulation and biosynthesis in cell
cultures A3/6; A10/17; G2/1-23
— extraction and identification G2/7, 14
— enzyme assays G2/1S5, 16
— hormonal regulation in vitro G2/18, 19
— photoregulation in vitro G2/17, 18
— screenable gene markers D1/9; E3/8, 9
Antirrhinum majus
— anthocyanins G2/3
Apiaceae A9/1
Aphidicolin (inhibitor of DNA polymerase)
— effect on anthocyanins in vitro G2/19
Apple: see Malus pumila
Arabidopsis thaliana
— nematode infection H5/1-17
— pollen gene expression in transgenic
D2/2
— protoplasts: isolation, transformation,
regeneration A6/3; A7/1-20; D5/3
— regeneration and transformation
A6/1-17; A8/1-17



— thin cell layers H4/2
Arachis hypogaea

— photoautotrophic cultures H1/1, 25
Artificial seeds C3/6; C8/8
Ascocentrum sp.

~ in vitro culture C1/3
Asimina sp.

— endosperm culture E3/2, 5
Asparagus sp.

— endosperm culture E3/2, 4, 5
Atropa sp.

— alkaloid biosynthesis G1/1
Automated culture systems C2/2, 5, 7-9;

C8/9
Auxotrophic mutants

— selection in vitro F1/1-17; F2/23
Avena sativa

— transformation B12/2
7-Aza-indole (AZI)

— inhibitor of auxin synthesis C7/3
8-azaguanine F2/23

B5 medium (Gamborg’s BS) Al/l, 2,7, 9-11,
14, 15, 17; A6/6; A7/4, 5, 13, 14; A8/15;
B6/6, 7, C6/7; C8/17; D2/11; E5/17; G1/5;
H1/2

Bamboo: see Bambusa sp.

Bambusa sp.

— thin cell layers H4/2

Barley: see Hordeum vulgare

BASTA: see ‘phosphinothricin’

Bar gene: see ‘phosphinothricin
acetyltransferase’

Begonia sp.

— thin cell layers H4/2

Benlate
— fungicide C8/19

Benomyl
— to prevent culture contamination C8/4

Benzalkonium chloride (Zephiran) C8/11

6-Benzyladenine; 6-benzylaminopurine (BA,

BAP)

— component of media Al/4; A6/1, 8, 12;
A7/5; A11/4, 5, 7; B4/17; B5/2, 17, 8;
B7/8, 9; B10/10; B11/4; B13/41; C3/3, 5,
7, 8, 11; C7/3, 8; C8/4, 6, 11, 13, 17,
C9/21, 22; D1/7, D4/11, 13; D5/8; D7/17,
D9/12; E3/2, 3, 5, 7, 8, 13; F1/7, 13;
H27

Beta vulgaris
— cytological analysis C4/3
— protoplasts D3/3
— shoot cultures B7/3, 5, 8

— sterilization of seed A2/16; B7/3
— transformation B7/1-14
Betaine phosphate
— component of media B8/11, 15
Betula sp. C7/1
Biotin
— non-radioactive DNA labelling D8/6
Brassica sp.
— somatic hybrids D3/3; D6/2, 5
— thin cell layers H4/2
Brassica campestris
— in interspecific cross E4/1, 2
Brassica fruticulosa
— in interspecific cross E4/2
Brassica gravinae
— in interspecific cross E4/2
Brassica juncea
— in interspecific cross E4/2
— in vitro culture of zygotic embryos
E5/1-19
Brassica napus
— cytological analysis C4/3
— in interspecific cross E4/2
— protoplast transformation and regeneration
A10/2, 3, 17-19; B4/1-24
— shoot cultures B4/9, 21
— somatic hybrids D3/3, 5
Brassica nigra
— isolation of nuclei D7/9, 13
Brassica oleracea
— host for Heterodera schachtii HS5/3
— in interspecific cross E4/1
— microprojectile bombardment D1/5, 6
Brassica spinescens
— in interspecific cross E4/2
Brassica spinescens
— in interspecific cross E4/2
a-bromonaphthalene
— to arrest mitosis C4/3, 9; D8/2, 5
Brugmansia spp.
— tropane alkaloids G1/15
Buffers A1/24; A8/15; A9/24; A11/6; B9/9;
B11/14; B12/17; C4/9; C5/4, 6, 8, 11; C6/8;
C7/10; D6/3, 4, 6; D7/11, 12; D8/2, 3, 4, 6;
E2/7, 8; F2/40, 41; G1/12, 13; H1/9, 13, 17,
19, 20; H3/11, 17
Butomopsis sp.
— endosperm culture E3/1

3C5ZR medium B11/3-5
Caffeine

— production in vitro E3/9
Calcium hypochlorite



— as sterilant C7/7;, H4/7
Callus cultures
— embryogenic A5/5, 9, 12; A9/3, 4, 9-11,
23, 24, 27-30; B1/1-16; B9/1; C7/2-4,
7-9; E2/3
— initiation and maintenance A2/1-19;
A9/3, 4,9-11, 23, 24
— eucalyptus C8/7, 8, 17
— potato B5/2, 5
Calystegia spp.
— alkaloid biosynthesis G1/1
Capsella spp.
— embryos E5/2
Carbenicillin
— to control Agrobacterium A4/9; B5/5-8;
B6/3-5; B11/4, 5, 10
— to control culture contamination A2/16
Carbol fuchsin
— in cytology C4/11
Carbon dioxide
- regulation/determination in cultures: see
‘photoautotrophic cultures’
Camation: see ‘Dianthus caryophyllus’
Camnoy’s fixative
— in cytology C4/7
Carrot: see ‘Daucus carota’
Casein hydrolysate
— component of media A1/6, 17; AS/9, 12;
A9/9, 11, 24; B1/5, 11; B5/8; B9/10, 11;
B13/41; C3/11; C7/2, 7, 8; C8/17; C9/21;
D4/11; D9/12; E3/2-8, 11-13; E4/5, 6;
E5/7
Catharanthus roseus
— alkaloid biosynthesis G3/1-23
— anthocyanin production A3/6, 12; G2/1,
19
— callus culture E3/9, 11
— growth in suspension culture A3/6, 9, 19,
12
induction of synchrony in suspension
culture H3/1-31
Cattleya
— in vitro culture C1/3; C6/7
Cauliflower: see Brassica oleracea
Cauliflower mosaic virus (CaMV) 35S RNA
gene promoter B2/1; B3/14; B4/2, 3;
B10/2; B12/3; D1/9; D2/3
Cefotaxime (Claforan)
— to control Agrobacterium A4/9;
A6/11-13; B5/5-8; B7/2, 7, B8/3, 12-14
— to control culture contamination A2/1
Cell cycle A3/2; C4/3; E1/1; H3/1-31

|

Cell number, determination of A3/15, 17,
H2/9; H1/27; H3/7
— see also packed cell volume
Cell suspension cultures
— biosynthesis of indole alkaloids G3/1-23
— cytology C4/9, 10
— embryogenic A9/11-24, 29; B1/1-16;
B2/3, 5,7, 9, 11; B3/1-3, 8, 14; B9/1, 3;
B10/3, 4; B12/1-20; B13/1-46; C3/11,
12; D1/9
— in eucalypts C8/7, 8, 17
— inducton of synchrony H3/1-31
— growth curve A3/2, 5, 6, 13-17
— initiation and maintenance A2/2-21;
A3/1-21; B6/5; D7/2, 9; E1/3, 4,9
— microprojectile bombardment B12/1-20;
D1/9; D2/2
— mutagenesis C7/4
— transformation B12/1-20; C7/10
Cell viability, determination of
— fluorescein diacetate staining A3/15, 17;
B9/3; C9/19; D5/3; H3/5
Centaurea cyanus
— anthocyanins G2/1, 9, 13, 17, 18
Ceratadon purpureus F2/1
Cereals
— cytology C4/3,7
— embryogenic cultures B1/1-16; B9/1-13;
B12/1-20
— endosperm culture E3/1-5, 9, 10, 16, 17
— transgenic B1/1-3; B9/1-13; B10/1-11;
B12/1-20
— see also Hordeum vulgare, Oryza sativa,
Sorghum, Triticum aestivum, Zea mays
Chalcone synthase
— assay G2/15, 16
— see also ‘anthocyanins’
Chenopodium quinoa
— in virus testing C6/3
Chenopodium rubrum
— photoautotropic cultures H1/1, 7, 9, 10,
19, 20, 25
Chlamydomonas
— microprojectile bombardment D1/1
Chloramphenicol
— inducer of embryogenesis C7/3
Chloramphenicol acetyltransferase (CAT)
gene/enzyme B13/2; C7/5
Chloramphenicol acetyltransferase (CAT) assay
B4/2; B7/7, 8; B10/2
2-Chloroethyltrimethyl ammonium chloride
(CCcC)
— inhibitor of gibberellin synthesis C7/3



a-Chloronaphthalene — clonal propagation C3/1-16

— to arrest mitosis D8/5 — cryopreservation C9/1-27
p-Chlorophenoxyacetic acid — transformation B13/1-46
— component of media B6/5 Contamination of cultures by microorganisms
Chlorophyll content — methods of control A2/7, 13, 15, 16;
— determination H1/27, 28 A3/20
— in cultures H1/5, 7 — see also ‘sterilization’
Chloroplasts Cotton: see ‘Gossypium hirsutum’
— DNA (plastome) D4/1-3, 13, 15, 16; 4 CCPU
D6/1-4 — component of media C8/17
— microprojectile bombardment D1/1; D2/5 CPW salts solution D4/5-7; D9/3, 5, 9-11
— mutants F1/2, 13 Croton sp.
— transfer El/1; see also ‘Cybrid’ — endosperm culture E3/2, 6
Chlorsulphuron Cryopreservation (freeze preservation)
— selective agent A8/9; D7/5 — suitable tissues AS5/11; C/4, 12
Chromium trioxide solution — of Catharanthus roseus G3/1
— for cell counts A3/15, 17 — of conifers B13/37; C9/1-27
Chromosomes — of moss F2/7
— cytological techniques C4/1-13 Cucumis sativus
— inactivation, elimination for cybrid — endosperm culture E3/2, 5
production D4/2, 7 Cybrid (cytoplasmic hybrid)
— in situ hybridization A11/1; D8/1-15 — production and selection A10/3;
— see also ‘nuclei, isolation and uptake’ D4/1-17; E1/1
Chrysanthemum sp. Cymbidium
— virus elimination C6/7 — in vitro culture C1/3
Cinchona sp. Cytoplast
— alkaloids G3/4 — see ‘Cybrid’
Citropsis gilletiana
— in somatic hybridization C7/4, 13 Dactylis glomerata
Citrus spp. — protoplast transformation, regeneration
— clonal propagation C7/1-18 AS/1; B3/1-15
— endosperm culture C7/3; E3/2, S, 16 — somatic embryogenesis A5/1-15; E2/2
— somatic embryogenesis C7/1-4, 7-10, 13  DAPI stain (4',6-diamidino-2-phenylindole)
Claforan: see ‘cefotaxime’ — DNA stain H2/13; H3/9, 11, 17
Clover: see Trifolium sp. Datura spp.
Coconut water/milk — alkaloid biosynthesis G1/1, 5, 15
— component of media A1/6; A9/1, 9-11; — embryo culture ES5/1
B1/11; C1/2, 5, 6; C7/8; C8/17; D4/11; Datura innoxia
E3/2-5; E4/S; ES/7 — protoplast fusion D3/6
Cocos nucifera (coconut palm) — auxotrophic mutant D7/5, 9, 13, 17
— propagation C2/1 Daucus carota
— endosperm culture E3/2, S — anthocyanins G2/1, 18, 19
Codiaeum sp. - callus culture A2/5-9
— endosperm culture E3/2, 9 — cell suspension culture A3/7, 8
Coffea arabica — somatic embryogenesis A9/1-32; E2/1, 2
— endosperm culture E3/2, 9 Dendrobium
Colchicine — in vitro culture C1/3
— to arrest mitosis C4/3, 9, 11; D8/2 Dendrophthoe sp.
— in ovule culture C7/3 — endosperm culture E3/2, 6, 7, 12
Conditioned medium Denhardt’s solution
— for protoplasts A9/20; A10/1; B3/7, 11 — in nucleic acid hybridization reactions
Conifers D8/3, 8
— cell suspension cultures C3/11, 12 Deoxyribonucleic acid (DNA)



— carrier DNA, in direct gene transfer
A772, 8,9; B3/11, 13; B4/13, 16; B10/5,
6

— DNA-DNA hybridization and
autoradiography C5/13, 14, 16; D7/5;
D8/1-15

— isolation B11/13, 14; C5/2—4, 15; see
also organellar DNA

— organellar DNA D4/15, 16; D6/1-8

— probe isolation, oligolabelling, nick
translation C5/9-11, 16; D8/2, 3, 6, 7

— plasmid DNA

— Agrobacterium A6/2; A8/1-17; B8/1, 2,
5-7; B7/7; B11/1, 3, 9, 13-15

— direct gene transfer A7/1, 7, 8; B2/13;
14; B3/11, 13, 14; B4/2, 5, 13, 16; BY/S;
B10/2, 5, 6, 10; B12/3, 7, 9, 10, 18;
B13/7, 25; C7/4, S, 10; D1/5, 9; D2/3, 7,
11

— restriction endonuclease digestion C5/2, 5,
6, 15; D6/3

— Southern blotting A6/2; C5/7, 8, 15;
C6/4; D4/16

— see also ’transient gene expression’

Dextran sulphate

— as protoplast fusogen D9/1

4’,6-Diamidino-2-phenylindole (DAPI)

— DNA stain H2/13; H3/9, 11, 17

Dianthus caryophyllus

— photoautotrophic cultures H1/1, 25

— virus elimination C6/7

3,6-Dichloro-o-anisic acid (DICAMBA)

— component of media A5/3, 9, 11, 12;
B1/5

2,4-Dichlorophenoxyacetic acid (2,4-D)
— component of media Al/4; A2/6;
A3/8-10, 20; A5/11; A6/1, S, 7, 8; AT/S;
A8/1, 9, 15; A9/1, 9, 11, 13, 29, 30; B1/1,
2, 5, 11-13; B2/4; B3/13; B4/17; B5/2, 8;
B9/3, 9-11; B10/5, 10; B11/4; B12/17;
B13/41; C2/4; C3/4, 11; C7/8, 9; C8/17,
C9/21, 22; D5/5; D7/17; D9/12; E1/3, 9;
E2/3; E3/2, 3, 5-8; E4/6; F1/7; G2/19;
H1/2, 9, 10; H3/19, 25-27
— resistance to C7/4, 13
Diethyldithiocarbamate

— inhibitor of phenol oxidases D7/3
Digitaria sp.

— thin cell layers H4/2, 21
Digoxigenin

— non-radioactive DNA labelling D8/36, 7,
11

Dihydrofolate reductase

— selectable marker A6/2
6-(y,y-dimethylallylamino)purine
— component of media E3/6, 7, 13
Dimethyldichlorosilane (repel silane)
— siliconization of glassware E1/7, 9
Dimethylsulphoxide
— cryoprotectant C9/6, 11, 17, 22, 23
— in protoplast fusion D5/13; D7/13
— solvent for plant growth substances
A6/12, 13; A8/16; B11/4
2,4-Dioxohexahydro-1,3,5-triazine (DHT)
— antiviral chemical C6/2
Diphenylurea
— component of media E3/5
Diphenylurea thidiazuron
— component of media B8/8
Direct gene transfer AS5/11; A6/3; A7/1-20;
B1/1, 3; B2/1-17; B3/8, 11-14; B4/1-24;
B7/1; B8/1; B9/1-13; B10/1-11; B12/1-20;
B13/1-46; D1/1-12; D2/1-14; E1/1
— see also ’electroporation’,
‘microinjection’, ‘microprojectile
bombardment’, ‘nuclei, isolation and
uptake’, ‘polyethylene glycol’, ‘polyvinyl
alcohol’
Doritis
— in vitro culture C1/3
Dragendorf’s reagent
— for alkaloid detection G3/7
Dry weight, determination of A3/16, 17

Elaeis guineensis (oil palm)
— in vitro culture C2/1, 2

Electrofusion
— of gametes E1/1-12
— see also ‘Protoplasts’

Electroporation A7/1; B2/3, 5, 9, 11, 13, 15;
B3/11, 13, 14; B4/2; B7/1; B9/1-13; B12/1;
B13/2; C8/8; D3/1-3; E1/1

Emblica sp.

— endosperm culture E3/2, 5

Embryo culture

— zygotic embryos E5/1-19; see also
‘somatic embryos’

Embryo rescue
— hybrids E4/1-8

Endosperm culture E3/1-21
— in Citrus C7/3

Enucleation of protoplasts D4/2

Enzyme assays
— in anthocyanin biosynthesis G2/15, 16
— in tropane alkaloid biosynthesis

G1/11-16



— in indole alkaloid biosynthesis G3/8-19
Enzyme-linked immunosorbent assay (ELISA)
— hybridoma screening E2/5-7
— in virus testing C6/2-5, 8,9
— NPT assay B13/7
Epidendrum
— In vitro culture C1/3
Equipment
— general Al/S, 6, 14; A2/2; A3/2, 3; A4/1;
B8/4; D2/7, 8
automated micropropagation C2/7-9
— electrofusion D3/3, 7, 8; E1/2-9
— electroporation B4/15
— embryo microdissection ES/S, 6, 14
fluorescence-activated cell sorter
D5/1-19; H3/29
— micromanipulation A10/1-28
— microprojectile bombardment B12/1-20;
B13/9, 10; D1/1-12; D2/1-11
— photoautotrophic cultures H1/17-25, 28
— protoplast isolation A11/2; D9/13
Erigeron sp.
— endosperm culture E3/1
Erucastrum gallicum
— in interspecific cross E4/2
Erucastrum sativa
— in interspecific cross E4/2
Erythroxylon spp.
— alkaloid biosynthesis G1/1
Ethanol
— as sterilant A2/5, 6, 11, 12, 15; A3/10;
A4/5, T, AS5/3; A6/5; AT7/8; A8/S; B1/S, 7,
B2/7; B4/9; B7/3; B11/3; B12/5; C1/2;
C3/11; C6/7; C8/3, 11; D2/7; D5/11; E1/2,
7; E3/15, 16; H5/9, 11
Ethephon
— component of media C7/3
Ethylene
— effect on chlorophyll synthesis in cultures
H1/2, 21
Ethyl-methanesulphonate (EMS)
— use as mutagen F1/2, 11, 12
N-Ethyl-N-nitrosourea (NEU)
— use as mutagen F1/2, 9-12
Eucalyptus spp.
- clonal propagation C8/1-24
Euphorbia sp.
— endosperm culture E3/2, 4, 5, 15
Euphorbia characias
— photoautotrophic cultures H1/25
Evan’s Blue stain D7/4, 8, 15
Exocarpus sp.
— endosperm E3/1, 2, 6, 11

Feeder layers: see ‘nurse cultures’
Fertilization, in vitro A10/3
Feulgen stain
— in cytology C4/3-5, 11; H3/9
Fixatives
— in cytology C4/1-13; D8/2, 5
Flounder antifreeze protein
— in transgenic plants C7/13
Flow cytometry: see ‘fluorescence-activated cel
sorting’
Fluorescein diacetate (FDA)
— fluorochrome marker DS5/9
— see also ‘cell viability, determination of
Fluorescein isothiocyanate (FITC)
— fluorochrome marker D5/9, 13, 14
Fluorescence-activated cell sorting (FACS),
flow cytometry A11/1; D5/1-19; D9/2;
H3/2, 15, 24, 29
p-fluorophenylalanine F2/23
Fragaria sp.
— virus elimination C6/5, 7
Freund’s adjuvant E2/4
Fresh weight, determination of A3/16, 17,
H1/27
Fritillaria sp.
— endosperm E3/1
Funaria hygrometrica
— protoplasts A10/2, 3, 17-19; F2/1

G418 (geneticin)

— selective agent A6/2, 11, 12; A7/1, 7, 13,
17; B3/14; B7/2, 8; B10/2, 6, 7, 10;
B13/3; F2/31

Gamborg’s medium: see ‘B5S medium’
Gametes

— isolation E1/1-12

— see also ‘Electrofusion’
Gamma radiation

— use as mutagen F1/2
Gas chromatography/mass spectrometry

— in alkaloid analysis G1/15

— see also ‘mass spectrometry’
Gelose

— component of media H4/11, 15
Gelrite

— component of media Al/7, 14; A2/1;
A5/3; A9/29; B11/4; C3/7, 11; C8/5, 11,
15; H4/11, 15; H5/7, 13

Geneticin: see ‘G418’
Gentamycin
— selective agent B6/5
Gentamycin acetyltransferase
— selectable marker A6/2



Geranium spp.
— anthocyanins G2/12
Gerbera spp.
— anthocyanins G2/12
Gibberellins
— components of media A1/4-6; A6/8, 12;
B4/17; B5/2, 7, 8; B11/4; C7/7-9; C8/5,
13; D4/3; E3/2-5, 7, 8, 12, 15, 16; E4/6;
G2/18
Giemsa stain
— in cytology D8/2, 6,9
Glucose
— component of media B10/6, 10; H4/15
B-glucuronidase (GUS) assay, reporter gene
AG6/11; A7/8; B2/11, 13, 14; B4/2-5, 7, 19,
21; BS/S; B7/7, 8; B8/9, 12; B10/2; B12/3,
10, 11, 15, 18; B13/2, 3, 11-15, 42; D1/5, 6,
9; D2/3, 8, 9, 11; H5/13
— as enzyme in gamete isolation E1/2
Glycine: see ‘vitamins’
Glycine max
— microprojectile bombardment D1/1
— photoautotrophic cultures H1/7
Gomphrena globosa
— in virus testing C6/2
Gossypium hirsutum
— microprojectile bombardment D1/1
Grasses (Gramineae)
— in vitro culture AS5/1-15; B1/1, 3, 4
— transformation B2/1; B3/1-15; B10/1
Green banana, homogenized
— component of media C1/2, 4, 6
Growth measurements: see ‘cell number’, ‘dry
weight’, ‘fresh weight’, ‘packed cell
volume’
Gymnosperms
— conifers, clonal propagation C3/1-16

[*H]thymidine
— determination of incorporation into DNA
H3/13, 23, 28
Hairy roots A4/1; C8/6, 8; G1/5, 6
Haplopappus gracilis
— anthocyanins G2/1, 17
Helianthus sp.
— thin cell layers H4/2
Herbicide resistance
— transfer by protoplast fusion D6/1
— see also ‘phosphinothricin
acetyltransferase’
Heterodera schachtii
— infection of plants H5/1-17
Hibiscus cannabinus

— protoplasts C8/8
High performance liquid chromatography
(HPLC)
- of anthocyanins G2/12, 13
- of indole alkaloids G3/7, 19
Hoechst dye D7/4, 8, 15
Hoogland nutrient solution A1/23; F2/37
Hordeum marinum
— protoplasts B10/2
Hordeum murinum
— protoplasts B10/2
Hordeum vulgare
— endosperm culture E3/2, 4, 5, 17
— protoplasts B10/1-11
— thin cell layers H4/21
— transformation B2/1; B10/1-11; B12/2;
D2/1
Hyacinth
— cytological analysis C4/3
Hybridomas E2/2-7
Hydrogen peroxide
— as sterilant C3/7
S-Hydroxynitro-benzyl-bromide (HNB)
— inhibitor of auxin synthesis C7/3
Hygromycin B
— selective agent A6/2, 11, 12, 15; A7/1, 2,
13, 17; A8/9; B2/3, 13; B3/14; B4/2, 5, 6;
B5/5-8; B6/5; B10/7; B12/3; F2/31
8-Hydroxyquinoline
— to arrest mitosis C4/3
Hygromycin phosphotransferase (enzyme,
gene) A6/2, 11, 15; A7/2, 7, 8; B2/3;
B3/14; B9/2; C7/5
Hyoscyamus spp.
— alkaloid biosynthesis G1/1
Hyoscyamus albus
— root cultures G1/3
Hyoscyamus niger
- root cultures G1/3

Immunization of mice E2/4
Indole-3-acetic acid (IAA)

— component of media Al/1, 6; A3/20;
A7/5; A8/15; B5/6; C17/3, 8; D1/7; D4/13;
E3/2, 3, 6-9, 11-13; H1/2

IAA-aspartic acid
— component of media B11/4
Indole alkaloids

— biosynthesis in Catharanthus roseus
G3/1-23

— extraction and purification G3/6-8

— enzyme assays G3/8-19

Indole-3-butyric acid (IBA)



— component of media Al/4; A6/8, 13;
B5/6; B8/3, 13, 14; B12/13; C3/3, 8, 9;
C8/6, 13; E3/2, 3, 7, 8, 11, 13; G1/3;
H4/15

In situ hybridization: see ‘Chromosomes’
In vitro fertilization
— in maize El/1-12
Iodoacetate
— antimetabolite D4/7, 9
Iris pallida
— thin cell layers H4/2, 21
Irradiation of protoplasts (cybrid production)
D4/2,7
2-isopentenyladenine,
2-isopentenylaminopurine (2-iP, IPA)

— component of media A1/4; A6/2, 8, 12;
A7/5; A8/1, 2, 15; B4/17; C2/4; C3/1, 8;
C17/3; E3/13

Jatropha sp.

— endosperm culture E3/2, 6
Juglans sp.

— endosperm E3/1, 2,5, 8, 16
Juniperus spp. (Juniper) C3/1
K3 medium

— protoplast culture A11/3, 6, 7; 1/5-11, 15

Kalanchoe blossfeldiana
— callus culture HI1/1
Kanamycin

— selective agent A6/2, 11, 12, 15; A7/1, 7,
13; A8/1, 3, 9, 10, 13-15; A10/25; B3/14;

B4/1, 2, 5; B5/5-8; B6/3-6; B7/1, 2, 7-9;
B8/1, 5, 7-9, 11, 12, 14, 15; B9/2, 9;
B11/3-5, 7, 10, 11; B13/3, 31-39; C7/4,
10; D1/7; D2/5; D7/5; G1/6

— to control culture contamination A2/16

Kao and Michayluk’s medium B1/13; B3/3, 7,

9,13

— modified for embryo culture ES/7, 8
Kinetin

— component of media Al/4; A2/12; A3/8,

9; A6/7, 8; A7/5; A8/15; C7/3, 8, 9; C8/4,

6, 13, 17; D4/13; D9/12; E1/3, 9; E2/3;

E3/2, 3, 5-8, 11-13; E4/5, 6; H1/2; H4/15

Knop medium HS/9, 11, 15
Knudson C medium C1/1

L3 medium B12/17

— and further modifications B12/5, 13, 17
Larix spp. (larch, tamarack) C3/1

— cryopreservation C9/3, 5, 7, 11, 17

— transformation B13/1, 2, 37
Leaf strip mutagenesis F1/2, 13

Leptomeria sp.
— endosperm culture E3/2, 6, 7, 11
Light regime for cultures, plants A2/S; A3/7,
9, 12; A4/1, 7,9, 10; AS/3, S, 7-9; A6/S;
A7/3, 13-15, 17; A8/S; B2/7, 9, 13; B3/7,
11; B5/5; B7/3, 7; B9/7, 8; B10/3-5, 7;
B11/5, 9, 10; B12/13; C1/2, §; C3/7, 11;
C6/7, C7/1, 9, 10; C8/8, 9, 13; D4/3, 5, 9,
15; D5/3; D9/8; E1/8; E3/15, 16; ES/14;
F2/3; H1/3, 9, 15, 18, 20, 23, 28; H2/3;
H4/5, 13
Libocedrus sp.
— transformation B13/1
Lilium sp.
— pollen transfection B13/3
— virus elimination C6/2
Lincomycin
— chloroplast-encoded resistance D4/13;
F1/13
Linsmaier and Skoog medium Al1/1; G1/3
Linum austriacum
— in interspecific cross E4/1
Linum perenne
— in interspecific cross E4/1
Litvay’s (LM) medium B13/5, 41; C9/11, 17,
21
Lolium spp.
— endosperm culture E3/2,5,9
~ seed sterilization A2/16
Loranthaceae
— endosperm culture E3/4
Luciferase
— reporter gene, enzyme assay B13/2, 3,
11, 19, 42; D2/11
Luria -Bertani (LB) medium (Luria broth)
A8/9, 10; BS/5, 7; B6/7; B7/7, 8; B8/11, 15;
B11/3, 11
Lycium sp.
- endosperm culture E3/2, 5
Lycopersicon esculentum
— endosperm culture E3/3, 15
— photoautotrophic cultures H1/7
— pollen genes D2/2-5
— pollen transfection D2/3
— roots A4/2
— transformation B6/1-9
Lycopersicon pennellii
— hybrid with L. esculentum B6/1, 4
Lycopersicon peruvianum
— chloroplast mutants F1/2, 13
— hybrid with L. esculentum B6/1
Lygus sp.
— pest of carrot A9/4



Maize: see Zea mays
Male sterility

— cytoplasmic B1/3; D6/1
Malt extract

— component of media C7/3, 7, 8; E3/5
Maltose

— component of media B10/6, 9
Malus pumila

— endosperm culture E3/3, 5, 15

— regeneration and transformation B8/1-18

— virus elimination C6/2
Malus prunifolia

— shoot regeneration B8/5
Mangifera sp.

— somatic embryogenesis C7/1
Mannitol

— as osmoticum: see ‘protoplasts’, ‘Zinnia

elegans’

Mass spectrometry

— in anthocyanin analysis G2/12-14
Matthiola incana

— anthocyanins G2/3, 5
McCown woody plant medium C8/4
Medicago varia

— cell suspension cultures H3/3
Melandrium album

— chromosome spread D8/11
Meloidogyne incognita

— infection of plants HS5/1-17
Mercaptobenzthiazol

— inhibitor of phenol oxidases D7/3
Methotrexate

— inducer of embryogenesis C7/3

— selective agent AS8/9; B4/2; B13/3; D7/5
1-Methyl-3 nitro-1-nitrosoguanidine (MNNG,

NTG)

— use as mutagen F1/2; F2/11-17
N-Methyl-N-nitrosourea (NMU)

— use as mutagen F1/2, 10-13
Mercuric chloride

— use as sterilant C8/15; E4/3; H5/7, 8, 13
Meristem culture A4/2; C6/1, 7
Mesembryanthemum crystallinum

— photoautotrophic cultures H1/7
Metroxylon sp.

— propagation C2/1
Microinjection A7/1; B4/1; D7/6; E1/1

— see also ‘micromanipulation’
Micromanipulation A10/1-28

— see also ‘microinjection’
Micronuclei D7/6
Microprojectile bombardment

— somatic tissues A5/11; B1/3; B3/2; B8/1;
B10/1; B12/1-20; B13/1-46; D1/1-12;
F2/35

— pollen B13/3, 4, 23, 25; D2/1-14

Micropropagation C6/1, 5, 7

— apple B8/1, 3-6

— conifers C3/1-16

— eucalypts C8/1-24

— orchids C1/1-7

- palms C2/1-14

— use of embryogenic cultures AS5/11;
C3/2, 4, 6, 11-13

Miltonia

— in vitro culture C1/3
Minimal medium (for Agrobacterium) B11/10
Mitochondria

- DNA D6/1,2,5,6

— transfer E1/1; see also ‘Cybrid’
Mitotic index

— determination of H3/9, 11
Monoclonal antibodies

— to markers for embryogenesis E2/1-9
Morel vitamins A11/6, 7
Moss F2/1-43
MSG medium C9/11, 22
Murashige and Skoog medium Al/1,2,7,9,

10, 13, 16; A2/6, 11, 12; A3/8-10; A4/7, 9,

11; A6/5, 6, 11; A8/15; A9/9-11; A11/2, 6,

7; B1/5, 11, 12; B2/7; B5/2, 5, 7, 8; B6/3-7;

B7/3, 8, 9; B8/3, 5, 11, 13-15; B9/1, 9;

B11/3-6, 9, 10; B12/13, 17; C6/7; C7/7, 9;

C8/4, 6, 11-14; D1/7; D2/8, 11; D5/3, 5, 13;

D7/17;, D9/12; E1/3, 9; E2/3; E3/2-5, 7, 8,

12; E4/4, 5; F1/7; H1/2, 9, 10; H3/2, 3, 17,

19, 26; H4/15

Murashige and Tucker medium C7/7, 9
Mutagenesis in vitro F1/1-17; F2/1-43
Myeloma cells: see ‘Hybridomas’

N6 medium Al/1, 2; B9/1, 3, 9-11
a-naphthalene acetic acid (NAA)
— component of media Al/4, 5; A2/12;
A3/20; A6/8, 12; A9/1, 9, 11, 13; A11/5,
7; B3/13; B4/17; BS/2, 8; B7/9; B11/4;
C2/4; C3/4; C7/3, 8; C8/6, 11, 13, 17;
D4/11, 13; D5/8; D9/12; E3/2, 3, 5, 7, 13;
E4/6; F1/7; H1/2; H2/7
Nautilocalyx sp.
— thin cell layers H4/2
Neomycin phosphostransferase (enzyme, gene)
A6/2, 15; A7/1, 2, 7, 13; B2/3; B5/5; B7/1,
7, 8; B8/1, 9; B9/2; B10/2; B11/1, 5, 13, 14;
B13/1, 3, 11, 17; C7/4, 5, 10



Nematodes
— infection of Arabidopsis HS5/1-17
Nicotiana bigelovii
— protoplasts A10/19
Nicotiana debneyi
— protoplasts A10/19
Nicotiana plumbaginifolia
— protoplasts A7/1; F1/1, 2, 5-7, 9, 10, 13,
15
— mutagenesis F1/1-17
— shoot cultures F1/5, 6, 11, 13
Nicotiana suaveolens
— protoplasts A10/19
Nicotiana sylvestris
— chloroplast mutants F1/2, 13
Nicotiana tabacum
— callus culture A2/11-13
cell suspension culture A6/5, 7; B6/5;
B11/3, 5, 10; DS/5
chloroplast mutants F1/2, 13
cytological analysis C4/3
microprojectile bombardment D1/7
photoautotrophic cultures H1/23
— pollen transfection B13/3; D2/1-9
— protoplasts A4/2, 9; A7/1, 7; A10/2, 3,
15, 17-19, 25; A11/1-11; D4/3-17; D5/3,
5, 6, 13, 17
— shoot and root cultures A4/1-14
— thin cell layers H4/1-25
— transformation A4/2, 9; A6/1; B4/1;
B6/1; D1/7
Nicotiana undulata
— organellar genomes D4/3
Nicotinic acid: see ‘vitamins’
Nigella sp.
— endosperm culture E3/3, 5
Nitsch medium Al/1, 2; D4/3, 13, 15
Nopaline
— produced in transformed cells B8/1
Nopaline synthase (nos) gene
— screenable marker B8/1,9, 12
— termination sequence B11/13, 14; D1/9
Norfturazon
— component of media D5/13
Nuclei, isolation and uptake D7/1-20
Nuclear magnetic resonance spectroscopy
— in alkaloid analysis G1/15
— in anthocyanin analysis G2/12, 13
Nurse cultures/feeder layers A6/5, 7, 11,
A10/1-28; B2/3, 5, 11; B5/6; B6/3, 5; B7/8;
B8/7; BY/1, 7, 9; B10/4; B11/3, 5, 10; D4/7,
11; D5/11; E1/3, 5, 9
Nuytsia sp.

1
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— endosperm culture E3/3, 7
Nystatin
— to control culture contamination A2/16

Oats: see ‘Avena sativa’
Oenothera sp.

— genes isolated D2/2
Oilseed Rape: see ‘Brassica napus’
Oligomycin

— chloroplast-encoded resistance D4/13
Oncidium

— in vitro culture C1/3
Orange: see ‘Citrus spp.’

Orange G stain

— in cytology D8/6
Orchard grass: see Dactylis glomerata
Orchidaceae (Orchids)

— clonal propagation C1/1-7
Organ culture A4/1-14; G1/1-17
Organogenesis

— apple BS8/S, 6
Citrus spp. C7/1

— conifers C3/2, 3, 7-9

— from endosperm culture E3/1-21

— from thin cell layers H4/1-25
Oryzalin

— to arrest mitosis D8/2, 5
Oryza sativa

— embryogenesis AS5/11; E2/2

- endosperm E3/1, 3, 5, 17
protoplasts B1/3; B2/1-17; B3/1, 8
thin cell layers H4/21
transgenic B1/3; B2/1-17; B3/1; B12/1,
2
Ovule culture

— in Citrus C7/1-3, 7-9, 13

— hybrid embryo rescue E4/2, 4

|

Packed cell volume A3/16, 17; H1/27
Palms (Arecaceae)

— clonal propagation C2/1-14
Panax ginseng

— thin cell layers H4/21
Pantothenate: see ‘vitamins’
Papaver sp.

— chromosome isolation D7/6
Paper chromatography

— of anthocyanins G2/9
Paphiopedilum

— in vitro culure C1/2
Paraffin wax

— use during tissue sterilization A2/11-13
Paromomycin



— in selection of transformed cells B4/4-6;
B8/8; C7/5
Parsley: see ‘Petroselinum’
Patatin gene promoter
- B11/13, 14
Pea: see ‘Pisum sativum’
Pelargonium sp.
— virus detection C6/3
Peperomia sp.
— endosperm E3/1
Petroselinum sp.
— flavonoid metabolism G2/5, 6, 17, 18
— endosperm E3/1, 3, 5, 8, 16
Petunia sp.
— chromosome isolation D7/6
— genes isolated D2/2
— pollen nuclease D2/1
— thin cell layers H4/2, 16, 17
— transformation by Agrobacteria B4/1;
B6/1; B8/5
Petunia hybrida
— anthocyanins G2/3
— protoplast isolation and fusion D9/2,
5-13
Petunia parodii
— protoplast isolation and fusion D9/2—4,
7-13
Phalaenopsis sp.
— in vitro culture C1/2, 3
— thin cell layers H4/2, 21
Phaseolus vulgaris
— embryo sac E5/2
Phenylalanine ammonia-lyase
— assay G2/15
— see also ‘anthocyanins’
Phleomycin
— selective agent BS8/8
Phloroglucinol
— component of media B8/3
— stain for lignin H2/11
Phoenix dactylifera (date palm)
— clonal propagation: see ‘palms’
Phosphinothricin (PPT; BASTA)
— selective agent B4/2, 5, 6; B12/3, 13, 15,
18
Phosphinothricin acetyltransferase (PAT; bar
gene) (enzyme, gene) A7/2; B9/2; B12/3,
15
Photoautotrophic growth
- in eucalypts C8/9
— establishment of cultures H1/1-30
Photosynthetic activity
— determination H1/28

Physcomitrella patens
— protoplasts A10/2, 17
— tissue culture, transformation, mutagenesis
F2/1-43
Phytophthora cinnamomi C8/9
Picea spp. (spruces)
— invitro culure C3/1, 11, 12, 13
— cryopreservation C9/3, 5,7, 11, 17
— transformation B13/1-3, 9, 37
Picloram
— component of media Al/4; B1/5; C3/11
Pinus spp. (pines)
— clonal propagation C3/1, 3, 5-9
— cryopreservation C9/3
— transformation B13/1, 2
Pisum sativum
— anthocyanin mutant G2/5
— somatic embryogenesis E2/2, 3
— thin cell layers H4/2
Plating efficiency
— protoplasts B10/5, 7
Pollen
— embryogenesis ES5/1
— source of male gametes E1/1-12
— standard for cell sorting D5/7, 9-11
— transformation B13/3, 4, 23, 25; D2/1-14
Polyethylene glycol (PEG)
— for direct gene transfer A1/13; A7/1, 2,
7-9; B2/3; B3/11, 13, 14; B10/1, 2, 5, 6,
10; B12/1; B13/2; C7/4, 5, 10, 11;
F2/31-33, 40
— for hybridomas E2/4,5
— for protoplast fusion A1/13; B9/1, 2;
D3/2, 9; D4/1, 2, 9, 11; D5/13; D9/1-15;
F2/29
— for uptake of nuclei D7/4, 13
— osmoticum in cryopreservation C9/6
— to improve protoplast viability A11/5, 9,
10
Polymerase chain reaction (PCR)
~ for detecting transgene integration B11/1,
6, 13-15; B13/37, 39
— for detecting mRNAs E1/1
Polyvinylalcohol (PVA)
— in direct gene transfer A7/1
— in protoplast fusion D9/1
Polyvinylpyrrolidone
— inhibitor of phenol oxidases C8/3; D7/3
Poncirus trifoliata
— genetic marker C7/7
— organogenesis, protoplasts C7/1, 4
Populus sp. C7/1
— anthocyanins G2/19
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— cell culture synchrony H3/3 — transformation B13/1, 2

Potato: see ‘Solanum tuberosum’ Psophocarpus
Potato extract — thin cell layers H4/2
— component of media E3/3 Putranjiva sp.
Potting out plants - endosperm culture E3/3, 6, 13, 16
- E4/3,5 Pyridoxine-HCI: see ‘vitamins’
Protein A-linked immuno-electron microscopy
(PALIEM) Quoiri and Lepoivre medium C8/4
— in virus testing C6/4, 9
Protein determination B4/19; B13/21; E2/3 Radioimmunoassay
— antibody screening E2/5-8 — for indole alkaloids G3/8
Protoplasts Raffinose as osmoticum B13/5
— chromosome preparations C4/1, 11; Raphanobrassica
D8/5, 6, 8 — in interspecific cross E4/2
— endosperm cells E3/9, 10 Raphanus sativus
— in eucalypts C8/8 — protoplasts A10/19
— fusion (chemical) A11/1-11; D3/1, 9; Rauvolfia serpentina
D4/1-17; D5/1, 13, 14; D7/2, 4-8, 13; — alkaloids G3/4-6
D9/1-15; F2/29 Rauvolfia vomitoria
— fusion (electrical) A10/2, 3, 6, 8, 17; — alkaloids G3/7
D3/1-11; D4/1; D9/1 Respiratory activity
— KCl as osmoticum B10/3 — determination H1/27
— mannitol as osmoticum A1/15; A7/4, Restriction fragment length polymorphism(s)
7-11; A11/7; B1/13; B2/14; B3/11, 13; (RFLP)
B4/16, 17; B9/3, 9, 11, C7/9-11; D5/5, 7, — of organellar genomes D4/15, 16;
8, 13; D7/3, 10, 13; D9/11, 12; H3/17 D6/1-8
— micromanipulation A10/1-28 — of somaclones C5/1-18
- moss F2/9, 23, 25, 29-33 — of somatic hybrids D9/2
— mutagenesis F1/1-17 RFLP: see ‘restriction fragment length
— ovule cells C7/4, 5, 8-11 polymorphism’
— regeneration A2/2; A7/1-20; A9/2; Rhodamine-6G
B1/1-16; B2/1-17; B3/1-15; B9/1-13; — antimetabolite D4/7
B10/1-11; D9/10 Ribavirin: see ‘virazole’
— source material A1/14-17; A4/2; AS5/11; Rice: see Oryza sativa
B4/1-24; B7/1 Ricinus communis
— stable transformation A7/1-20; B1/3; — endosperm culture E3/3, 4, 6, 16
B2/1-17; B3/1-15; B4/3; B7/1; B9/1-13; Ridomil
B10/1-11; C7/4, 5, 10, 11; F2/33-35 — fungicide C8/19
— wall-digesting enzymes A1/15; A3/20; Rifampicin
A7/3, 7; B1/13; A11/5; B2/14; B3/3, 4; — to control culture contamination C8/4
B4/16; B9/9; B10/3, 10; C4/9; C7/9; RMOP medium F1/5-8
D3/1; D4/5, 6; D5/3, 5, 6; D7/9, 10; RM medium F1/6
D8/2; D9/11, 13; E1/2, 7, 8, 9; F1/6; RM solution F1/6, 7, 13
F2/9, 39, 40; H3/17 Root culture A4/1-14; G1/1-17
— see also: ‘cybrids’, nuclei, isolation and Rye: see ‘Secale cereale’
uptake’, ‘K3 medium’, ‘plating
efficiency’, ‘polyethylene glycol’, Saccharomyces cerevisiae
‘transient gene expression’, ‘somatic — microprojectile bombardment D1/1, 3, 4
hybrids’ Saccharum officinarum
Prunus sp. — in sugar production B7/1
— endosperm culture E3/3, 5 Saintpaulia sp.
- regeneration C7/1 — thin cell layers H4/2
Pseudotsuga (Douglas fir) C3/1, 5 Salt tolerance
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— Citrus C7/4, 13
Santalum sp.
— endosperm E3/1, 3, 6-9, 12, 15, 16
Schenk and Hildebrandt medium A5/3, 5,
7-9, 11, 13; B3/7, 14; C3/7, 11
Scilla spp.
— cytological analysis C4/3
Scurrula sp.
— endosperm culture E3/3, 6, 11
Secale cereale
— meiosis C4/7
Secondary metabolites

— cell line selection A10/17

— phenylpropanoids/flavonoids: see
‘anthocyanins’

— see also ‘tropane alkaloids’, ‘indole
alkaloids’

Sequoia spp. (redwoods) C3/1, 5
D-Serine F2/23
Shoot culture
— sugarbeet B7/3
— potato B11/1, 9, 10
— tobacco A4/1-14; A11/2
Shoot-tip grafting

— in Citrus C7/1, 2, 13
Silicon carbide

— for direct gene transfer B13/2
Silver nitrate

— component of media B5/6; B8/8
Sinapis alba

— host for Heterodera schachtii HS5/9, 13
Slow growth

— for germplasm storage C9/1
Sodium alginate

— embedding protoplasts A7/11, 13, 15
Sodium hypochlorite (bleach)

— as sterilant A2/5, 6,11-13, 15; A4/S, 7,
9; A6/5; A7/3; A8/5; A9/S, 6; B1/S, 7,
B2/7; B4/9; B5/7; B6/3; B11/3; B12/5;
C1/2—4; C2/3; C3/7, 11, C4/4; C6/7,
C8/3, 11, 15; D4/3; D5/11; E3/15, 16;
G1/5; H2/6; H5/9, 11

Sodium nitrate

— as protoplast fusogen D9/1
Soja biloxi

— thin cell layers H4/2
Solanum brevidens

— somatic hybrids D3/3, 5, 6, 9; D6/2
Solanum nigrum

— chloroplast mutants F1/2, 13
Solanum tuberosum C5/2

—~ cytology C4/3

—~ somatic hybrids D3/3, 9; D6/2

~ transformation by Agrobacteria B5/1-9;
B11/1-18
— virus elimination C6/2, 3,7
Somaclonal variation
~ in eucalypts C8/7, 8
~ in palms C2/2
~ in potato BS5/1
— inrice B2/3
~ in tomato B6/6
— RFLP analysis C5/1-18
Somatic embryos
~ carrot A9/1-32; G2/18
— Catharanthus roseus G3/2
- cereals/grasses A5/1-15; B1/1-16; B3/7;
B10/5
— Citrus spp. C7/1-4, 7-10, 13
— eucalypts C8/8, 17
— conifers B13/2, 29, 33-39; C3/2, 4, 6,
11-13
— from endosperm culture E3/1-21
- from artificial hybrids E4/1, 4, 5
— induced by exogenous antibiotics, growth
substance inhibitors C7/3
— palms C2/1-4,7
— protein markers E2/1-9
— from thin cell layers H4/1, 2, 21
Somatic hybrids
— of Citrus C7/4, 13
— of moss F2/29
— RFLP analysis of organellar genomes
D4/7; D6/1-8
— use of triploid protoplasts; E3/9
— see also ‘Protoplasts’
Sorbitol
— as osmoticum A9/20; B13/5; C9/6, 11,
22,23
Segrensen’s buffer
— in cytology D8/2, 6
Sorghum
— suspension culture B1/11
— thin cell layers H4/2, 21
Southern blotting: see ‘DNA’
Soybean: see ‘Glycine max’
Spectinomycin
— chloroplast encoded resistance B11/1, 3,
11; D4/13; F1/13
Spinacia oleracea
— photoautotrophic cultures H1/21, 23
Strawberry: see ‘Fragaria sp.’
Sterilization
— general procedures A1/6, 7, 13-15, 17,
A2/2, 5, 6, 11-13; A8/16
— chemicals A2/2, 5, 6, 11-13, 15, 16
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— equipment A2/2; B1/13; D5/11
— filter sterilization AG6/7, 12, 15; A7/4;
A8/16; B1/13; B3/3, 11; B10/9; B12/17;
D4/5; D5/11, 13; F1/6
— fruits (Citrus) C7/7
— nematodes HS5/7, 8, 13
— seeds A4/5, 7, A6/5; A7/3; A8/5; A9/4-6,
23; B1/5; B2/7; B4/9; B6/3; B7/3; C3/7,
8, 11; C4/4; C8/15; E3/15; F1/6; G1/5;
H5/9, 11
— tissue explants A4/9; AS5/3; B1/7; B4/21;
B5/5; B11/3; C1/2-5; C2/3; C6/7; C8/3,
4, 11; E3/16; E4/3; H2/5, 6; H4/7
Storage proteins
— markers of embryogenesis E2/2
— zeins E3/9
Streptomycin
— chloroplast-encoded resistance D4/3, 13;
F1/13
— for bacterial selection B7/7
~ to control culture contamination A2/16
Strictosidine-B-D-glucosidase
— enzyme assay G3/8, 17-19
— see also ‘indole alkaloids’
Strictosidine synthase
— enzyme assay G3/8-11, 15
— see also ‘indole alkaloids’
Succinic acid 2,2-methyl-hydrazide (ALAR)
~ inhibitor of gibberellin synthesis C7/3
Sugarbeet: see ‘Beta vulgaris’
Sugarcane: see ‘Saccharum officinarum’
Sulfadiazine
— selective agent F2/31
Sycamore: see ‘Acer pseudoplatanus’
Synchrony
— in cell suspension cultures H3/1-31

Tabernaemontana spp.
— alkaloids G3/6
Taraxacum sp.
— endosperm E3/1
Taxillus sp.
— endosperm culture E3/3, 6, 7, 11
Taxodium spp. (bald cypress) C3/1
Taxus sp.
— transformation B13/1
Tentoxin
— chloroplast-encoded resistance D4/13
Thiamine-HCI: see ‘vitamins’
Thidiazuron
— component of media C8/17
Thin cell layers (TCL)
— to study morphogenesis in vitro H4/1-25
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Thin-layer chromatography (TLC)
— of anthocyanins G2/9-12
— of tropane alkaloids G1/9
— of indole alkaloids G3/7, 13, 15
Thula spp. (arbor vitae) C3/1
Tiglyl-CoA:pseudotropine acyl transferase
— assay GUl/11, 12
— also see ‘tropane alkaloids’
Tobacco: see Nicotiana tabacum
Tomato: see Lycopersicon esculentum
Tomato juice
— component of media E3/3, 5
Torenia sp.
— thin cell layers H4/2
Transient gene expression
— in protoplasts A11/1-11; B2/3, 11; B4/4,
13, 19; B10/1, 5, 6; B12/3, 11; C8/8;
F2/31
— following microprojectile bombardment
B13/1-46; D1/1, 5, 6, 9; D2/1-14
— see also ‘chloramphenicol
acetyltransferase (CAT) assay’,
‘B-glucuronidase (GUS) assay’
2,4,5-Trichlorophenoxyacetic acid
— component of media Al/4
Triacanthine
— component of media E3/13
Trifolium sp.
— somatic embryogenesis E2/2
Triticale
— transformation B12/2
Triticum aestivum
— chromosome isolation D7/6
embryogenic cultures B1/3
— endosperm culture E3/3, 5, 17
— meiosis C4/7
— protoplasts B1/3
— thin cell layers H4/2, 21
— transformation B2/1; B12/1-20; D2/1
Tritordeum
— transformation B12/2
Tropane alkaloids
— biosynthesis in root cultures G1/1-17
— enzyme assays G1/11-16
— extraction and analysis G1/7-9
Tropinone reductase
- assay G1/13
— also see ‘tropane alkaloids’
Tryptophan decarboxylase
— enzyme assay G3/8-13
— see also ‘indole alkaloids’
Tsuga spp. (hemlock) C3/1
— transformation B13/1



Tween
— as surfactant A2/15; Ad4/5,7,9; A8/S;
A9/5, 6; B1/5; B6/3; B7/3; B11/3;
B12/15; C1/2-5; C2/3; C3/7, 11; C6/8;
C8/3, 11; E3/16

UDP-glucose pyrophosphorylase cDNA
- B11/13, 14
UM medium
— for cell suspension cultures D9/12
Uracil
— yeast selective agent D1/3, 4
UV radiation
— use as mutagen F1/2, 15; F2/17-21
Vacin and Went medium C1/1, 2, 5, 6
Vancomycin
— antibiotic A8/3, 10, 16
Vanda sp.
— in vitro culture C1/3
Verticordia spp. C8/5
Vibarabine
— antiviral chemical C6/2
Vicia faba
— cytological analysis C4/3
— thin cell layers H4/2
Vicia hajastana
— protoplasts D7/3, 5, 6, 9, 13
Virazole (ribavirin)
— antiviral chemical C6/1, 2,7, 8
Viruses
— elimination A4/2; C6/1-12
— testing C6/1-12
Viscaceae
— endosperm culture E3/4
Vitamins
— components of media A1/1-3, 6, 7, 9-11,
15-17, 22; A4/2; AS/3; A6/6; AT/S;
A8/15, 16; A9/9, 11, 15, 19, 24; B2/4;
B3/13; B4/17; BS5/2, 7, 8; B8/13-15;
B9/10, 11; B10/9; B11/4; B12/17; B13/41,
42; C2/4; C3/2, 12; C7/9; C9/21, 22;
D1/7; D2/11; D5/8; D7/17; D9/12; ES/7;
F1/6, 7, 13; F2/38; H2/7-8
— see also ‘Morel vitamins’
Vitis spp.
— anthocyanins G2/1, 19
Vitis vinifera

— endosperm culture E3/3
Vitrification A8/10; B8/3; C3/5, 7; C8/5
VKM medium D4/9-11

WS salts solution A7/3, 4, 7-9; A11/3, 5, 10;
D5/3, 6, 13; D8/2, 5; F1/5, 6

Wheat: see Triticum aestivum

White’s medium A9/9-11; E3/4-8, 11-13, 16

X-rays
— use as mutagen F1/2
Xylogenesis
— in Zinnia elegans cell cultures: H2/1-15

Yeast: see Saccharomyces cerevisiae
Yeast extract
— component of media E3/2-6; G1/6
- see also ‘Luria-Bertani medium’, ‘YMB
medium’
YEB medium A6/9
YEP medium B8/11, 15
YEPD medium D1/3, 4
YMB medium G1/5, 6
Zea mays
— embryogenic cultures B1/2, 3; B9/1
— endosperm culture E3/3, 17
~ feeder cells E1/9
— genes isolated D2/2, 4
— in vitro fertilization E1/1-12
— microfusion of gametes A10/3
— pollen transfection B13/3
— protoplasts A3/1; B1/3; B3/1; B9/1-13
— transient gene expression D1/9
— transgenic B1/3; B2/1; B3/1; B9/1-13;
B12/1, 2; D1/1; D2/1
Zeatin
—~ component of media A1/4; B1/13;
B6/5-7; B12/17; C8/4, 6, 13, 17, D9/12;
E3/2, 6, 12, 13
Zeatin riboside
— component of media B11/4
Zeins: see ‘Storage proteins’
Zephiran: see ‘benzalkonium chloride’
Zinnia elegans
— mesophyll culture system H2/1-15
Zygotic embryos
— in vitro culture E5/1-19
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