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ABSTRACT .

Pmtopla‘g‘;:s isolated from the econcmically important grasses dp/
not readily divide in culture. This is especially true of Zea mays
L. from which only one cell line, B73, has been established from a
primary protoplast culture. The cell line is not morphogenetic and
has cytogenetic abnormalities. e early physiological events of '
cell wall regeneration and DNA synthesis in protoplast gultures of
Zea mays L. (cultivar Seneca 60), the B73 maize cell line and

*Hyoscyamus muticus L. were studied to compare the non-regenerating

primary protoplast culture of Zea mays with two regenerating p‘roto¥
plast populations, B73 and H. muticus.

Cell wall regeneration and DNA éynthesis in the cultured A
protoplasts were analyzed with fluorescent dyes ap a fluorescence
activated cell sorter, the FACS II. Cell walls were\ (;tained with
Calcofluor White which tf}is research showed to be a quantitative
'stain for cellulose. DNA content was measured by the bindihg of
.P@oeg\:hst 33253.  Hoechst 33238 has been shown to be a quantitative
‘fIﬁc;roéhr;:me for DNA and a method v.é‘ developed for staining living
plant protoplasts with it for FACS an;:llysis.

The fluorescence activated cell sorter (?’:‘ACS T1I) operates by -
) i | passincé stained cells in a flow stream past ép g{gpél—krypton laser

beam. As the cells pass through the laser beam in a measuring
chamber, two measurements are made: 1) the relative size of each
cell given by the low angle, forward light' scatter; gnd 2) +the amount N

: \fof fluorescence of each cell.. The number of cells of each size and

iii
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fluorescence class a.re.s’torer)i in a oonpu;er Approximately 2.5 x lO4
cells per second can be analyzed, and the data‘frqm 105 cells were
collected. ‘

" Survival studies on the three cultures showed protoplast death

in the early days of ture: H. muticus had a survival rate of 60 %

by day 3 of ‘culture, after which the population stabilized and began
to regrow: B73 protoplasts declined to 50 % by day 3, and then
stabilized before, reqrcﬂ'th began: ‘Se60 protoplasts continued to die )
throughout the experimental time.

Analysis of DNA showed that all threia;cultures had protoplasts
in Gl and G2 of the cell cycle and. that the loss of protoplasts
preferentially occurred among G2 prc;top_la.sts._ A1l cultures, af;:er
day 3 showed an increase of G2 protoplasts J_ndlcatJ.ﬁg/that DA
synthesis was oecurring in all pép}llation.s. %éGO protoplasts showed a
third peak of DNA content that occurred at less than the Gl peak and,
presumably, represeénted degenerating cells. ~ Hyoscyamus and B73
protoplasts did not show this peak

Hyoscyamus and B73 protoplasts both showed cell @l fluor-
escence and both had subpopulations having varying rates of cell wall
synthesis. $&60 showed a very small peak of increased synthesis on
day 4 of culture but this population was lost by day 6.

Although samg portion of thescultivated Se60 protoplasts were
capable of undergoing DNA synthesm almost none Sf the same populatlon
were abl.e to regenerate walls in the conditions established for

protoplast culture. ' . - ¢
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) Chapter I: Iguwucdon and ‘Literature Review

One of the most significant advances in plant sciences has been
the development of teéhniques for the isolation and culture of higher
plant prétoplasts. Protoplasts have been used to séudy basic biolog-
ical processes; in particular they have been used extensively as a
tool to study plant-virus interactiéns. As reviewed‘by Muhlbach
(1983), the removal éf the plant cell walls has reduced the barrier to
high frequency, synchronous infection of host protoplasts and allowed
study of the infection and replication procésses for both RNA and DNA
viruses. Another basic process that hés been studied-using proto-
plasté is cell wall regeneration and ité relation to the plasmalemma
and microtubules of the cytoskeleton (Lloyd et al., 1979; Simmonds et
al., 1983; review by Fowke gbiz_ al., 1983). i

Besides providing a tool to investigate sgme basic biological
aspects of plant structure and function,'protoplast tecﬁnology is key
to any progress that will be made in genetic manipulation for crop
improvement. One method to introduce new genetic informatioh or to
generate a new hybrid‘igs been through the fusion of protoplasts from
species where sexual incompatibility exists. Most somatic hybrids
have been made with solanaceous plants, éhe best known example being
the tomato-potato hybrid of Melchers et al., (1978). Another well
documented, well described somatic hybrid is the "Arabidobrassica" of °
Gleha and Boffman (1979). There(are‘%ény more hybrids that have been
obtained through protoplast fusion and they are listgd and discussed

in the recent review by Harms (1983). The advantages and disadvantages
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of gusion hybziids have been discussed by Shepard et al., (1983).

In order to improve crop plants, a case can be made for the
insertion of single specific genes into these plants now that recom-
binant DNA technology is becoming available. There has been scme
skepticism about the value of the transfer of a single gene but as
Dixon (1983) has pointed out, modern maize has been developed due to.
changeé in just five genes, and t;he resistance to the aphids that
wiped out the Australian alfalfa crop in 1979 is a single gene trait.
The transfer of single genes could be possible by the use of the Ti

plasmid of Agrobacterium tumefaciens which can transfer, integrate and

express bacterial. genes in plant chromosomes. Much research is ongoing
on the use of this plasgid to obtain promoter genes that allo;ﬂ express—
ion of foreign DNA in plant cells and yei: allow. normal plant growth
(Manzara and Lurquin, 1983). The Ti plasnﬁd is_ restricted in its use
to dicotyledons but there is some hope that McClintock's transposable
elements (Fedoroff, 1984) will prove to be the vectors to transform
monocot protoplasts (Dixon, 1983). .

The greatest need in protoplast technol@ in order that
genetically-manipulated plants can be acheived is to accomplish the
regeneration of plants from protoplasts of the agronomically important
piants. ,Cereals; grasses and legumes have all been unresponsive to
protoplast culture. Recently some prog;:ess has been made .in achieving
plant regeneration from protoplasts of both forage and grain legumes

— and in some Gramineae, (for review, see Dale, 1983); however, to date,
there has been no success in inducing protoplasts isolated from corn

(Zea mays L.) to become plants. There is an isolated example (Potrykus

-




et al., 1977) of corn stem protoplasts forming walls and becoming a
cell culture but with the loss of mxpmge.netic i:ote.ntial. There are
several examples of callus forming from cormn tissues, e.g., from the
growing tip (Green et al., 1974); from the mesocotyl (Kunakh et al.,
1980; Vuillaume and Deshayes, 1977); from stem sections (Sheridan,
1977); from“scutellum (Bartkowiak, 1978); and from endosperm (Motoyoshi,

1971;” Oswald et al., 1977). At times the corn callus has given rise

to roots and shoots and then to plantlets; e.g:, plants have been

induced from corn scutellum {Green and Phillips, 1975); from mesocotyl
(Harms et al., 1976) and from the growing tip (Mascarenhas et QL,
1975). There are also instances where cell cultures have been estab-

lished from corn callus (Brar et al., 1979; Chourey and Zurawaski,

1981; Oswald et al., 1977). There has been no example of corn proto-
plasts completing the sequence: protoplast to cell to-.callus to
plant, although this sequence has been observed in a large number of
other plants, such as Nicotiana (Takebe et al., 1971; Vasil and Vasil,
1974; Gill et al., 1978; Bourgin et al., 1979); carrot (Grambrow et
al., 1972), rape (Kartha et al., 1974), Datura (Furner et al., 1978)
and Atropa (Lorz and Potrykus, 1979).

There appear to be at least two parts to the problem of corn
protoplast manipulation; one, induction of division to eétablish a
cell susp;ansion, and two, induction of dedifférentiation in the cells
so that they become totipotent, i.e., have the ability to become a
complete organism. It is the fixst problerp that I have approached.
To answer this question, I have studied the physiological behaviour of
maize protoplasts in culture with respect to cell wall regeneration

and DNA synthesis. Without Both of these functions there can be no
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protoplast division.

As plant cell walls have been routinely examined by fluorescence
staining with Calcoflour White (Nagata and Takebe, 1970; Galbraith,
1981; Galbraith and Shields, 1982), and as Hoechst 33258 has been
shown to be a quant_{tative stain for DNA (Arndt-Jovin and Jovin, l9j7;
Cesarone et al., 1979; Paul and Myers, 1982) and as there were few
reports of the use of flow cytometry with plant cells, (Galbraith and
Shields, 1982; Redenbraugh et al., 1982; Slats et al., 1980), I

decided to study cell wall regeneration and DMA synthesis-in corn

protoplasts using the FACS II, Calcofluor White, and.Rpechst 33258.
At the same time "model systems" were uséd as controls for these
studies. "Model systems" are those plants whose protoplasts can ‘

divide under the appropriate culture con-ditions. To examine early

events in the culture of freshly isolated protoplasts, Hyoscyamus

muticus was chosen as the model plant. Its mesophyll protoplasts have

been shown to regenerate walls and to divide when cultured (Lorz et
al., 1979; Wernicke et al., 1979). To study the early event':s in thze
culture of maize protoplasts, the B73 cell line of Potrykus et al.,
(1977) was the model system used. This cell linehas been maintained

since 1977 when protoplasts isolated from a field ‘érown corn stem were

4

induced to divide and to form a cell culture. As with other cereal

cultures, (Gamborg and Eveleigh, 1968; Dudits, 1976), the work could
not be _repe;ted and so B73 is the only example of a cell suspension
derived from @ _‘Eﬁp'fotoplasts still in continuous culture..
Protoplasts can be readily derived from the cell line and these proto-\.

plasts regenerate walls and become cells again. They have not been
/

induced to regenerate into plants.
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Using the two model systems, it was possible to study the early
physiological ts of the dividir;g cultures with respect to cell
wall and syntHesis to gain some understanding of the normal
progression from brotoplast to active cell culture in comparison to
the interrupted, unsuccessful process in _Z;eg mays. This is the
experimental work reported in this thes.is. . ,

From various studies on callus induction in Zea mays (Green and
Phillips, 1975; King et al., 11978; Lu et al., 1982), it has become
obvious that the genotype of corn is very .:meortant ;‘Eor callus for-
mation. The genetic abilitgf to form callug is thought to be related
to its ability to 'respond‘ to the presence of the s)yntl;etic auxin, 2,4-
dichlorophenoxyacetic acid (2,4-D) in"the éulture ‘medimn (King et al.,
1978; Green, 1978a; Green and Phillips, 1;975:, Harms et al., g9§6).
Although there is no proven correlatioﬁ betwee; {he ability of bmto—
plasts to divide in culture and the ability of plants to form callus
in the presence of 2,4—D,' it was felt that it was wiser to do research
on protoplasts isolated from a corn cqltiva:g tﬁat had a proven record

of response to culture. Such a cultivar was Seneca 60 (Se60) which

‘ has been used for shoot tip cultures (Raman ég al., 1980b) and anther

culture (Brettell et al., 198l).

Given that Se60 corn tissue could form callus in r;esponse to 2,4-
D, it was then necessary to dete.rmi‘ne the conditions for the isolation
of large numbers of protoplasts for the\physiological studies (Meadows '
and Walden, 1978). Before 1960,. protoplast isolatioh was accomplished
by the mechanical cuttmg of ;ell walls of plasmolyzed plant tissue.

Cocking (1972) and Vasil (1976) reviewed work in this field, which

- onag

began as early as 1892, when Klercker isolated protoplasts from

I



Stratiodes aloides. The -tedious cutting of plant cell walls resulted
in very low returns of protdplqsts and very few advances were made in |
the fieid. _

! ’ The. use of enzymes for protoplast isolation began in 1960 when

‘ Cocking showed the reiease of protoplasts from root tip cells of

Lycopersicon esculentum by the action of a cellulase isolated from

IJ/% Myrothecium verrucaria. Shortly therafter, commercial enzymé prep-
- arations became available (Ruesink 1969). _Mbiles Laboratories marketed

TAKAMINE 20,000, a cellulase isolated from Aspergillus niger. All

Japan Bioche;n:i:cal Company marketed ONOZUKA 1500, and Meiji Seika
Raisha Litd. marketed MEICELASE, both of these heing cellulases of

- Tric-:,l:thma viride. The cellulase preparations, besides containing

. componénts that attack cellulose, also contain cellobiases, xylanases,
‘:g.lucanases, pectinases, phospholipases, nucleases, chitinases,
peroxidases,” and some other harmful components (Cocking, 1972).

. ‘ Schenk and Hildebrandt (1969) purified crude cellulase ané found that
the purified preparation produced fewer protoplasts than the crude
preparation. They‘ suggested that efficient release of protoplasts
would reosult from the use of ‘cellulase in combination with ot:t_ler

@ enzymes. Cellulases release protoplasts from plant cells that have
low amounts of arabinose, galactose, and xylose as components of
hemicellulose and which have high concentrations of glucose in their

. walls (Keller, 1970; Cocking, 1972). Some enzymes that are currently
available are Driselase, a cellulase and pectinase from a basidio-

mycete; macerozyne, a gect:mase from i?hizogu ; Cellulysin (Calbiochem)

L N S

and hemicellulase (Cocking, 1972; Vasil, 1976). Most enzyme prepar-

atJ.ons require a further purification step, such as elution over a
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Sephadex G~_25 .6r Biogel column to remove phenolics or ribonucleases.

. Other .conditio;ls that dre important in obtaining a high yield of
protoplasts are the pH of the enzyme solution (Cocking, 19?2; Schenk
and Hildebrandt, 1969; Pelcher et al., 1974); the physiologiical
condition-of the plant (Pelcher et al., 1974; Shepard and Totten,
1975; Vas.il, 1976) and the osmotic pressure of the isdlation medim

(Cocking, '1972; Ruesink and Thimann, 1964; Ericksson and Jonasson,

. 1969; Taylor and Hall, 1976). All of these factors were considered

as the cdnditions were deterhined for isolation of a large number of
protoplasts from young corn Gleaves. '

Geﬁerally, protoplasts are cultured in media‘that were ‘initially
desig;ned for plant cell and tissue culture. Whlté ‘(1954) compared the
compositions of plant cell nutrient média which were designed by early»
plant physiologists. Since then, there.have been a great number of
new media fyecipes published. Two media that are frequently -used for
protoplast culture are 'MS', designed by Murashige ard ékoog (1962)
and adapted for tobacco protoplasts by Nagata and Takebe (1971); and
the 'B5' medium (Gamborg et al., 1968) , initially developed for the
culﬁ:;e of soybean cells. Other nedia have been designed especially
for thé culture of certain plant:s or conditions; é'g 'IjPlj)' medium for
the culture of petunia protoplas}:s (Durand et al., 1973) and lat)er for'

Hyoscyamus (Potrykus, pers.comm.), and 'K5' medium developed for low

‘ density culture of Vicia hajastana cells (Kao and Michaluk, 1975).

Schenk and Hildebrandt (1971) defined a medium that supported the,
growth of maize callus. Howevef, most corn callus culture has been-

induced on MS medium or variations thereof.(Green and Phillips, 1975).
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Since there have been no successes in inducing maize ﬁarotoplasts

to divide in cufture, I decided to design a culture medium that 'would
allow them to survivé at. least long enough for analysis on the —
Fluorescence Activated Cell Sorter (Becton-Dickinson, FACS 1),
However, all attempts to design a medium for the corn grotoplasts were ’
futile as they survived' as well in the medium defined by Nitsch and
Nitsch (1967) as in any of the novel culture media that I designed.
The data obtained from these media tésting experiments have been added
to the thesis as an appendix. 3

The final procedures that had to be established before the
analysis on the FACS II were the stlainihg techniques for the plant
éell nuclei witim Hoechst 33258, and for the cell walls with Calcofluer
White, ~Hoechst 33258'is a bisbenzimidazole dye' that has been shown to
bi{lcé quantitatively with DNA (Cesarone et al., 1979; Latt and Stetton,

}976; Afﬁat-‘Jovin and Jovin, 1977; Paul and Myer, 1982) via hydro-

" . phobic interactions with bases in the major groove in the helix

(Cé)fni\ngS, 1975). It has often been used to study cell cycle changes
in manma,lignb c;ell’s {Cowell and FraI;ks, 1980; Horan and Wheeless, 1977)
and for chromosome and’n'uclear stalm.ngqm plant cells (Filion et al.,
1976). Laloue/g al. (1980) detexrmined the conditions for Hoechst
" staining for fixed cultured cells of five plant species. Galbraith et
él .y (198i) examined DNA changes in fixed tobacco protoplasts during
.one week of cukture using Hoechst 33?:58. They observed that’all of
the protoplasts were in the 2N stage of the cell cycle, but his.later
work with é} flow cytometer proved this observation incorrect, due

probably to the small original sample size.
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3“Since one of the attractions for using flow cytometry is that

future use may be made of the sorting feature to collect hybrid fusion

N

protoplasts, it was considered essential to establish staining con-
ditions for unfixed, viable protoplasts. Hoechst 33258 is oonéidered

to be a non-toxic vital stain and was proven to be so when petunia

Al
W

protoplasts, stained with Hoechst acoordiﬁg to the method reported
below,‘ continued to grow and divide equally as well as unstained
protoplasts (Meadows and Potrykus, unqulished) .

Similarly, conditions for staining with Calcofluor were deter- %
mined for live pfotoplasts. !Calcoi;iuor White is the disodium salt of .
4,4 '-l;is {4—anilino—bis—.diethyl amino-S-triazin-2-ylamino}-2,2'-
s}:ilbene;disulfonic acid. Because of its fluoresc;ence. specificity ;or
configurations of hexopyranoéi/l polymers (Maeda and Ishida, 1967), it ¥
is used in the textile industry as a oot;ten whitener (Painter et al.,

1980). Its use to visualize regenerating walls was first reported for

tobacco protop]:asts.by Nagata and Takebe (1970). It is used alsé) for

cell wall staining in microorganisms (Bérliner et al., 1978 ; Darken,

1962) and has bfcome a standard tool in prot'oplast research (Asamizu
et al.; 1977; Galbraith, 1981). Calcoflior gives a high background
fluorescence ar-,ld the correct conditions for its use on the FACS II
were .established as well as an assa'y to neas'“l’lre' cell wall rggené}ation
using Calcofluor and a fluorometer. Galbraith (1981) similarly estab-
lished a microfluorometric assay to examine and measure regenerating
walls in individual protoplasts and cells.

The flt{orescence activated cell sorter was developed at Stanford

University and is now made by Becton-Dickinson Electronics. Reviews

a ) ¢ ' l
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and machine description have .been giveh by Herzenberg et al., (1976),
Horan and Wheeless af977) and by Herzenberg and Herzenberg (1978).
fhe FACS II can analyze or sort cells according to physical differ-

ences in the individual cells. The.general pringiple of analysis is:

~ cells in suspension, having been stained with a fluorescent dye, are

taken, by vacuum pressure, from their test-tube and are forced into a
flow stream which'is surrounded by a ®@oaxial sheath stream to keep the
cells centered in the flow. The sheath and flow stream pressures are
adjustable to give t@e correct flow stream dianeser for the cells.
The cell concentration can be adjusted to allow single-file flow of
the cells in the flow stream. The cells then flow through a nozzle
and‘into the path of a laser beam, which excites the fluorescené—bound
tag. The laser is either an argon-ion or an helium-neon laser.
Opt?cs placed at 90° to the incident beam collect the fluorescence due
to the excitation of the dye. A barrier filter blocks the excitation
beam and dic@roic mirrors and band-pass filters select the fluorecence
for measurement. There are three detectors in the measuring chamber,
one to measure the small angle forward light scatter and two to
measure the emitted fluorescence. Optical signals are ;egistered as‘
electrical pulses, which-are anplified and collected for analysis.
Cells that are to be sorted are given an electrical charge and are
collected after deflector plates change their direction of flow into a
col;ecting vessel. Cells thét have had only an analysis done are
discarded-after the run. )

.Iwo types of data are collected from the FACS analysis: histograms

and dot plots. The histograms have the abscissa as units of fluor-
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. escence or light scatter (size) per cell and the ordinate as the
frequéncy of cells. Dot plots are generated by the measurement of two
paraméters as a function of a third parameter; e.g., fluorescence and
size in the X- and Y directions and the number of cells with those .

. two parameters in the Z direction. Dot plots can be quantitatively

-«

replaced by isometric displays &f the data.

More recently, f.lov7 cytometers have become popular with plant
A biologists and there are several reports in the literature of flow

cytometers being used with plant protoplasts. Slats et al. (1980)
have reported that they sorted those protoplasts containing a FITC-
tagged alfafa mosaic virus. Galbraith and Shields (1982) did a time-
course study of fixed tobacco protoplasts stained with Hoethst 33258
on a flow cytometer after the protoplasts had been‘treated with two
cell wall inhibitors. They reported that one inhibitor, 2,6-dichloro- *
benzene (DB) did not affect DNA synthesis but that coumarin did.
Unfortunately, they failed to run a control of an untreated sample.
Redenbaugh et al. (1982) have reported the flow cytometric detection
of two populations of protoplasts which had been stained with two
different fluorochromes. They also made preliminary attempts to sort
the protoplasts.

Puite and Ten Broeke (1983) have studied DNA histograms of fixed
and non-fixed protoplasts of H. gracilis and S. tuberosum after
staining W.]:.th Hoechst 33342, using a FACS IV. Galbraith (1983) has

‘-
analyz;;d nuclei isolated from tobacco and stained with Hoechst 33258

4

on an Epics V flow cytometer and obtained a typical Gl and G2

distribution. Harkins and Galbraith (1984) have reported the

B 2
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culture of tobacco protoplasts that had been sorted according to their
endogenous chiorophyll fluorescence on an Epics V cell sorter. de
Laat and Blas (1984) have used a FACS IV to sort ethidium bromide
stained chromosomes isolated from burst protoplasts of H. gracilis.

' It is apparent that flow cytometry has bedome a useful tool in
plant tissue culture. This technology wés used in this research to
answer questio'nshon cell cycle kinetics of three different populations
of cultured protoplasts. Since the flow cytometer is electronically
very sophisticated, the help given by Tim Knaak in running it must be

5 -
acknowledged. His usual task was to to analyze and sort cultured

mammalian cells and to run protoplast samples required some adjust-
‘ments to the sorter; eg. the sheath and flow stream fluids were
replaced by protoplast culture medium to accomodate the-fragile
protoplasts, the nozzle was réplaced with one of larger diameter, the
flow rate was lowered to 25 % of the normal and the electronic size
cut-off gates were set so that small debris was not counted in the
analysis. To determine the adjustments necessary to obtain intact
protoplasts after an analysis required a number of trial runs and
sorts on the machine. When the correct conditions were established,
several repeat experiments were peliforn*ed for each population, each

analyzing l_O5 protoplasts. The data presented here are representative

of the data obtained for several exgerinents.
b
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Thesis Organization:

This thesis is not presented in an uniform format because

chapters have been published in, or submitted to, journals having

diverse editorial standards. References for those chapters that have

been published or are to be published have been listed at the end of
each chapter. A comprehensive bibliography is presented at theena of
the thesis.

Chapter IV, Fluoroescence Studies; A. Hoechst 33258 as a Vital
Stain for Plant Cell Protoplasts, has been published in Plant Cell
Reports 1: 77-79, 1981; chapter V, Characterization of Célls and
EProtop,lasts of Epe B73 Maize Cell Line, has been published in Plant
Scienqe letters 28: 337-348, 1983; chapter IV, Fluorescence Stud;ies;

B. A batch assay using Cal%":ofluor fluorescence to characterize cell
wall regeneration in plant protoplasts, has been published in Analytical
Biochemistry 141: 38-42, 1984. Chapter's VI and VII, Characterization

of Protoplasts of Hyoscyamus muticus using Flow Cytometry, and

F
Characterization of Protoplasts of Zea mays using Flow Cytometry, have

been submitted for publication.




Chapter II: 'Isolation and Recovery of Protoplasts
from Se60, a Tissue Culture-Responsive

Genotype of Corn.

Introduction
There are many procedures for the isolation of plant protoplasts
from different tissues of various plant species and each procedure

must be established or adapted by individual workers for their chosen
plant and tissue. In this case the plant species is Zea mays L. but

the charageteristic that was considered before beginning protoplast

-

isolation was ‘its genotype.

It is recognized (King et al., 1978; Green, 1978a, 1@ '

Potrykus, 1980) that the genotype of maize is an importé’nt factor in
the successful e's"tablishment of tissue cultures. Although there has

been no corrélation between a plant's ability to form ca.llus and its
' ability to yield dividing protoplasts, it seems appropriate to begin
protoplast culture work with a genotype that has a proven ability to
respond to being ;:ultured.

Incuction of maize callus depends on the presence of the
synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) in the culture
medium, whereas other growth hormones have been shown to have 'no
effect on the initiation of callus (Ki..ng et al., 1978; Green et al.,
1974). There have been several screening programmes to define maize
genotypes that can give an "in vitro" response for different tissue

sources: scutellum (Green and Phillips, 1975; Bartkowiak, 1978; Iu

et al., 1982); stem (Sheridan, 1977); mesocotyl stem and leaf,
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(Kunakh et al., 1980). Potrykus (unpﬁblished) established a screening
programme to examine callus formation in‘stem segments of various
corn genotypes in responsé to high levels of 2,4-D. The test; medium,
‘Pl3, (Table 1) was based on "CC" medium (Potxykus et al., 1977) which
was used when protoplasts of B73 stem were induced to divide.

o Se66, a single cross hybrid sweet corn cultivar that has been
used in cell cycle studies (Verma and Lin, 1979), in "in vitro"
fertilization studies (Raman et al., 1980a), in shoot tip cultur>9J
(Raman et al., 1980b), and in anther culture (Brettell et al., 1981)
was tested on the the P13 medium and responded with excellent éallus
formation. The type of respcnse, the age and origin of the respon-
sive tissue were studied in detail.

Concurrently, methods were established to isolate protoplasts
f‘rom SeéO, 'first from mature leaves and then from the tissue that
proved to be most responsive to the test medium. Once a successful
enzyme solution was found, various conditions such as pH, duration of

¢ incubation in tne e.r-xzyme‘; plant age and pretreatment were varied in
order to increase the yield of protoplasts. The final conditions

thus established for obtaining high yields of maize protoplasts

easily and reproducibly (Meadows and Walden, 1978) and a method for

_. removing cellular debris to give a clean protoplast 'preparation are

reported.

Materials and Methods

Plants: Se60 seedlings were grown in peat pots placed in
wooden or plastic flats as described in Table 2. The soil used has
been called UWO soil mixture and a description of its composifion has

been added as appendix 2. The soil was a sandy loam with added

A S
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H3BO3
MnSO 4° 41-120
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TABLE 1

P13 CULTURE MEDIWM
MODIFIED FROM CC MEDIUM (POTRYKUS et al., 1977)

mg/1l
1212.0

640.0
588.0
247.0
136.0
27.8
37.3
3.1
11.15
5.76
0.83
0.24
0.025

0.028

Glucose

Ut

nent

nicotinic acid

thiamine~HCl

pyridoxine-HC1

glycine
rm-inositol

2,4-D

5.0%

cocoanut waier(Gibco) 0.4%

-

pH

Agar

6.0

0.8%

1€

ng/1
6.0

2.0
90.0

5.0
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TABLE 2
EXPERTMENTAL, CONDITIONS FOR TESTING
THE TISSUE CULTURE RESPONSE OF SE60 SEEDLINGS.
N
EXPERTMENT SEEDLING AGE GROWTH CONDITIONS TISSUE USED
I. 5-day old moist filter total mesocotyl
. pager in dark, and stem.

247C.

10-day old Sandy~loam soil stem from crown

l6—day old + perlite J'_nolO gm roots to first

21-day old peat pots;307/20 emerged leaf.

35-day old transplanted to 25
cm pots after day -
16; watered 2x daily;
fertilized weekly.

II. 10-day old grown axenically stem sections
on 10% P13 salts as in BExp I. Indiv-
in graduated idual leaves were
cylinders and unrolled and
test tubes. cultured.
III. Various ages; UWO soil;1lOcm " leaf sheath
peat pots; then
as above.
) — -

v
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trace elements and fertilizer. Germination and gfowth occurred under .

standard greenhouse conditions with a 16 hour day length, a q‘axtlme

>

temperat‘:ure of approximately 28° ¢ and a nighttime temperature of

approximately 20°°C. T

Ererged leaves, either whole or macerated, were usea in early

]

experiments. ILater experiments made use of the -leaf sheath.

Surface Sterilization of Tissue: ’I‘wnl) methods were used to

sterilize the maize tis§ue before protoplast isolation. IOne consisted
of washing the plant material in a saturated solution of filtered
calcium hypochlorite for 15 minutes. The second method used 0.01%
mercuric chloride (HgClz) plus two or three drops of 'I’ween 80 as a
wetting agent, again for 15 minutes. After either treatment, the
plant material was washed 5 times in sterile distilled water.

Genotype Testing: Experiment I: Plant Age and Callus Response.

The seedlings were grown as described in Table 2. The stem and
»

mesocotyl of five day-old seedlings and the whole stem segment from
crown roots to emerged leaf-blades of 10, 1€, 21,and 35—dqy old
seedlings were cut into l-mm slices under a dissecting microscope and
the slices arranged serially on s;aparate drops (Figure la) of P13
medium (Table 1) in 9 cm Petri dishés. The Petri dishes were placed

in moist boxes in the dark at 280C and observed after one week for

v

callus growth.

Experiment II: A Responsive Tissue: A second experiment was

undertaken to establish whether young maize leaves had the capacity
to form callus-in culture (growth conditions are given in Table 2).

The plants had their roots and emerged leaves removed, but not the




Figure 1: The P13 test system.

a) lef;: The P13 test medium was arranged in a 5 x
5' drop array;
right: slices of the lower 2.5 cm of maize stem
were placed on the drops. )

b) serial sections of long stems were placed on drops of

P13 in several Petri- dishes.

*
pd
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outside leaf sheath or coleoptiles. The plants were cut into thin
slices (approx. 3mm) and then the leaf sections were unrolled and
—— cultured individually on the P13 'medium following the procedures of
Wernicke and Brettell (1980).
" Enzymes: The enzymes tested were those genera'lly uded for
protoplast isolation: Cellulase Onozuka R-10, Macerozyme, (both from

Kinki Yakult Mfg. Co., Ltd., Nishinomiya, Japan), Driselase, (Plenum

-

Scientific Research Co., Hackersack, N.J., USA.), Pectinase and

Hez\picellulase (both from Sigma, St. Louis, USA.) The mzms were

, ‘ initially used according to reéipes given in the literature but were
later changed and corrected according to their.succesé in causing
protoplast release. The enzymes were used in combination with sugars
and salts as osmotic stabilizers, and ‘at varying pH's and temper-

, atures. The combinations ‘of .these factors are listed in Table 3. An
enzyme solution ESI was defined that released protoplasts from
emerged leaf material of the corn seedlings. Further experiments
were done to test the effectiveness of the-cellulase alone on the
isolation of protoplasts both from the emerged leaves and from the

tissue—culture responsive leaf sheaths, in comparison to ESI. The
concentration of cellulase used were 0.5%, l%,) 2%, 3%, §1nd 4% (w/v)

\ of Onozuka R-10 in 9% mannitol and the salt solution defined b){

’ / Zapata et al. (1977). . |

Two other enzyme mixtures were tested for their abilities to

‘ : release protoplasts from leaf sheafs of corn seedli;gs.l The enzyme

R . mixtures were those most effective for protoplast isolation fram

- wheat and barley (de la Roche, personal communication) and their

-
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compositions are given in Table 4.

Measurement of Yield: The protoplasts were harvested by pouring

leaf and enzyme mixture through cheesecloth, following which, the
suspension was centrifuged 10 minutes at 300 x g. The protoplasts
were resuspended in medium, recentrifuged twice and counted on an
haemocytometer This count was given the value of 100 %.

Effect of Incubation pH: Protoplast yield was measured as a

. function of pH for four incubation intervals. 0.1M KOH or 0.]M HCl

was used to adjust the pH's of the enzyme solutions. Initial
experiments did not make use of buffered incubation mixtures so that
the enzyme SOlU:tj;OIlS did not remain at a stable pH. The effect of
added buffer, 0.5% MES (4-morpholineethane sulfonic acid) on protoplast
yield was studied. The immature leaves of 30-day old plants were
incubated in 0.5% Cellulase Onozuka R-10, with and without added
buffer, éapata sa{};:s, and 9% mannitol. The pH was measured at the
beginning of the incubation period and after 2.5 hours at 28° C. .
Proboplas%yield‘ was then measured‘ as a function of pH using the
buffered system and 21-day old plants as tissue source. |

Pretreatment of Plants: The effect of humidity and darkness on

the yield of protoplasts was studied by spraying 12- and 20-day old
planﬁs and soaking their soil with water and -then placing them in a
dark cupboard for 16 hours before enzyme treatment.

Effect of Agi{:ation on Protoplast Yield: Protoplasts were

isolated from 25-day old plants under two conditions:
, 1. the tissue was floated on .the enzyme' solution and the

protoplasts were recovered from the enzyme solution followed by two
ko4
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TABLE 4

COMPARISON OF PROTOPIAST YIELDS FROM IMMATURE LEAVES
OF CORN USING THREE ENZYME COMBINATIONS

L

-

. El%ZYME MIXTURE *(%,w/Vv) YIEI._.D FROM IMMATURE LEAVES
(# protoplasts/gm. fr. wt.)

A. Driselase
Macerozyme
Cellulase

0.5 x 10

oo
U1 =~

B. Cellulase
Pectinase
Hemicellulase

1.6 x 10

o
o uu

C. Cellulase 0.5 3.4 x 10

* ph 5.7, 0.55 M Mannitol, 0.5 M CaCl,.

s
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washes; or
2. the leaf tissue was shaken in the enzyme solution at 125 rpm
on a New Brunswick Gyrotory-Rotary Shaker.

Effect of Plant Age: To study the effects of plant age on

protoplast yield, protoplasts were isolated from plants of different
ages, from 10-day old to 35-day old plants, under the optimal cond-

itions that had been thus far established. Plant age was determingd
from date of. planting.

e
Clean-Up Procedures: During protoplast isolation, cellular

debris was generated in the incubation solution. Several methods, as
summarized in Table 5, were attempted to clear the pfotoplast
preparation of such debris. The reduc.tion in the amount of cellular

wy  debris was judged visuaily and the yield after each treatment was
determined by duplicate haemocytometer counts.

Filtration: The protoplast suspension was filtered through
woven filters of decreasing pore size; 250 u, 100 u, and 50 u, and
was examined microscopically to ascertain whether the dgbris had been
reduced.

. ' Hormone pretreatment: a) Gibberellic Acid. It was hoped that

pretreatment of the plants with hormones would improve the quality of
the protoplast preparation. The plants were first sprayed with
gibberellic acid (lO—5 M) which, by causing stretching of the lateral
walls in the plant tissues, would make them more amenable to
digestion. The plants were returned to the greenhouse for 24 hours
and then were placed in the dark at high hulxmidity. Protoplasts were
isolated from some plants after 16 hours and from the remaining

plants after 40 hourss.

»
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TABLE-5

METHODS USED IN ATTEMPTS TO CLEAR DEBRIS
FROM PROTOPLAST INCUBATION MIXTURES.

9

Ny
~1

CLEAN-UP PROCEDURE

% RECOVERY
OF PROTOPIASTS

REMOVAL OF DEBRIS.

Filtration through
85y and 43y woven
filters.

GA3 (lO_SM) Treatment
40 hours
60 hours

IAA Treatment

Density and phase
separation: 9%
Mannitol + Zapata
salts over FCS

Density Separation
0.24 M CaCl2 + medium

Wash with 0.16 M CaCl2
+ filtration
/

85

59
89

22

85

none

none
none

none

none

none

yes.

S
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'b) Indole Acetic Acid: It is known that plant tissue exposed to
IAA releases endogenous cellulase and swells due to the weakening of
the cell wall fibers. It was thought that the pretreatment of the
plants with IAA would increase the protoplast yield while decreasing
the debris. The plants were sprayed with lO_5 M solution of IAA and
were used for protoplast production after 16 hours in dark high
humidity.

Density and Phase Separation: An attempt was made to separate

protoplasts from undesirable debris by a otombination of density and
pk;ase separation: 16 x lO6 protoplasts in 9 % mannitol and Zapata
salts werelayered on top of 10 ml of fetal calf serum (FCS) con-
taining 9’4% | \mannitol, and allowed to stand for éﬁ) minutes. During
that time, large fragments sedimented from the protoplast solution
and through the FCS solution. The protoplast suspension was thén
drawn off the FCS solution using a tipless Pasteur pipette that had
been melted into a "J" shape and layered onto a second tube of FCS
solution, which was centrifuged at low speed, (100xg), so that small

cellular debris would remain in the Zapata salts and mannitol

solution while protoplasts would pellet during centrifugation,

Sedimentation in Cacl;?: The corn protoplasts, resuspended in 9%
mannitol, 0.5 % MES and Zapata salts, were mixed with 2 volumes of -
0.24 M CaCl2 according to the method of Potrykus et al. (1977).
After centrifugation (300xg) th%pelletedﬁ protoplasts were resus-
pended in 0.16 M Cacl2 anpd layered on top of 22 % sucrose and
recentrifuged. The protoplasts were then collected from the inter-

face between the two phases.
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RESULTS

Culture Response Testing: The seedling sections responded to

the P13 medium in a number of ways which are illustrated in Fig 2.

First, some sections of the plant did not respond. The second type

of response was a swelling of the tissues of the slice and the

formation of roots from the lower stem sections (Fig 2a). The third
type of response was swelling and elongation of the leaf material of
thé slices (Fig 2b). Watery callus was often formed around the mid-
rib of the leaves. The fourth type of response, '(Figs 2 ¢ & 4) was
the formation of a very loose and watery callus in the outside leaf
slices, usually accompanied by elongation of the innermost part of
the slices. The callus formation was taken to be indicative of cell
division. -’

(a) Plant kge and Callus Response: In 5-day old seedlings the

maximum response centered around the coleoptilar node. A typical
response below the node was one of root formation. Sections near the
node gave rise to roots ‘and many root hairs, whereas at the node
there was callus formation accompanied by growth of shoots and
roots. Occasionally there was callus formation above the node but
usually there was only swelling and elongation of the plumule.
Sections from 10 and 16-day old seedlings showed similar
responses to being cultured: swelling and elongation ?f the leaf
sheath with some callus formation, usually in the midrib of i:he

|
gutside leaves. The responses also occurred in leaf material located

above the apex.

Slices from 2l-day old seedlings formed callus in response to

C
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figgge 2: Demonstration of the responsegf;f maize sections to P13

medium.

(a) Swelling of peripheral tissue.

(b) Swelling and elongation of leaf sheath.

(c) & (@) Callus.
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being} cultured. Only at this age of plant was there a 'responée of
the growing tip to culture. A’Besides the growth of the florets, there
was also good response .by the leaf material above arid below the
floret. The lower segments showed pith swelling and leaf expansion.
The upper sections showed swelling and callus formation around the™
midrib of the leaves. . n

The 35-day old plant slices showed a maximum response of swelling
and elongation which occurred along the entire length of the stem.

(b) Responsive Tissue: 10-day-old seedlings, grown in graduated

cylinders and test tubes, were sliced and the leaf piec'és encircling
the stem were unrolled and placed on Pl3 medium (see Fig 3).” The ,
lower six rows of the leaf sections on the Petri dish, counting
bottom to top, contained the growing tip. The apex of the growing
tip was placed slightly below row 6, at the right of the second Petri
dish'. The sections are shown after two weeks of cm;lture. The
coleoptilar tissue (Fig 3, lef'q) did not respond. The leaf sections
which surrounded the shoot tip formed callus (rows 5 through 12).
All leaf sections in rows 5 and 6 swelled, elongated and formed -
callus. The apex tip (placed slightly below row 6) formed a shoot
from its callus. In the upper rows, that is, in the more mat_g_re leaf
sections, callus formation was negligible. The leaf sections located
closer to the stem formed more callus than those further from the
stem. : L
Enzymes: The various combinations of .enzymes, osmotic stabi-:
lizers, temperatures, pH, and incubation times studied are listed in

Table 3. The first series of experiments utilized macerated emerged

5
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Figure 3: _Illustrations of the 2-week response of the

leaf sections to P13 medium.
/

Stems of the test tube-grown 10-day old

seedlings were sliced and the leaf

JUIINRORPIER Y o s

“pieces encircling the stem were unrolled
and placed on the test medium; outside leaves
on the left of the Petri dish and’ inside

’

"leaves on the right.
4

The growing tip was contained within the
first 6 rows, counting bottom to top. The
apex itself was placed slightly under row 6

at the right. ’

RN

Magnification: 1.2X.
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corn leaves. The second series used whole leaves. Initial experiménts
failed to give protoplasts. The addition of 0.1 M CaCl, in éxperiment
"D" resulted in some success. Experiment "E" usedca salt. solution
defined by Zapata et al. (1977) and a substantially lal;ge;r number of
protoélaésts was obtained. Experiment "F", J.n which pectinase and.
hemicellulase were added to the reaction mixture to reduce the
digestion time from 4 to;2 hours, also”y_ielded p’rotc;plasts.

The second series of experiments utilized mature leaves that
were cut in large fr:agments and floated on the enzyme solutions.

Experiments "G", "H" and "I", in which osmoticum, temperature'
and enzyme éaxposition were varied, failed to yield protoplasts.
However, experiment "J" in which the pH was raised slightly, gave a

small nunber of protoplasts after-12 and 14 hours incubation. and a

-

. . p
larger yield after 16 hours. These experimental ‘conditions were

repeated in experiment "K" except that the temperature was rai.sedvté‘ :

-

37° c. Under these conditions, there was an increase in protoplast

-

yield over the time range of 12 to 16 hours.
-

In.experijren._ts "L" and "M" the importance of cellulase to the
digestion‘ mixture was studied using a decreased mannitol coricentration
and pH 5.9. The r’eplacement of céliul-ase by pec}:inase resul:tea in no
yield of protoplastS, as did treatment with cellulase alone unae;‘

these conditions.

From these experiments, the best enzyme eombination for iso—

lating corn mesophyll protoplasts frgm mature leaf segments was:-

& 4.
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emerged leaves but was effective‘ in releasing protoplasts from the

»

0.5 % Cellulase ‘Gnozuka R-10, ' .
0.1 & Macerozyme,
'0.2 % Driselase,
0.2“5 % Pectinase,
» 13 $ Mannitol,
Zapata Salts
This enzyme mixture was designated Enzyme Solution 1, (ESL).

Comparison of ESI and cellulase for different tissues:

It had been shown that Se60 could respond to culturing, but that
callus formation was restricted t{(}) the leaf sheath material and was
not obfained from the more mature leaves. The ability of ES1 to
releage prptoplasts from \the leaf sheath o,f-éé-orn plants was tested
and f to be negative. At all concentrations tested, however,
Cellulase Onozuka R-10 .@uld not cause protoplas? release from
immature unrolled leaves in the leaf sheaths of 21-day old plants.
The location of this tissue is shown in Figure 4. Utilizing this

'

immature leaf tissue from 21-day old plants and 0.5 % Cellulase

Onozuka R-10, pH 5.9, protoplast yields in two different extréctions

were 2 X 105 prot.:oplasts/ gram and 4.7 x lO5 protoplasts/gram

respectively. - ’
" A comparison of the activity of ES1 to that of 0.5 % cellulase
in Zapata salts and 9 % mannitol at pH 5.9 on emerged and immature j
leaves of 2l-day old plants is presented in Table 6. The enzyme
mixture did not release protoplasts from immature leaves, but 0.5 %
\]

cellulase did. However, ES1 was required for protoplast production

from mature leaves. The yield of protoplasts from immature tissue




Figure 4:

R e

T

Anatomical location of the plant tissue used

-

.in protoplast isolation from Zi—day old corn

r - . .

plants. £

a) roots, coleoptile, emerged leaves were
removed,
b) the remaining stem was cut in half,

c) slit open lengthwise and

-

d) the young leaf tissue was dissected and

put into the enzyme solution.







N

39

y TABLE 6 <

PROTOPLAST YIELD (NUMBER OF PROTOPIASTS PER GRAM FRESH WEIGHT)
FROM TWO TISSUE SOURCES USING TWO ENZYME MIXTURES.

ENZYMES LEAF TYPE
" EMERGED THVATURE
ESL 8 x 10° nil
Cellulase nil 1.2 x 10°
( 0.5%+ 9%
mannitol, ;
Zapata salts) .
o ‘ L 3
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*
in the presence of 0.5 % cellulase was 15 times that from en%rged

leaves in the presence of ES1, indicating that immature leaves
treated with cellulase alone are a high-yield source of protoplasts.
As is shown in Table 4, neither of the two enzyme mixtures that
were effective for protoplast isolation from wheat and barley was as
effective as cellulase alone in causing protoplast release from corn

leaf sheaths.

Effect of Incubation pH on Protoplast Release? ~Protoplast yield

was measured as a function of pH for four incubation intervals.

-

Figure 5 shows that in 1.5 hours of incubation, protoplast yield was

not high at any pH, but increased steadily from pH 7.0 to pH 5.5.

For incubation periods between 2.5 and 4 hours, the optimum pH was
6.5. The best conditions for protoplast production were 2.5 hours of
incubation at pH 6.5!
The protoplast yiefds at pH 6.0~and 5.5 for incubation periods

from 2 to 5) hours are illustrated in Figure 6‘. Both curves show'a
. sharp optimum: th{ee hours for pH 6.0 and fét;r hours for P,fl 5..5. The
- ‘ . increased time for optimal protoplést yi‘edld (compart;d with data in
’Figure 5) may be dueato the increased age of the plant ma{;.e.rial (’35
vs 28-day old plants). The pH of incubation mixtures has been
reported to drop from pH 6.0 to pH 5.0 during an 18 hour protoplast
isolation (Pelcher et al., 1974). This decrease could bring the pH
of the solution to belowc the optimum for protoplast survival or to
below that which is optimal for the action of the enzymes. During

: * , the decrease in pH, the enzyf2's activity would be variable and could

be the source of inconsidtent yields. The drop in pH was probably

the result of cell lysis.
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Figure 5: Effect of pH on protoplast yield (number of protoplasts

=per gram fresh weight) from 28-day old plants during
four time intervals.

o 1.5 hours

n 2.5 hours : !

0 4.0 hours "

a 5.0 hours
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Figure 6: Effect of pH and time on protoplast yield (number of

protoplasts per gram fresh weight) for 35-day

- old plants;.m
® pH 6.0%
B DpH 5.5
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Effect of Added Buffer: The initial pH of the incubation

mixture without added buffer was 6.1, which dropped to pH 5.3 after
2.5 hours incubation. A similar incubation mixture, using added MES
at 0.5 % (w/v) had a starting pH of 5.5 and a‘ final pH after 2.5

hours of incubation of 5.4.

The optimal conditions for protoplast isolation from 21-day old

plants were found to be pH 5.5 and three hours of incubation (see Fig

7) when the enzyme solution was buffered.

Effect of Pretreatment on Protoplast Yield: When the following

conditions were used; 0.5 % Cellulase Onozuka R-10, 9 % mannitol, 0.5

OC, humid, dark treatment of both 12-

% MES, Zapata salts, pH 5.5, 25
day old and 20-day old plants (Fig 8) gave appfo imately three-fold
* increase in protoplasts ovef non~treated plants after 2 hours' of
incubation in the enzyme mixture. This was about twice the final
X}eld obtained from non-treated plants after 4 hours of incubation.

Effect of Agitation on Protoplast Yield: Table 7 shows that

more protoplasts can be recovered when leaf material from 25-day old
plants was shaken in the enzyme mixture at 125 rpm. Shaking resulted
in a 3.6-fold increase in yield.

Effect of Pretreatment and Agitation on Protoplast Yield:

The immature lea\./es were isolated from 25-day old plants, half of
which had been ~pret:reated (as above) and half had nct. The extraction
medium was 0.5 % Cellulase Onozuka R-10, 9 % mannitol and \Zapata
salts. Table 7 _srf)ws that pretreatment gave a 1.9-fold increase in

protoplast yield over those which had no pretreatment, but had been

subjected to agitation during enzymatic digestion. Thus, these two
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Figure 7: Effect of pH on protoplast yield (number of protoplasts

@

,per gram fresh weight) in the presence of 0.5 $ MES for _
21-day old plants. '
m DpHS5.5 (

® pH6.5

¢ pHT.0
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TABLE 7

EFFECTS ON PROTOPLAST YIELD OF SHAKING OF THE INCUBATION
MIXTURE AND OF DARK, HIGH HUMIDITY PRETREATMENT OF PLANTS.

»

N

i CONDITION ; YIEID (protoplasts/gm.fr.wt.)
,‘9/7 .
Non-shaking 1.8 x 10°
(No pretreatment) '
' " Shaking ' 6.6 x 10°
(No pretreatment) -
Dark, high humidity 1.3 x 10/
pretreatment.
(with shaking)
B 3
. o
— <" -
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steps: .1. dark, humid pretreatment of the plants and 2. shaking (125
rpm) during isolation, gave a fi_n;l 6.9-fold improvement in proto-

plast yield.

Effect of Plant Age: Figure 9 shows the results of three

' protoplast isolation experiments using the conditions so far

\J
established and plants of various ages. Under these conditions

immature leaves of 2l-day old plants gaye the greatest yield of

s
protoplasts, which was 1.6 x 107 protoplasts/gram fresh weight. This

represents a 100-fold increase in protoplast yield as a result of
o Q
optimizing isolation conditions.

Clean—Up Procedures: Filtration: “The general method (Gamborg

and Wetter, 1975) of filtering the@protoplast suspension through
several woven filters of decreasing pre size, proved to be unsucc-
essful in removing the debris.

Hormone Pretreatment: a) Gibberellic Acid: As is shown in

Table 5, GA pretreatmént 40 hours before protoplast isolation gave
58.8 % of the yield obtained from untreated plants. Isolation of
protoplasts from GA3-treeLted plants 64 hogrs after treatment gave
89.1 % of the yield obtained from the untz;leated plants. There was no
obvious reduction in the debris following either procedure.

b) Indole Acetic Acid: The effect of IAA pretreatment on

protoplast yield is shown in Table 5 It is possible that the IAA-~
induced cellulase activivty plus. the exogenous treatment with Cellulase
Onozuka R-10 caused extensive cell damage as only 22.2 % as many
protoplasts were recovered from the IAA-treated plant;s as from the

untreated plants.

e
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Figure 9: Protoplast yield (number of protoplasts per gram fresh
weight) as a function of plant age.
Isolation conditions: 0.5 % Cellulase Onozuka

R-10, 9 % mannitol, 0.5 % MES, pH 5.5, shaking,

2.5 hours.

Bar{= + one standard error.
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Density and Phase Separation: This method failed to give clean

protoplasts. . During the procedure, 40.% of the protoplasts had been

lost. -

Sedimentation in CaCl,: The method used by Potrykus to obtain

a clean preparation of B73 protoplasts failed to separate proto-

plasts from debris in the case of Se60 leaf sheath protoplas

However, the Se60 protoplasts were found to be stable in 0.1¢ M CaCl2
and were resuspended in this solution during harvest. It
observed that after about 10 minutes, debri; particles clumped
whereas the protoplasts did not. After filtration through a 50 p .
stainless steel sieve the protoplasts preparation was cleared of most

of the cellular debris. --There was approxihatély 85 % recovery of

the protoplasts using this procedure.

Conclusions - B _ ) . R

¢ o

Seneéé 60, a single cross hybrid, showed thaE it coﬁld respond
to the P13 medium by callus formation, by elonga'tion and swelling of
tissues and by root formation. These three responseé occurred in
different regions of the stem and leaf sheath and they varied with
plant age. Callus formation was most pro?ounced in Zl—day: old
seadlings of Se60, élthough it occurred in all of the seediings
except those 35-days @ld. Callus also formed in leaf material
located above’the growing tip of the plant. Further analysis of
callus growth in leaf tissue entailed the dissecting of leaf sections

from the slices-of axenically grown seedlings. ‘There was callus

formation in leaf material not associated with the apex, as well as
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in those leaf slices which would have contained leaf bases of the
growing tip:

The conditiong for obtaining high yields of viable protoplasts
from the responsive leaf sheath material of 21-day old greenhouse
grown plants were established. The young leaves were incubated in
a solution of 0.5 % Cellulase Ondzuka R-10 in 9 % mannitol, Zapata
salts and 0.5 % MES at pH 5.5 for 2.5 to 3 hours.

The protoplasts are harvested by centrifugation and resuspended

in 0.16 M CaCl, plus 0.5 % MES, pH 5.5. After 10 minutes, the

, solution is filtered through a 50 i stainless steel sieve and the

protoplasts are washed tw1ce in 07F6 E/_CaClz + 0 5 ¢ MES and then
resuspended in culture medlum. The final yield of debrls—free )
protoplasts is from 1 x lO6 to 1 x lO protoplasts per gram Tf'z-:re(ash
weight of piant tissue, which compares favouréb]j with other reports -
in the literature (Giles, 1974; Aldrich et al., 1977).

The protoplasts, once isolated were studied for survival under

' - many physical and cultural conditions and several new media were

Qe_signed Jfor their maintenance. However, none of these media proved
better than that designed by Nitsch and Nitsch (1967) and modified by
Potrykus et al., (1979) (see Chapter III), for the survival of the
corn protoplasts. Thereafter, NN67 medium was used for the culture
of the Se60 protoplasts. The results of the media testing exper-

iments are reported in appendix 1. . .
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Chapter ITI: Model Systems: Hyoscyamus muticus L. and the B73

maize cell line.

Introduction
This chapter describes the conditions that were already well-

established and routinely used with Hyoscyamus muticus protoplasts

and the B73 maize cell line protoplasts (Potrykus et al., 1977) in
the plant tissue culture laboratories of tRe Friedrich Miescher
Institute. These are the methods and media that I used to obtain the

data in this chapter and for other studies presented in this thesis.

(a)  HYOSCYAMUS MUTICUS

Introduction:

Meséphyll protoplasts isolated’ from Hyoscyamus muticus L.

(Egyptian henbane) have been induced to divide in culture to form

_cells and callus and to regenerate plants via shoot formation and

somatic embryogenesis (Lorz et al., 1979; Wernicke et al., 1979).
Since the techniques for this process are established and reproducible,

§_:muticus is a good model systerit in whic‘h to examine processes
taking place in the regeneration of protoplasts to cells and to study
the factors affecting the differentiation of cells to whole plants.
Information and teclinni;;ues learned from the marﬁpulation of a res-~

ponsive plant could lead to the eétabliskment of similarly effective

techniques for less responsive plants such as the cereals.

56
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Materials and Methods

H. muticus plants were grown in a greenhohse from seeds in 6 tO
9 inch diameter pots for 8 to 10 weeks at 27° C day/18° C night. They
were kept under low light for a 12 hour photoperiod. An 8-week-old
H. muticus plant grown:.n a 9 inch pot is shown in Figure 1.

Protoplast Isolation: The series of steps leading to proto-

plasts from fresh material is illustrated in Figure 2. The third to
the sixth leaves, counting from the apex, were surface sterilized in
0.01 & Hc_;Cl2 + a few drops of Tween 80 as wetting agent for 15 minutes.
They were then rinsed five times with sterile distilled water. The
midrib of a leaf (Fig 2a) was removed as shown in Figure 2b, and the
4wo halves of the leaf were stacked (Fig 2c) and cut diagonally anto
thin (1-2 mm) strips (Fig 2d). Cutting of the leaves vertically or
horizontaliy resulted in lower yields of protoplasts. The leaf

slices were placed in an osmotically balanced enzyme solution (Fig

2e) consisting of 1 % Cellulase Onozuka R10 (I{inki Yakult, Nishi-

nomiya, Japan), 1 % Pectinol Fest (Rohm, Darmstadt), and 0.2 %

hemicellulase (Rhizopus, Sigma H212£>) , 0.3 M mannitsl, :0.04_ M CaCl2

and 0.5 % MES, at pH 5.7. The leaf slices were vacuum i;filtrated
witﬁ the enzyme solution (Fig 2f) and then ti:argsferrec} to fresh T
enzyme solution in a 9 cm Petri dish (Fig 2g) -and allowed to stand
for 2 to 3 hours at"30O C. Protoplast release caused the enzyme

solution to become visibly green and turbid (Fig 2h). Protoplasts

being released from tissue clumps and leaf veins can be seen at

higher magnification in Figures 2i and 2j. The protoplasts became
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Figure 1l: Hyoscyémus muticus L.

s
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Left: The greenhouse grown plant is 8 weeks old and 25 cm.

tall.

Right: A close-up photograph of the leaves used for the

isolation of protoplasts. The plants were 8 to 9 weeks

old whén used; the third to sixth leaves, counting from
the apex were used. Typically, these were leaves 13-16
‘ .

counting from jhe’\cotyledons .
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Figure 2:

(a)

(1),

-

(1)

(

Pracedures for the isolation of mesophyll protoplasts
from H. muticus.
A leaf from H. muticus was placed in a few drqps of CaCl,
in a 9 cm Petri dish.
The midvein of the leaf was removed.
The two halves of the leaf were stacked together and (
sliced dipgonally in 1 to 2 mm. strips.
The strips were Fransfened to a 5 cm screw top vessel
containing the enzyme mixture and
vac—:uum—infiltrated with the enzyme mixture and then
retuned to a 9 cm Petri dlSh containing fresh enzyme.
After 2 to 3 hours at 30° C, there was protoplast
release as shown by the turbié background in the Petri
dish.
(3), (k) Protoplasts are shown in clumps conriected ‘to
the leaf veins (i) X 100'; (j) X 150 ; (k) X 15C .

-

Final protoplast suspension X 100t .
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more dlspersed as dlgestlon conth) and fmally a
protoplast suspens:Lon resulted (Fig 21) . h -

The protoplasts were separa\ted from large debrls and tissue by
frltratlon through 250 pm, 100 um and 50 um stainless steel sieves.
QThe protoplast suspens:.on was dlluted 1:2 with 0.16 M CaCl2 + MES and
. centifuged at 300 g for.{;S minutes,. This resulted in t;m fractions of

, protoplasts: a floating layér'&and a pellet.  Both were handled .

separately during the clean—up procedures. "I‘hé‘floating protoplasts

‘usually did hqt have an excesslve amount of debris associated wrth

them They were .pelleted by cent'.rlfugatlon l.n 0.16 M CaCl, + MES

2
rewashed in the Same medlum, and then resuspended in médium. The

pelleted protoplast fraction was resuspended ln 2 ml of 0. 16 M CaCl

-
-

+ MES and layered'—over a 22 % sucrose. solutlon. Afte.r slow centrl—
fugatlen (300 x g) for 10 minutes, protoplasts were harvested from
the mterfaee, washed tw:l.ce 1n 0. 16 M CaCl2 + MES and then recomblned -

with the floatlng fractlon ofu protoplasts in culture medium. -

Protpplast Culture- The density of the protoplasts was adjusted

s

to 2- 4°x lO /ml JJ?DPQ med.lum (Durand et al 1973) oontammg 0.3 M

manm.tolQ 2 % sucrose, 4 mg/1 pCPA parachlorophenogyacetlc ac1d) and
~ 1 mg/l k:Lne , PH 5. 8. 'I‘hey were cultured in thih layers (2-4'mm)

of .DPD *tmm in 9 cm plast_lc Petrl dishfs, overnlght at 12 C and -

<

'for23weeksgt26 C,mthedark. . -q-';

e CalIus Culture. Small Samples of the 2-3 week old suspensmn

*
3

were cu{tured in nmlt;—dlshes (Costar, Uss. A,) in three dlfferent

.

med,lé DPD (Durarid, et gl., l973), NT (Nagata and Takebe ”I97l) or

L

- NNG? (NltSCh and Nltsch 1357) The curpOSJ.tJ.ogs of the three .

*
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-

-
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media are given in Table 1. Each medium was made up in 0.15 M -
" mannitol and 1, % sucrose. Each multi-dish contained one medium with

se‘rial dilu’tions (l;y 1/4) of the phytohormones to determine the .

optlmal concentratlon for rapid callus prollferatlon Two-way

gradlents were made as follows: PCPA was serially diluted right to

left from 4 mg/l to 0.06 mg/l klnet:m was dlluted serially top to

bottom from 4 mg/1 to 0.004 mg/1. The multi-dishes were sealed and

placed in a. 26° .G growth chamlger in the light at 5000 lux%for a 16

hour photoperaod ) .- 0

QPlant Regeneratlorr After 14 days, actlvely growmg, green

N\
calli were transferrea to agar (0.8%) contaq.mng the. same growth

a

medium from whlczh they had been selected " but without mamutol. Once
th<se calli establlshed shoots, they’*wére transferred to medium of ‘ ¢
the ‘same camposition, but conta:.mng 0.5 % sucrose and 0.1 mg/1 NAA ™

for the induction of rootss From this stage ‘these calli could be

J_nduced to regenerate plants through hydrOpomc culture followed by
transplantatlon into soil.
‘Results .

‘ The stages of H mutlcus protoplast gievelopment in culture areM ‘ -
s shown in Flgures 3 and 4. Inltlally, ‘the protoplasts appeared _ d

L)

- spherlcal with chloroplasts evenly dlstrlbuted throughout the cytoplasm,_

-

After 3-5 days in culture, the protoplasts underwent shape changes L
and the chloroplasts clustered around the nueleus (F;Lg 3a) After 7-
10 days of culture, the two cell stage’ smf;x m‘g.}gure 3b.was ccmnon

o

Thereafter, 4 and 8 cell clusters became frequent (Flg 3c and d).

' Eventually small calll foxmed (mg 3e-h)

ts og trans—-
, ferrmg ‘small calll and ‘cell clumps to 3 d;fferexgt nedla“’hamg
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DEFINED MEDIA USED IN THE CULTURE OF;PKﬁOPIASTS, CELLS AND CALLI

. - —- OF HYOSCYAMUS muticus L. AND THE B73 MAIZE CELL LINE. -

.
. " MEDIA
Macro—-elements (mg/1) DPD NT  NN67 e
NH N0, 270 825 - - 640
Ca‘lno3) 4H,0 - - 500 -
KNO,, °- 1480 950 125 1212
cact, . 21,0 570 435 - 588
K20, 800 680. © 125 136
1980, 76,0 340 125 125 - 247
Micro—elements (ug/1) S ?
. HyBO, 200 . % 6200 10000 - 3100
"MiS0; . 41,0 500 1690 25000 ° 11150
,2nS0, . TH0 150 860 - .. 5760 -
'KI .25 83 830 -
"Na,MoO - TH,0 150 25 250 240
4.9320, 1.5 2.5 25 25
CoCL; . 6H50 1.0 . 3.0 25 ‘ 28
" Vitamins (ng/1) - &\
" soluble starch - s - 50000
i-inositol 1000 10 :100000 * 90000
folic acid " 40 - = 500 -
thiamine HCL . 400 100 500 8500
nicotinic acid 400 - 500 6000
glycine " 140 - 2000' 2000
pyridoxin ficl 70 - 500 - 1000
biotin _ ° g - 50 .=
-Iron (mg/l)‘ P
FeSO, . 7H,0 27.8 27.8 278 27.8
. Na,.foma’ 37.3  37.3 37.3 137.3
A . ®

N
s
2

.
VARTR
L

P Ny
s



-

Figure 3 Cells and calli derived from cgltured proto,plasté of

H. muticus.

(a) A Sul tured "protoplast" after 3 to 5 days showing
a (;ilanged shape, presumably because of cell wall
resynthesis.

Magnification: 1.5 x10°. ' e s

(b) After 7 to 10 days of culture, some cells had
divided and !appeared as doublets.

Magnification: 1.5 x 10°.

(c) t::> (f) Clusters of four, eight and more cells appeared

after 10 to 14 days.
e!v?agnificatiop: (c) and (d): x 1000
f (e) and (£f): x 500.

(g) and (h) Calli with many cells appeared af'ter 2

to 3 weeks. Magnification: x 100.

3







NG

-

Figure 4: Callus prolifeJ;aton and organ regeneration in H. muticus.
(a) Multi-well dishes used for the screening (described in
text) of those phytohormones inducing rapid callus pro-
liferation.
(b) Calli after 14 days after transfer from'the multi-
well to 6 cm Petri dishes, formed small leaves as shown
° in the upper left callus. Magnification: x 1.5.

(¢) A 20 X magnification of the leaf shown in Figure 5(b).
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-
various phytohormone concentrations are shown J_n Figure 4a. Nbst

" rapid callus growth was observed in NT medium w1th 0.25 mg/l PCPA and

T
’.}g
:
3
H

0.06 mg/l kinetin' (Fig 4a, center). . B & ,
\ “When the calli from the wells were Qlaced onto agar (as des-
cribed above) tfhgre was rapid proliferation and the development of

yourg leaves (upper left callus in Fig 4b and 4c).
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(b) The B73 Maize Cell Line.

Introduction:

The B73 maize cell line was established by Potrykus and co-
workers (1979). It was the first and only cell line to be‘ estab—’
lished from freshly isolated corn protoplasts. The source tissue was

the stem of .a 10 week-old field grown inbred, B73. The protoplasts

" divided ingculture and can still be maintained either as suspension

culture or -as callus. The cells of this line can be enzymatically

¥

returned to protoplasts but cannot be induced to regenerate pl'ants.

As w1th other non—mrphogenetlc cell lmes, the B73 cell line has

' cytogenetlc abnom\alltles (see chapter V) The B73 cell line was

used as a model system in order to study the growth and maintenance

characterlstlcs ‘of a cereal. 4

Materials and*M‘ethods:

Culture Maintenance: The B73 cells were cultured in CC medium .

(Table 1). During maintenance, the cells were diluted 1:10 with

‘medium every’\S or 6 days. Durmg experments, they. were diluted l 4

every 2 days or 1:2 every day. "It was important to dilpte the cells
the night before protoplast isolation.

Callus Culture: Tlle B73 cell line can be maintained as callus

by platzgng the large cell clumps onto (C-agar (0. 8%) The calli that

grow are friable and loose and can be ea51ly resuspended in liquid

T

medium t© reinitiate suspension cultures.

*
A

Protoplast I‘solatiQn:_lCells.fran_suspension.culturelmre

O C o
centrifujed at 200 x g for 5 minutes and the pellet was resuspended
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< " 0.5 $ MES, pH 5.7. They were placed on a rotary shaker at 75 rpm for

71

in the ‘following enzyme mixture: 1 ‘% Cellulase Onozuka R-10, 0.5 %

Pectinol Fest, 0.5 % hemicellulase, 0.3 M mannitol, 0.04 ¥ CaCl2 and

2 hours at. 26° C, in the dark. To harvest thé pfotoplas.t:s, the
suspensionvwas passed through a 50 um sievey, diluted. 1:1 with 9.16 M
CaCl2 + 0.5 % MES and centrifuged at 300 g for 10 minutes. The |
‘protoplasts vr?re-washed twice in the CaCl,- MES medium and cultured
in NN67 medium (Table 1) plus 0.17 M mannitol, 2 % sucrose and 2 mg/1

2,4-D: They were kept in the dark at 12° ¢ overr;ight,’ then trans-

.'* .

ferred to 26° C for 10-14 days. Over this period'the protoplasts |
r;afomed walls and divided. The cells were \;vashed and résuspended in
OC medium for further growth as shake cultures (100 rpm) at 26° C in
the dark.? ‘, ’ : -0

Results:

Cell 1Cultu11§s: The ‘growth characteristics of the B73 maizé cell
line are discussed -in chapter V. The cells grow in clusters, are
often elongated and are relatiyely free of pl?astids. Some cells are

shown, after staining with Hoechst 33258 according to the method of

. laloue et'al., (1980) (but with no background clearance), in Figure

5. The cells are similar to root cortical cells in appearance.
Unlike cells that maintain t;uélr ability: Ito regen plants, the
B73 cells are not rounded and full of plastids. '
Callus: The callli that gfevg,from céil clumps, which were
transferred from liquid culture to agar, are ‘non-morphogenetic in

appearance, i.e., . they are not tight and compact calli, able to give

. -

]

- rise to embryoids but are loose, watery and friable (Fig 6a). Aging

calli often turn brown or yellow (Fig, 6b).

L)
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Figure 5: B73 maize cell line cells stained with Hoechst 33258

n

s

A; film, Ilford HP-4).

according to' the method of Laloue et al., .(1980)

without background stain clearance. Magnification x

'1000. (Photographed on a leitz Orthoplan Fluorescence

microscope, light source, a 200 w Osram HBO high

pressure mercury lamp used with excitation barrier

filter UV-UGI and dichroic filter assembly Ploempak
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Figqure 6: Callus culture of the B73 maize céll line.
(a) calli were very friable and loose. :
(b) Aging calli accumlated phenolics and tuixned brown.

©

. ‘ Magnification: x 10. .
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Protoplasts: The B73 cells and their resulting pr_otopiasts are
shown in Figure 7. The protoplasts in Figure 7b were produced from
the cells in Figure 7a. Figures 7c and 7d are higher maénificqtion
photos of the same cell's and protoplasts. The average size of newly
isolated protopiasts was 20 ym. The stages of B73 protoplast develop-
ment in culture are shown in Figure 8. Spherical, newly isolated
protoplasts can be seen in Figure 8a. T'here was often spontaneous
fusion of pmtoplasté during isolation. After 7-9 days in culfgure
~ - some protoplasts had changed shape and divided (Fig 8b). The élong—

ation and division were accompanied by cell clumping due to cell wall

regeneration (Fig 8c) .

. Summary . '
Hyoscyamus -muticus has been shown to be an ideal "model plant”

(Lorz et al., 1979) _in that it can be easily manipulated in culture.
Primary protoplast cultures have been estabiished and cultured under
various conditions giving cell suspensions and calli from which .
plants can be regenerated. Such a system-is useful for the study of
the physiological events that occur in the early culture of the
protoplasts and which lead to the complex events of emhryogenesis and
regeneration. \j . h

- _ Although the B73 maize cell line has lost its ability to
regeneraté plants and thus, is not‘ useful fo; ‘the study of enbryo-
genesis, it is still a useful system for the culture needs and ‘
manipulative techniques necessary for the handling of cereals in
culture. The protoplast-to-cell li{le sequence of events can be
studied and compared to that of non-cereal tissue culture and non-

responsive cereal tissue cultures.
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Figure 7: Cells and protoplasts ?f the B73 maize cell line.
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. (a) Stationary phase éeli clusters of the B73 cell line.

X 200.

=

‘ {b) Protoplasts derived from the cell culture shown

LIRS -3
RARIIALS

: in Figure 7(a). X 500.
(c) A higher magnification of Figure 7(a). X 500

(d) A higher magnification of Figure 7(®). X 800.
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Figure 8: Protoplasts of the B73 maize cell line.

@

(a) Newly ‘isolated protoplasts.
(b) Protoplasts after 7 to 10 days of culture.
(c) Protoplasts and cells after 10 days of E:ulture.

Magnification: x lO3 .
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Chapter QIV Fluorescence techniques.

A. A method for staining plant cell protoplasts with

Hoechst 33258. (Plant Cell Reports l: 77-79).

/

Introduction:

It would be of great interest for plant scientists to be able to
use flow cgytometric techniques with plant cells and protoplasts.
These techniques }nnuld be useful to analyze cell cycle events in
cultui'ed cel,ls and also to sort cycling from non—cycling cells. More
importanjcly, flow cytometry may provide a genera;l method for se
separating hybrid fusion products from parental fusion prodL%cts and
non-fysed protoplasts. Flow cytometry requires the use of fluor-
_escent dyes which bind to the cells to be analyzed. A prerequisite
for sorting and further culturing of the cells is t.lgat the fluor-
escent dye be a vital and non-toxic stain.

"\ ‘The bis-benzimidazole dyes, Hoechst 33258 and Hoechst 33342, are
vital, non-toxic in cultured mammalian cells and are considered to be
quantitatively specific'for DNA (Z;.rngthoyin and Jovin 1977; ¢
Cesarone et al., 1979). Previous u.si{as of Hoechst 33258 in plant
cells for nuclear and chromosome studies (Filion et al., 1976;

Laloue et al., 1980; Galbraith et al:, 198l) have used material fixed
prior to staining. We describe a procedure for the vital staifding
with the dye, Hoechst 33258, of nuclei of protoplasts derived from

cultured plant cells.
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Materials and Methods

Protoplast Isolation: The protoplasts were derived from the

maize cell line, '.j.nbred B73, established by Potrykus et al., (1977).
The cells were routiinely maintained in suspension culture as des-
cribed by Potrykus et al., (1979). To isolate protoplasts from the
cells, a stationary phase culture was diluted 1/4 with fresh medium
and cultured overnight. The cells were then harvested by gentle
centrifugation and resuspended in an iso-osmotic solution containing
1 % Cellulase Onozuka R-10 (Kinki Yakult, Nishinomiya, Japan), 0.5 %
Pectinol Fest (Rohm, Darmstadt, FRG) and 0.5 % Hemicellulase (Rhizopus,
Sigma H2125, St. Louis, USA) in 0.3 M mannitol and 0.04 M CaCl, at p;I
5.8. After incubating with gentle shaking for 2 to 3 h-at 24° C in
the dark, pmtoplast-;s were separated from remaining cell clumps and
large /dé_ﬁifis by successive passages through 250 ym, 100 ym and 50 m
stainless steel sieves. They were then harvested, washed three times
in 0.16 M CaC12 + 0.5 % MES (2-N-morpholinoethane sulfonic écid) , PH
5.8, and cultured in NN67 medium (Nitsch and Nitsch, 1967) + 0.17 M
mannitol, 2 ¥ (w/v) sucrose and 2 mg/1 2,4-D (2,4-dichlorophenoxy~
acetic acid). ‘ A
DNA Staining: The Hoechst 33258 (H33258) was a gift from Dr. H.
Loewe, Hoechst AG, Frankfurt, FRG. It was stored as a 1 mg/ml stock
solution in water and stored at 4° C in the dark. H33258 was found
to precipitate from solution at 4° ¢ when dissolved in phosphate-
containing buffers.

To establish the relationship between pH, concentration of the’
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dye, time in stain and other constant aspects of the staining
. f
procedure, the manipulations were carried out with the.protopldsts

resuspended in. 0.16 M CaCl The pH was adjusted with KOH.

2°
Microscopy: The microscopic examination of the 'protoplasts was

done on an Orthoplan microscope eqm.pped with an Orthomat automated
camera (Leitz). The light source was a 200 W HBO high pressure
mercury lamp used with excitation barrier filter UV-UGl and dichroic
filter assembly Ploempak A.

Toxicity of H33258 to Protoplasts: Hoechst 33258 is known to be

non-toxic to mammalian cells but has not been tested on plant cells.

Qetunia hybrida protoplasts were stained with H33258 according to the
procedure established below, for 1 to 20 min. /e survival and
plating efficiency of stained cultures were idengical to "‘;.'rpuose of
control cultures.

Results and Discussion _ .

Effect of pH: The relationship between the pH of the medium and .
H33258 uptake is shown in Fig. 1. The dye is optimally taken up at
pH 7.5; however, even at this pH, no more than 80% of the protoplasts
stained. A typical preparation of protoplasts is shown in Fig 2
where some protoplasts have stained and others have not.

Use of Surfactants: To increase protoplast uptake of H33258,

two non-ionic detergents were added to the protoplast solutions at
varying concentratichs in the presence of the dye at pH 7.5. The
results are in Fig 3. Tween 80 inhibited the ‘uptake of the dye at

all concentrations whereas Triton X-100 increased nuclear staining to

-




-
Figure 1: The effect of pH on the staining of the plant
figure 1
_ protoplast nuclei by H33258. "Even at the optimum

pH, the nuclei of only 80 % of the protoplasts

‘ stained.
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Figure 2: Illustration that not all plant protoplasts stain with
H33258 in the abscence of detergent.
(a) Transmitted-light photomicrographs of B73 protoplasts
(b) Fluorescence photomicrographs of the same protoplasts

shown in panel "a". The protoplasts labelled "1"

have not taken up the stain. Arrows indicate nuclei.

fod v TV




87

(LY COPY AVAILABLE

N
A

A

EULE COPIE DISPONIBLE



Figure 3: The effect of two non-ionic detergents on H33258 uptake
into the protoplast nuclei. Tween 80 prevented upta3_<e
at all concentrations whereas Triton X-100 enhanced

-

uptake.
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106 $ at concentrations from 0.006 % and higher. Taylor and
Milthorpe (1980) have recently reported similar results for 'I‘riton‘ X-
100 with mammalian cells stained with Hoechst 33342. .
'H33258 Concentration: Tl}e effect of H33258 concentration on the
percentage of protoplast nuclei staining with and without Triton X-

’ | ’ 100 treatment is shown in Fig 4. Tl;e measurements were made after
the prcstoplasts were in the stain for 1 h. In separate experiments,
it was found that good sMg was obtaineci in 15 min with an H33258
c,once.ntratio.n of 20 ug/ml,'allhnd_a Triton X-~100 concentration of 0.006%.

“ . Background Staining: We found that the membranes of the proto-

plasts fluoresced-slightly after treatment with H3:3258. This back-
ground staining was elimina‘c:ed if the protoplasts were treated’with
DNAase (50 pg/ml final concentration) for 20 min a}: 37° C before
exposure to the stain. ’
Conclu‘siops Lo - ' '
In anticipation of ufﬁing. ffow cﬁme&ic techniques with plant
”protoplasts, we have defined conditions for the staining of plant
protoplast n}lciei with H33258, a vital ‘fluorescent stain for DNA
The following protocol sumarizes these conditions:
(1) Prqtépiasts in ium are treated with DNAase (50 pg/ml
- : final condentration) for 20 min at 37° C.
., (2) After washing, the protoplasts are resuspended in 0.16 M

. . CaCl,, pH 7.5, in the presence of 0.006 % Triton X-100.

-

{3) H33258 is added to a final concentration of 20 ug/ml.
34 4 .
(4) After 15 min, the protoplasts are washed and resuspended in -

medium for sorting or for microscopic examination. -

e

RN
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Figure 4: The effect of H33258 concentration on the percentage of

nuclei staining at pH 7.5
@@ with 0.006 % Tritom X-100

0--0 without added surfactant.
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B. A batch assay using Calcofluor fluorescence to characterize
cell wall regeneration in plant protoplasts. (Anal. Biochem.

141: 38-42, 1984).

Introduction

A pronounced and important feature of the early culture of plant
protoplasts is the regeneration of their cell walls. The new walls
must be deposited iq order for cytokinesis to occur. Cellulose
biosynthesis can be measured by a nitration method used by Spencer
and Maclachlan (1) for pea epicotyl or by the anthrone method of
Viles and Silverman (2). Both methods involve extraction and drying
steps and are thus-thné consuming. Incorporation of radiocactive
p}ecursors into celluiose has also been a measure of wall regeneration
in protoplasts (3,4) butxsgp'relats;e inoo£poration of labelled
precursors into cellulose and other metabolites is variable (5).
Peberdy and Buckley (6) used Tinopal,’a fluorescent optical %right-

ener, to quantitate the cell wall regeneration in protoplasts of

Aspergillus nidulans.

Calcofluor White is also an optical brightener used in the
textile industry because of its high affinity for cellulose (7). It
has been used to visualize cell walls in bacteria, yeast, and higher
fungi (8) and in Cosmarium (9). Since Nagata and Takebe (10) first =
used Calcofluor to observe regenerating walls in tobacco protoplasts,
it has been used extensively for that purpose. Calcofluor has also
been used in conjunction\with a flow cytometer to observe cell wall
regeneration in B73 maize protoplasts (1l1). Recently, Galbraith (5)

measured Calcofluor fluorescence due to cellulose deposition on
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individual tobacco protoplasts and correlated it with the weight of
extracted cellulose as determined by the anthrone method (2). This

paper describes a quantitative batch assay for cell wall regeneration

in protoplasts isolated from Hyc‘b‘s_cxamus muticus. It is based on the
specific binding of Calcofluor to cellulose, and is an extension of
ea‘r,lier flow cytfmetry work (11). Isolated mesopl.myll protoplasts of
H. muticus were studj;_e_d because they have . been sﬁown to recjenerate
walls and to divide in culture (12,13).

‘Materials and Methods

Protoplast preparation: Mesophyll protoplasts were isolated

from the 3rd and 4th leaves of 8-week old Hyoscyamus muticus plants.

After surface sterilization with HgC12 and washing 5 times with
sterile distilled watér, thin_leaf slices were incubated for 3 hours
at 30° C in 1 % Cellulase Onozuka R-10 (Kinki Yagult, Nishinora,
Japan), 0.5 % Pectinol Fest (Rohm and Haas, Darmstadt, FRG), 0.5 $
hemicellulase (Rhizopus, Sigma, St. Louis), 0.3 M mannitol and 0.04 M
CaCl2 at pH 5.7. After passag;e through 250, 100 and 50 um stainless

steel seives, which removed the large cellular debris and clumps,

the protoplast suspension was mixed with 0.5 volumes of 0.16 M CaCl2

plus 0.5 % MES (Sigma, St. I.ouis) at pH 5.7, and centrifiuged at 300 x
g for 10 minutes giving a pellet and a fraction of floating proto-
plasts. The floating protoplasts were re.moved , then pelleted by
centrifugation in 0.16 M‘CaClz, combined with the first pellet, and
washed in 0.16 M CaCl,. The protoplast density was adjusted to
approximately 10°/ml (haemocytometer counts) in the medium defined by
Durand, Potrykus and Donn (14) containing 0.3 M mannitol, 2 %

sucrose, 4 mg/1 para-chlorophenoxyacetic acid (pCPA) and 1 mg/1

¢
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kinetin. The protoplasts were incubated ovemight- at 12° C and then
transferred to 26° C, always in the dark. At daily intervals, aliquots
o% the protoplast suspension.were collécted by centrifugation at 300

x g for 10 min, washed in 0.16 M CaCl,, counted on a haemocytometer
and assayed for cell wall.

Staining: Calcofluor White is a fluorescent dye which stains
the cellulosic components of. plant cell walls (7,8,9,10). It has an
excitation wavelength of 350 mm and, when bound to cellulose, an
emission maximum of 450 mm (7).

Initial experiments showed thlat a high concentration of Calco-
fluor gave a 'high background fluorescence. When the concentration of
Calcofluor was high, addition bf the protoplasts or cells to the
Calcofluor gave quenching of this backgreund. It was necessary,
th'erefore‘, to determine the concentration of Calcofluor wl}ich gave
low background fluorescence but increasing fluorescence in the
presence of cells. This concentration was determined to be 0.5
pg/ml. The Calcofluor was kept as a 0.1 mg/ml stock seolution in
distilled wate‘r. ‘

All fluorescence measurements were made on a Kontron FM23
spectrofluorometer’ equipped with a magnetic stirrer beneath the
cuvette. Before each run, the baseline was set with 0.1;5 M CaCl'z.
The f]juorescence of unstained newly isolated protoplasts was less
than 0.4 % of the fluorescence of s.t.-;ained protoplasts’at the

concentration of Calcofluor used in the assay, and less than 4 % for

unstained 6—(day old protoplasts.
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Assay procedure: Ta determine background fluorescence, 10 ul of

the 0.1 mg/ml Calcofluor solution was added to 2.0 ml of 0.16 M
CaCl2 , and the fluorescence emission spectrum was scanned between 400
and 500 nm at an excitation wavelength of 350 mqm.. Xnown volumes of

the protoplast suspension (eg. 200 ul) were then added, and the

emission spectrum was repeated after each addition. 1In this way, a
‘series of .spectra were generated which, after volume correction,
correlated with the number of cells‘, in the cuvette. The effect of
fhis procedure was to titrate all free Calcofluor with cellulose in
the cell walls. The end po'int was ;reached when further addition of
cellulose (cells) caused ;10 further increase in fluorescence. Thus,
tpe ceilulose/Calcofluor ratio was relatively constant for each
determination. The assay was performed for protoplasts at various
stages of wall regenerai:ion. Control assays were performed with
Merck mi(;:ocrystalline cellulose (Fig 1.).

. Results and Discussion

H. muticus protoplasts, whose average diameter is 20 um immed-
iately after isolation, resynthesize cell walls and divide in culture.
(12, 13). The first shape change from spherical to spheroid due to

cell wall re{.;eneration occurs around day 3 or 4. Some clu;rping due

to cell wall fonnqi‘:ion can be seen by day 6 or 7 and divisions by day

8 to 10. ' p
N r, .
The series of eémissioh.spegtra obtained for regenerating Hyoscyamus
muticus protoplasts for 'days "0 and 3 of culture are shown in Fig 2a

and Fig 2b. The spectrum labelled ‘1! is the background fluorescence
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Standard Cu’g‘ve using microcrystalline cellﬁlogel and
Calcofluor.
There was a linear relationship between the fluorescence

(450 mm) due to Caloofluor- and the amount of added

cellulose. ‘ . .
The graph represents two experiments each having .
duplicate satr?lples taken. ’
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Fluoresence emission spectra of Calcofluor and of
Calcofluor plus protoplasts. Line 1 is Calcofluor

alone, lines 2,3,4,5, are Calcofluor plus increasing

numbers of protoplasts. a) day 0 of culture:

b} day 3 of culture.

Fluorescence is in arbitrary units.
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of the Calcofluor solution, and the subsequent spectra are due to the

sequential addition of 200 pl aliquots of preteplast suspension.

The peak fluorescence, corrected for background, was plotted as
fluorescence intensity against the number of protoplasts. Fig 3a
gives these results for cells which had been cultured for 0 through 7
days. BAs the protoplasts regenerated more wall n\eterial, the ceilu—
losic constituents of the wall absorbed more of the Calcofluor at
lower cell densities. The rate of change of fluorescence with
respect to the number of cells in the cuvette, or the initial slopes
of: ‘the lines on Fig 3a, is a measure of the average wall content oﬁ .
the cells; ie., the amount of fluorescence per cell is related to the

® amount ef cellulose per cell. Fig 3b gives the relation bet;vzeen the
initial slope and the number of daysain culture for I{Eﬂamus .
protoplasts. The increasing slope reflects the increase in the
quantity of cell wall per cell with increasing time in culture.
'After this methodology was estabiished, these. measurements were
repeated for five independent repetitions of the regeneration of cell
walls by freshly prepared Hyoscyamus pr.otoplasts. The results; of
these studies are.surmarized in Fig 4. Since Calcofluor is highly
specific for cellulose, there appears to.be incomplete wall renovai‘
in some preparations on day 0. This was previously observed by flow
cytometry (11). Unstained protoplasts gave very little back\ground
fluorescence. There was an increase in the cell v;all content per
cell until day 6 of culture, when the cell wall content reached a
plateau. This occurred about the same time as the Hyoscyamus cells

clumped and when there were some very early divisions.




Figure 3:

Exazrple of a set of cell wall determinations for
_@Es_cyimﬁ protoplasts to establish the assay conditions.
BEach point is the average of two.determinations.
(a) Fluorescence Intensity aé a function of protoplast
or cell number. F.I. is the peak fluorescence
due to adsorption of Calcofluor to the protoplast
or-cells. . - -
® day 0;
M day 3;
A day 5;

¢ day 8. °

¢

(b) Time course of cell wall resynthesis in.the Hyoscyamus*

protoplasts. Measurement of the initial slopes in the
graph (part a) gave the relative amount of cell wall

syntheéis for a given number of cells @@t each time.
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Discussion ,

The as%y that has been developed here can measure cell wall
resynthesis in plant protoplasts using the fluorescent dye Calcofluor
in a scanning fluorometer. The fluorescence measurements can be
correlated to micro-crystalline cellulose equivalents as shown in
Table 1.

X
Galbraith (5) has also established an assay for tobacco

" protoplast wall regeneration by measuring the fluorescence of

individual protoplasts and correlating these values to the actual
amount of cellulose measured as a]kali—insolublg polysaccharide.

The two m:'ethods can be compared; eg. for the cellulose content
‘of "mature" protoplasts, in his case, 5-day old tobacco protoplasts;
and in this case 6-day old Hyoscyanus protoplasts. From his data, a
5-day old protoplast gave a fluorescence of 45 mvBk, which when S
multiplied by the factor 1mv = 22 pg of cellulose, gave a cellulose L |

FAEN

content of 99 pg per protoplast. Considering 6 day-old Hyoscyamus
[;rotoplasts, from Table 1, lO4 protoplasts had a cellulose equivalence
of 785 ng (78.5 pg per protoplast). Considering that the two
protoplasts are quite different in initial aver:age size (Hydscyamus,
20 um; tobacco, 33.6 pm)’ the two methods are in good .agreement with
each other.

Both methods have the advantage of being fast and convenient
compared to extraction methoéls (1,2). In this assay, a given level
of fluorescence is correlated with a particular quantity of micro-

crystalline cellulose. As yet, this estimate has not been compared

¢




Time in Culture FI/leI Cells ng Cellulose/10% cells
(days) (+ SEM)
~

0 4.240.49 135

1 9.0+ 1.0 280 "

3 12.8+ 1.3 385 -
6 26.0+ 8.01 785

8 26.8+ 5.5 805

108

TABLE 1
Fluorescence Intensity (in arbitrary units) and cellulose
equivalence due to the binding of Caléofluor White to
regenerating cell walls of H. nujlticus protoplasts during

8 days of culture.
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to quantities of extracted cellulose. Neither assay indicates what
fraction of the protoplasts are undergoing cell wall sgmthesis and '
neither measures the non-cellulosic components of the cell wall. The
assay designed here is a batch assay and as such is performed more
quickly and conveniently to determine agd to compare rates of c;eil

+

wall synthesis in cultured protoplasts.
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28: 337-348, 1982/3).
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Introduction
To date, only one cell line, the B73 line of Potrykus et al.

(12) has been established from a prirwry culture of protoplasts from

plant tissues of Zea mays L. The cells grow well in suspension
culture, can be maintained on agar medium'and can be enzymatically
returned to protoplasts, which in turn, regenerate walls and become
proliferating cells again. The cells of this line;":cannc;t be inducedl
to regenerate plants and, as is known in other no@rphogenetlc cell
lines, they have ploidy abnormalities. .

The B73 cell line is useful for the characterization of a maize
cell culture and for comparison with morphogenetic cell cultures. We
have, firstly, characterized the growth of the B73 cells in sus-
pension culture. Secondly, we have examined the DNA synthesis and
cell wall regeneration of B73 protoplasts during the first 5 days of
culture. For the secongi.study, we have used two fluorescent dyes,
Hoechst 33258, which binds quantitatively to DNA (1, 2, 15), and

© Calcofluor White, which stains plant cell walls (10). To study .

AL AL 3 N

. protoplasts stained with these dyes, we have used a fluorescence-

Ay e

activated cell sort;er, the FACS II (Becton-Dickinson Electronics
P ' L3b.) which allows the collection of data on a large number (10°) of

individual protoplasts.

§
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Materials and Methods

Py

B73 Cell Line: The cells are routinely grown as suspension

cultures in CC medium as defined by Potrykus et al. (13) and are
diluted with medium either every 5 to 6 days by 1:10 during main-
tenance, or every 2 days by l:4 or every day by 1:2 during exper-
iments. An alternate method of maintaining the line is to plate the
cell clusters on CC-agar (0.8%) medium (13). The calli which develop
are friable and can be easily resuspended in liquid medium to re-
establish cell suspension cultures.

Chromosome Staining: The chromosomes of the B73 line have been

difficult to stain; thus, several methods were attempted to obtain a
chromosome count and the mitotic index of the cell suspension. The
dyes used were: Feulgen, Toluidine Blue O, Acridine Orange and
Hoechst 33258. N

Feulgen: Staining of the cells was done according to the
reugen :

\

procedure established for corn root tip; (3). The time required for
hydrolysis of the cells variec} with every oreparation (from 1 to 8
min). Since a series of test samples had to be set up for “each batch
of cells, this method proved to be tedious.

Toluidine Blue O: After the cells were fixed overnight in 3:1

(v/v) ethanol: acetic acid, they were centrifuged at 300 g for 10 min
a

and washed in borate buffer, pH 8.4, stained for 2 min in 0.05 %

toluidine blue 0, rewashed and mounted in water.

Acridine Orange: The cells were fixed in 3:1 (v/v) ethanol:

acetic acid, and then, according to the method of Darzynkiewicz (5),

0.2 ml of the suspension was washed in 40% ethanol, mixed with an
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equal volume of KCl}HCl solution for 1 minute and then with 2 ml of
acridine orange (0.8 pg/ml) made up in citric acid buffer, pH 2.6.
The high background staining by acridine orange made the visual-

ization of chromosomes difficult.

rHoeéshst 33258: The method is described below.

Determination of Chromosome Number: Colchicine, at a final
4

concentration of 10 M was added to a 2 ml aliquot of the cell

suspension for 2 h, after which the cells were washed in 0.16 M

CaCl2, pH 7.5, stained with Hoechst 33258, and resuspended in 0.16 M

CaClz. To soften the walls for squashes, the cells were treated with
0.5 % Cellulase Onozuka R-10 in CC-medium for 20 to 30 min at ' 30° c,
before being returned té) 0.16 M CaCl2 for rounting and observation.
They were examined with a Leitz Orthoplan fluorescence microscope
equipped with an Orthomat automated camera. Its light source was a
200w, Osram HBO high pressure mercury lamp used with excitation
barriér filter UV-UGl and d;.chroic filter assembly Ploemopak A.

Packed Volume Determinations: Stationary phase cultures were

diluted 1:4 with fresh medium, and 2 ml of the suspension was
centrifuged at 300 g for 10 min in graduated conical centrifuge
tubes. The packed volume, expressed as a percentage of the initial

total sample volume, was determined in duplicate every 24 h until the

culture reached stationary phase.

Mitotic Index Determination: Aliquots of cells were washed

twice in 0.16 M CaCl,, pH 7.5. They were stained with Hoechst 33258
and duplicate samples of at least 500 cells were scanned. The

mitotic index was the percentage of all cells at any stage of

\




mitosis. The determination of the mitotic index throughout the
growth curve was repeated three times.

Protoplast Isolation: Protoplasts were isolated from B73 cells

-
that had reached stationary phase, were diluted 1:4, and allowed to

grow overnight. The cells were then treated with 1 % Cellulase

Onozuka R-10, 0.5 % Pectinol Fest and 0.5 % hemicellulase in 0.3 M

mannitol and 0.04 M CaCl2 at pH 5.8. After 2 to 3 h of shaking (125
rpm, 24° C, in the dark), the protoplasts were separated from the
remaining cell clumps and large debris by successive passages through
250 ym, 100 ym and 50 ym stainless steel sieves. The grotoplasts
were then harvested accokrding to the method described by/Potrykus et
al. (12). The wesulting protoplasts were cultured in NN67 (11)
medium containing 0.17 M mannitol, 2 % sucrose and 2 mg/l 2,4-D, in 6
cm Petri dishes, overnight at 12° ¢, and thereafter at 24° C, and
always in the dark. By 7 days they had reformed walls and could be
harvested and returned to shaking culture in CC medium.

Survival of the Protoplasts: Since haemocytometer counts of the

) &
protoplasts had proven (by Evans Blue exclusion) to be a good

indication of”the number of viable protoplasts, this method was used
to determi.ﬁe the survival of the protoplasts in culture. Initial
densities of the protoplasts were adjusted to approximately lO5 per
ml. The protoplasts were counted every 24 h until clumping occurred,
and further measurement became difficult. This experimen; was
repeated five times and all samples were counted in duplicate.

Hoechst 33258 is a bisbenzimadozole dye that binds quantit-

ativel%/_ to DNA (1, 2, 9, 15). The dye was a gift from Dr. H. Loewe,
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Hoe¢hst, AG, BRD. At an excitation wavelength of 350 nm, Hoechst
33258 fluoresces at 465 nm when conjugated to DNA. 'gl'@ B73 proto-
plasts were stained with H33258 as previously described (9): the
protoplasts were first treated with DNAase I (Sigma) at’50 ug/ml
final concentration fc?r 20 min at 37° C, to remove DNA absorbed from
the culture medium and adhering to the outer surface of the cells,
then washed and reéuspended in 0.16 M CaClz, pH 7.5 in the presence
of 0.006 ¢ Triton X-100. Hoechst 33258 was added at a final concen-

tration of 20 pg/ml and the mixture was allowed to stand for 15 min.

The protoplasts were centrifuged at 500 g for 10 min, then washed and

resuspended in culture medium for FACS analysis.

Calcofluor White: Calcofluor White ST preferentially stains the
cellulosic components of plant cell "Nalls.‘ It has an excitation
wavelength of 350 nm, and an emission wavelength maximum around 450
nm when bound to cc?l}ulose. Commercial samples have some background
fluorescence. At hig; concentrations of Calcofluor, the background -
fluorescence is quenched by the cells. The optimal concentration of
Calcofluor giving little }aackground while still allowing fluorescence
detection of cell walls was determined with a Kontron FM-23 spectr-

ofluorometer. It was found that a final Calcofluor concentration of

0.5 yg/ml in a cell or protoplast suspension of lOS/ml was optimal.

o

At this fixed concentration of Calcofluor, the fluorescence increased
linearly with the number of cells or protoplasts added, the slope.
depending on their cell wall content. This concentration of Calco-
fluor also gave linearly increasing fluorescence when calibrated with

Whatman (M52 microgranular carboxymethyl cellulose particles. The N

. N
Calcofluor-treated protoplasts were analyzed on the FACS.

) - -
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The FACS: Flow cytometers can make measurements of each
individual of a large population of cells. The analysis of the cells
is based on the quantity of fluorescent probe bouéd to a particular
cellular component. As the stained cells pass single file through a
k.ryp‘ton—argon laser beam, two measurements are made on each: 1) an
estimate of cell size given by the low angle forward light scattéring
and 2) a fluorescence emission intensity given by the amount o‘f bound
dye. For the protoplasts, two changes in the operation of the FACS
were made. To accommodate the osmotically fragile protoplast;_s, the
sheath flow solution was replaced by NN67 medium as descrimd, above,
so that during flow and analysis the protoplasts remained stable, and
the F;ACS was refitted with a 100 ym nozzle to allow passage of the
protoplasts. Immediately before .analysis, to prevent blockage of the
flow lines, the protoplast suspension was filtered through a 100 um
seive to remove any large clumps that may. have(formed. .

The FACS II is linked to.a computer system which is pmgr(W
to produce histograms and scatter or contour plots ;>f the data™-the
FACS II used in thes experifnents is owned and operated by the
’Institute for Immnology (Hoffmann-La Roche, Basel). A log amplifier

Q
was designed for the FACS by Dr. H. Koller, Hoffmann-La Roche, Basel.

s

/

Results

Chromosome Staining and Distribution: B73 cells, as stained by

several nuclear dyes, are shown in Fig 1. The photographs were taken
before clearing the background with ethandlic BaOH. Chromoscmes of .

H33258 stained cells (Fig lf) are most distinctly visible. The

3 . \
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Figure l: Nuclear Staining of B73 Cells.
la, b, ¢, @ Toluidine Blue O o

le . Acridine Orange staining gives a yellow nucleus,
“orange nucleolus and green walls. Background -
staining was very difficult to remove. '
1f . " “Hoechst 33258 stiining: gave blue whifce chromoscomes
. Background fluorescence due to the walls could
“be removed iay ethanolic Ba_OH‘ wash.
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_which perpetuate th& culture.
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distribution of the chromoscmes of B73 is shown in Fig 2. Approxi-

mately 50 $ of the cells have the expected dlplOld muber of 20

" chromoscmes for Zea mays. The dlstrlbut.lon also ‘shows that the line

is partially aneuploid. A small fraction of the cells have 30
chromosomes. ©

Growth Curve and Mitotic Index: The growth curve (packed ce;l

~volume) for the B73 cell line, diluted 1:4 and allowed to regrow for

6 days is shown in Fig 3. There is a linear increase' in growth from
the.time of dilution until day 4, after which stationary phase is
reached. 'The mto%c index is also given in Fig 3. The number of

’

cells in mitosis increases from the time of dilution until day 2,

_after which the number of dividing cells decreases as the culture

reaches stetionary phase. By day 4, there ie a very small percentage

of cells in division. “

Survival of Protoplasts Isolated from B73 Cells: The survival

of the B73 protoplasts during the first 6 days of culture is shown in
Fig 4. There is appreciable net protoplast death during the flrst 2
days of culture, after which the population stabilizes. About 50 %
of the protoplasts remain viable after the 3rd day of culturg, ‘45 %

remain< after 6’'days. I_’resxmably these survivors' become the cells

LENN

- . .
FACS Analysis of B73 Protoplasts: After staining with either

' H33258 or with Calcofluor White, protoplasts were screened for Bry
L}

and for cell wall content using the FACS. Distributions of DNA \

content in the protoplast populatidns, as shown by Hoechst  fluor-
escence, are presented in Fig 5. Figs 5a to 5d are histograms of the

DNA containéd in 10° protoplasts on days 0 to 5. Figs 5e to 5h are
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The Distribﬁtion of the Number of Chromosomes in B73.

About 50 % of the cells have 20 chromosames, the diploid
number for Zea mays L. A small number of cells are

triploid.

9
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Figure 3:

Growth Curve and Mitotic Index of B73 Suspension Cultures.

Growth was measured as the percentage packed

volume of cells. ' Mitotic Index is expressed as the
percentage of celds in any stage of mitosis. Duplicate
samples of 500 cells were scanned every 24 h in 3 repeated
experiments, Indicated range is 1 one standard error of

the mean.
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Figure 4: Survival of B73 Protoplasts in Culture.

Haemocytometer counts, in duplicate, every 24 h for 3
experiments showed that 50% of B73 protoplasts survived to

become cells. Indicated rénge is 1 one standard error of:

the mean.

i)

L

R 0o N U N,
e



123

T
|
4

[BAIAING O/

Fime-(days)-———-




Figure 5:

Fluorescence-Activated Cell Sorter (FACS) Analyses

of Hoechst 33258 Staining of Protoplasts of Cultured

Zea mays Cells.

Figs 5a to 5d are the histograms of number of protoplasts
as a function of DNA content for days 0, 1, 3 and 5 of
culture. The abscissa, on a log scale, is the fluorescence
intensity of bound Hoechst 33258 and the ordinate is the
number of protoplasts per channel. Throughout culture
there is a ﬁ)J;ogressive loss of the "B" peak representj__ng
those protoplasts in G2. By day 5, new DNA synthesis has
occurred and a new G2 population is present.

Figs 5e to 5h are scatter plots of the intensity of
staining as a function of cell size for days 0, 1, 3 and 5
of culture. The abscissa.is the relative size of the
protoplasts. The ordinate is the fluorescence.due to

Hoechst. The 3rd dimension is the number of protoplasts

" for a given size and DNA content. There is a loss of large

protoplasts up until day 3 but by day 5 an increase in

larger protoplasts is coincident with the reappearance of~ a

new G2 population.
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the corresponding contour plots of the number of protoplasts
(indicated by the contour lines) as a function of size and DNA
content. As shown, the protoplasts, after one night's growth from
stationary phase, had their DNA distributed in 3 peaks. The analysis

of the 3 peaks is difficult since there was spontaneous fusion among

some newly isolated protoplasts, so that a small percentage of the

protoplasts were multinucleated.

Imediately after isplation, a.s is shown in Table 1, most of the
protoplasts weré uninucleated, but about 6 % were multinucleated.
The percentage of multinucleated protoplasts decreased over the
course of the experiment. Some of the multinucleate cells would have
been present in peak C, Fig 5a. It is generz:ily accepted (4, 6, 7,
8) that the DA profiles obtained from cytofluorcmetry correspond to
cell cycle analyses obtained by other methods. We have assumed this
to be so also for plant protoplasts and have interpreted the data on

-~
the assumption that the lowest fluorescence peak of the histograms
corresponds to Gl of the cell cycle of the B73 cells. Precise
identification of the peaks obtained by these methods with intra-
cellular DNA content is a continuing problem in flow cytometry.

Non-morphogenetic cells are often aneuploid and this is
crrtainly true of B73 cells. The number of chrefiosomes ranges” from
18 to 32 with approximately half the cells being the expected Zp for
Zea mays, and a small proportion being 3n. This broadens the pgaks
of the DNA distribution. Peak A then corresponds to the Gl state of

those cells whose diploid number of chromosomes is near 20, and peak

B corresponds to the G2 of that sub-population. Peak B also contains
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TABLE 1
Distributions of nuclei per cell after va:cious~ days of

incubation since protoplasting.

b

Number of Nuclei per Cell

DAY 1 2 3 4 T 4+

s

% of Protoplasts

0 94.1 5.0 0.4 0.5 0.0
1 - 94.4 5.0 0.2 - 0.4 0.0
4 96.0 2.9 0.2 0.6 0.3
6 . 950 3.4 0.5 1.1 0.0

Percentages of uninucleate and multinucleate protoplasts on days

0 to 6 following protoplast isolation. Each value is the average of 3
separate experiments in which 600 protoplasts were counted for each

time point.
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two other classes of: protoplastsﬁthose with a diploid number greater
-than 20 and those which are binucleated. The G2 for these two
classes would then be Peak C, WI}ich is broadened by multinucleated,
spontaneously-fused protoplasts. The relative contribution of
binucleate cells to the apparen-t G2 peak would be approximately 5 %,
and the total contribution ofvc’:élls with 3-or more nuclei to the DNA -
distribution would be approximately 1 § (Table 1)..

From Fig 5, it can be seen that in days 1 to 3, thereﬂwas a
relative increase ‘in the number of protoplasts ina Gl, so that hy day
3 most of 'the cells were in peak'A. Since there was no cyteokinesis
during that time, it would seem that there was a loss of 'protoplasts )
in G2. Only 50 % of the isolated protoplasts.survive until day 3 and
become the cells which pe;:petuéte the culture (Fig 4). It would seem
that there was a selective death of protoplasts in G2. Those proto-
plasts remaining in Gl by day 3 begin to resynthesize DNA so that by
day 5 of culture, some protoplasts are in G2 again. The large:Gl 5
peak on day 5 suggests that a proportien of the protoplast popuiation ,
was not cycling rapidly. The contour plots show the same trend, i.e.,

loss of those protoplasts in G2 which are also the larger protoplasts

‘.

(Fig 3g) . o 1
The corresponding graphs for cell wall resynthesis are given in .

Fig 6. Initially, the newly isolated protoplasts showed fluorescenéeo

’

in the presence of Calcofluor (Fig 6a) and this fluorescence was o

present in all sizes of protoplasts (Fig 6e). This population of
protoplasts could be those which did not have their walls completely
removed during isolation. Although peak A, Fig 6a, decreased on

»
>
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'Figur”e 6: luorescence—-ActJ.vated Cell So‘rter (FACS) Analyses

[T of Cell Wall Regeneratlon as’ shown” by Caloofluoro

>

P

stalm.ng of Protoglasts of Qﬂtured Zea js cells. -

-

‘ FJ.gs 6a to 6d are the hlstograms of number of pxotoplasts

z o as a ﬁmctg.on of cell wall oonteht for days O, 1, 3 and 5

v e T

< L j"_ after 1.solat10n. The absc:.ssa, on ‘a log scale, is the
x _:‘., : fluorescenc;e ;.nten51t§/: of) ’;Jound C‘.alcofluor White. . The . __'_"
u P --1 ordmate is the number of protoplasts per channel. There
._:-7 ~* isa 2 small populaf:lon that does not . completely lose its |

<

Wall (pea.k A) durlng 1solatlon. Wlth time in culture, there

is the energence of seve.ral populatlons o‘f protoplasts

.
-

s haVJ,ng dlffere.nt rates of cell wall regenerata.on. T

- Y
PR F:r.gs 6e to” 6h are. scatter plots of the cell wall

T T 'I‘he absc:.ssa lS the~relat.1ve size of the protopIasts. The -

ord:mate is the fluorescence due td Caloofluor. .The 3rd

. e dJ.men51on is the number of protoplasts per size class and
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subsequent d:ays, it was always present, indicating that' there was a
éubpopulation of protoplasts not resynthesizing walls. The pro-
gressive increase ip cell wgll fluorescence is given in Figs 6b
through to 6d. By the first day after isolation, there were 3
subpopulations of protoblasts having varyipg amounts of cell wall,
indicating that there were subfractions of prott_oplasts having diff-
erent rates of cell wall synthesis. By the third day of culture (Fig
6c), the population with high fluorescence (peak D) had increased at
the expense of those in the medium fluorescence peak (peak C). There
was also an increase in-the population withﬁbw fluorescence (peak B)
probably due to resynthesis of walls by those protoplasts which had
not their walls completely removed during isolation.'gizkough cell
wall resynthesis was detectable in all sizes of protoplasts (Figs 6e
to 6h) it would seém that most of the reg;hthesis of wall material
occurred in the smaller p'roto;;lasts.

Conclusions ,

The B73,cell line, established by Potrykus et al. (12),

has been the only maize cell line to be obtained from a primary
protoplast culture.' It has been maintained either as a suspension
culture in liqlgd medium or as callus on agar medlum

. Stat'onax;‘ pﬁase cells, when‘cliluted 1:4 and allo‘:oed to grow,
reach stationary phase again within 4 days. The mitotic index of the

culture is\highest on day 2 after dilution and by day 4 there is very

1ittle mitotic activity. Protoplasts are easily isolated from the

cells and are able to resynthesize walls and divjde, During the
3. '
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|

| |

f -
first 3 days after isolation, trle;'e is a 50 % loss of the protoplasts
freom the culture.

. Two syni';hetic.processes, DA synthesii and cell wall synthesis,
were followed using fluore;c,cent dyes aﬁd the FACS II during the early
days of culture of the protoplasts. The DNA analysis showed that
there were 3 peaks of DNA content. The lowest two have been assumed
to represent the Gl and G2 + M of the B73 cell cycle. The third sub-
population was those protoplasts which had greater than G2 + M
content, assumed to have ari’sen'by spontaneous fusion during

(gl

protoplast isolation. ‘j

- The aneuploid nature of the protoplasts made the DNA distri-

& e

butions complicated but it was obvious that there was a selective

' 1 N

§
loss of those protoplasts with higher DNA content during the first 3

* days of culture. This population reappeared by day 5 owing to the

-

reinitiation of DNA synthesis in the Gl protoplasts.
Concurrent with the resurgence of the G2 population of proto-
plasts was the occurrence of pdpulations of protoplasts resynth-

esizing walls at various rates. i

N

”»
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Chapter VI: Characterization of protoplasts of Hyoscyamus

muticus L. using flow cytom'étry.

Introduction
Automated flow cytometers are becoming increasingly important
for the analtzsis of the components of large populations of cells.
They allow fast, multiparameter screening and measurement of cellular
constituents, yielding data t:hat are statistically precise. The
analysis of cells with automated cytometers is based on the quantity
of a fluorescent probe which is bound to a particular cellular
component. Up to lO5 cells per second can be examined with a cytometer.
Two fluorescent dyes can be used to follow the early events in
the culture of newly isolated plant protz)plasts: Hoechst 33258, a
bisbenzimadozole dye that binds quantitatively to DNA (Arndt-Jovin
and Jovin, 1977; Cesarone et al., 197'9; Taylor and Milthorpe, 1980)
can be used to follow the cell cycle, and Calcofluor White, a
" fluorescent cellulosic .substantive, can bs used to follow cell wall
regeneration (Nagata and Takebe, 1971). N
Automated cflow cytometers have been used to\?ﬁaracterize DNA
synthesis and cell wall regeneration in the ealily @ture of the B73
maize cell line (Meadows, 1982/83) and DNA synthesis in fixed tobacco
protoplasts treated with cell wall inhibitors (Galbraith and Shields,
1982). The FACS IV (Fluorescje}nce Activated Cell Sorter, an automateti
flow cytometer produced by Becton—-Di::kinson) , has been used to select
and sort protoplasts containing FITC-tagged alfalfa mosaic viruses |

(Slats et al., 1989) and chromosomes of H. gracilis (de Laat and
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Blas, 1984). Redenbaugh et al. (1982) have also pres§nte§ preliminary
data on the use of the FACS IV for detecting do{Jbly stainedz populations
of protoplasts as a possible means for selecting hybrid fusion products
and Puite and Ten Broeke (1983) have studied Hoechst 33342 staining

of DNA in fixed and non-fixed protoplasts on a FACS IV. - Harkin and
Galbraith (1983) have established the conditions for sorting protoplasts

-
of tobacco on an Epics V cell sorter that allow the protoplasts to be

-
collected and cultured after the sort.
This paper-reports the use of the FACS II to characterize ‘the

early events in a primary protoplast culture of Hyoscyamus muticus L.

Hoechst 33258 was used to determine relative DNA content and Calcofluor
White was used to determine relative cell wall content at various
times after initiation of culture.

Materials and Methods

Plant material: Hyoscyamus muticus (2n = 28), or Egyptian
henbane, is an herba;:eous dicot whése ‘mesophyll protop;asts reprodu—
cibly divide and grow in vitro (lorz et al., 1979; Wernicke et al.,
1979). Under appropriate cul ture mndipions, its prc;toplasts can be
induced to regenerate into whole plants.

1

-5
Protoplast Isolation: The third and fourth leaves (counted from

/B

the apex) of 6- to 8-week old plants were surface sterilized in 0.0l
% (v/v) HgCl2 with 0.01 % (v/v) Tween 80 added as a wetting agent,
for 15 min. They were then washed five times with sterile distilled

water. Thin slices of the leaf blades were vacuum—infiltrated with

and incubated in ollowing medium for 2 to 3 hrs at 30

Cellulase Onoz R-10 (Kinki Yakult, Nishinomiya, Japan), 1 % Pectinol
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Fest (Rohm, Darmstadt, FRG), 0.2 % Hemicellulase (Rhizopus, Sigma
H2125, St. Louis, U.S.A.), 0.3 M mannitol ;nd 0.04 M CaCl, at pH 5.7.
The protoplasts were harvested by the methods described by
Potrykus et al. (1979). They were collected by successive passages
through 250, 100 and 50 um stainless steel sieves, then mixed with an
equal volume of 0.16 M CaCl, + 0.5 2-N-morpholinethane sulfonic
acid, (MES, Sigma)' at pH 5.7, and centrifuged. The protoplasts were
washed twice more in the CaCl2 solution and finally resuspended in
DPD (Durand et al., 1973) culture medium plus 2 % sucrose, 0.3 M
mannitol, 4 mg/liter of parachlorophenoxyacetic acid ipCPA) and 1
mg/liter kinetin. '

The protoplast concentration was adjusted to approxﬁrately lO5
pfo\}:oplasts/nﬂ.‘ The protoplasts were incubated at 12° C overnight in
the dark in 6 cm Petri dishes and then transferred to a 24° C dark

incubator for the duration of the experiment.

Survival of the protoplasts: The viability of the protoplasts )
approached 100 ¢ (as checked by ﬁicroscopic examination and the .
exclusion of Evans' biué) at all times after the initiation of the
cultures. Therefore, survival was determined only by haemocytometer
counts of protoplasts in each sample.

Hoechst 33258 staining. The Hoechst 33258 dye (H33258) was

kindly provided by Dr. H. Loewe of Hoechst AG, BRD.

At an excitation wavelength of 350 nm, H33258 has a fluorescencg
emission maximum at around 520 mm in distilled water and an emission
of around 465 nm when conjugatea to DNA. The fluorescence spectra of

Hoechst dye alone or in the presence of either RNA or DNA are shown




Figure 1: Emission spectra of Hoechst 33258 ?excited at 350
m; N

v A, Hoechst alone; B, Hoechst + RNA; C, Hoechst + INA.
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in Figure 1. Hoechst 33258 i; a DNA specific fluorescent dye, and
sho'ws a large increase in fluorescence in the presence of DNA, but::
sfxgws no increase of fluorescence in the prescence of RNA. In the
FACS 11, the cells were excited with é\ laser line at 351 mm and
emission wés observed at 450+ 5 nm, using a band-pass interference
filter (Baizers, Lichtenstein).

— The Hpsczam?s protoplasts were stained with H332M.ng the
method previously established for the B73 maize cell line (Meadows
and Potrykus, 1981). The protoplasts were then washed and resus-
pended in DPD medium for FACS analysis, or mounted onto a slide for

microscopic examination.

.Calcofluor staining: Calcofluor White has an excitation w

wavelength of 350 mm and an emission maximum around 450 nm. It has
been shown to be a quantitative stain for cell wall (Galbraith, 1981;
Meadows, 1984). The protoplasts were washed in 0.16 M CaCl2 and
resuspended in 2 ml of culture medium to which 10 pl of a 0.1 mg/ml
stock solution of Calcofluor was added. The protopla.sts were either
analyzed on the FACS, with an excitation wavelength of 351 nm and an
emission wavelength of 450+ 5 nm, or mourfted for microscopic exam-
ination.

Microscopy: Protoplasts were examined with a Leitz Orthoplan
fluorescence microscope equipped with an Qrth:mat autdnated camera. .
Its light source was a 200w, Osram HBO high pressure mercury lamp.
used with excitation barrier filter UV-UGl and dichroic filter
assembly Ploempak A (excitation maximum wavelength 350 nm and

emission maximum 450 mm).
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;  The Fluorescence Activated Cell Sorter. The FACS II used for
these experiments (Becton-Dickinson Electronics Iab.) is owned a;nd
operated by t.:he“Basel Institute for Irimunology (F. Hoffmann-La Roche,
Ltd., Basel). 4

Flow cytometers have been used extensively with animal cells
(Crissman and Tobey, 1974; Krishan, 1975; Morselt et al., 1979) and
microbes (Hutter and Eipel, 1979), but only recently with plant
protoplasts (Meadows, 1982/83; Galbraith and Shields, 1982; Slats et
al., 1980; Redenbaugh et al., 1982; Puite and Ten Broeke, 1983; de
Laat and Blas, 1984; Harkins and Galbraith, 1984). Some adjustments
were made on the machine to accomodate tﬁe large, fragileﬂprotoplasts
Cfbadows, 1982). To do this, the sheatﬁow solution was replaced
by culture medium (OPD), and the FACS was fitted with a 100 um
nozzle.  The flow rate was reduced to about 25% of normal. To
eliminate interfereﬁce from small fragments and %llﬁx debris which
are dej:ei:ted close to the origin, the electronic size cut-off was set
at slightly Abelow: the s-.ize of the smallest protoplasts (at approx. 13
to 15 um). The gates on the input amplifier were set to allow
maximmm detection of lthe. protopasts as they passed singly through the
krypton—érgon laser, where two measurements were made: the low angle
forward light scatter which gave an estimate of cell size, and the
fluoreééhce due to bound dye. The FACS II was interfaced to an Apple

II+ computer which was itself interfaced to an IBM 370 computer. The

histograms and contour plots were produced on a Tektronics 4662

plotter using software designed for this purpose.
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Results
The protoplasts isolated from H. fnuticus regenerate walls and

divide in culture (Lorz et al., 1979). The stages of this process

are shown in Figure 2. By approximately day 5, the protoplasts have

undergone shape changes due to cell w§1’11 regeneration. The nucleus
appears centeréci and surrounded by chloroplasts. By about 10 days,
small colonies have formed due to the continued division of the cells
and the clumping of cell clusters.

Survival: The survival of Hyoscyamus protoplasts during the
first 8 days of culture is shown in Figure 3. Only during the first
3 days was there“appreciable net protoplast death in culture.
Apgaroximately 60 % of the starting number of protoplasts remained .
viable and showed cell wall regeneration, plastid rearrangement and
sustained division.

Hoechst staining: The staining of the Hyoscyamus protoplast

nuclei by H33258 is illustrated in Figure 4. Although most proto-
plasts had only one nucleus, a small fraction (1-4 %) was multi—‘
nucleated, probably due to spontaneous fusion during isolation .
(Table 1).

Calcofluor White staining: The fluorescent staining of the cell

walls of the protoplasts after 6 days is shown in Figure’5. The
HyosCyamus p’;*otoplasts regene‘rated continuous walls, which were
detected by blue fluorescence, and they changed shape and Formed ‘some
cell clusters by the 6th day of culture. '

DNA content as measured by the FACS: Plots of the DNA content

)

of Hysocyamus, as shown by H332g8 staining, are given in Figure 6.

The data are presented in two forms. Plots of the number of cells of

N



Figure 2: The stages of dévelopnent of pfétoplasts from Hyoscyamus
0

muticus in culture.
(a) néwly isolated mesosphyll protoplastOS (x 1000);
(b) protoplast—derived ceils, 5 to 7 days in culture
(x 1000) . |

»

(c) protoplast—derived cells and cell-colonies after
R

10 to 14 days in culture. (x 850).
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Figure 3: Survival of H@gamus’protoplasts for 8 days in

A culture. The graph is an average of five eype¥iments
of double counts of cells for each time point.

) Bar = S.E.M. e

o]

’ o
~ -~
- f 2
N N
® . & , r
! -
H . v
s B - .
i )
H { ¢ :
: w ,
‘ ) . Y . (
“-
! L4
. e
o @
4 ¢
' e / 4
- « ?
a
2 01 ’
.
¢ \
]
.
: .
iy
A
H 4
. C
s ™"
' I 3 -
] - : L]
. - < ¢
- ©
1 ° : - : ) “.
t ot J -
}
: ) - o . ¢
L4 S .
H
v
]
A . - - r: .
- -
>
[}
¥ ., O -
, . ¢ . .
-



147
]

:

-

rime (days)

100,
O
5
O
20-
O

& A

. . . . £ % . R P v i
L . AR R AT S - U yd e ’
.




X

. -
- )‘r‘ >
Figure 4: Examples of Hoechst 33258 staining of Hyoscyamus nuclei
in protoplasts and protoplast-derived cells. (x 1000).
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TABIE 1.
THE PERCENTAGE OF UNINUCLEA&E AND MULTINUCLEATE PROTOPLASTS
PER DAY DURING 8 DAYS OF CULTURE.
(Each value i;s the average obtained for 3 separate experiments in

which 600 protoplasts were scored on each day) .

NUMBER OF WUCLEI PER CELL

DAYS 1 2 3 4
% of cells. °
0 99,14 0.912 0.08 -
2 97.3 $2.45 0.25 -
3 . 100.0 - - —
4 99,06 0.94 - -
6 96.36 3.26 0.38 -

8 97.16 .

2.84"

'”(;!'\\'
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Figure 5: Calcofluor staining of cell walls of Hyoscyamus
- muticus after 14 days in culture (x 1000).
Upper frame, transmitted light; lower frame, the same

cell cluster stained with Calcofluor.
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Figure 6: Histograms of DNA dié;ribution of Hyoscyamus érotoplasts
as determined by the FACS II, for days 0, 1, 3 and 5 of‘
culture. In the histograms, Figs 6a-d, the abscissa is .

' the logarithm of the fluorescence iptensity_ due to
| the amount of Hoechst 33258 bounci to the DNA of the
individual protoplasts and the ordinate is the number
of protoplasts per channel. The tick marks indicate
the median fluorescence and is kiacketed by 1% and
5% confidence limits. Tr.xe contod? plots, Figs. 6e-h,
record the relative size of the protoplasts as, the abscissa
and fluore ce due to Hoechst 33258 as the ordinate.
The number of protoplasts of a given size and DNA
'cor-xtent is piotted as the third dimension as contour

lines spaced at intervals of 10% of the maximum.
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b2
a given fluorescence intensity (DNA content) are refej.rred to as
hiétograms. Plots of the number of cells (contour) of a given size
(abscissa) and a given DNA content (ordinate) are referred to as
contour plots.

Initially, the distribution of DNA in Hyoscyamus mesophyll
protoplasts had 3 peaks (Fig 6a). The first, lowest fluorescence
peak is presumed to correspond to the Gl state of the cell cycie and
included most protoplasts. The valley between the first and second
pgaks presumably corresponded to S-phase protoplasts. A substantial
number of the newly isoldted protoplasts appear to be in G2 (peak 2).
A smaller fraction had a DNA content apparently greater than G2 as
shown by the small peak of highest fluorescénce intensity. This was
considered to result from multinucleated protoplasts formed by

spontaneous fusion during isolation or from small clumps (see Table

1) and from a small portion of polyploid nuclei. About 99 % of the

protorlasts were uninucleate immediately after isolation and this did

ﬁot’change. The sharp peak at the end of the distribution is from
the electronic accumulation of oversized particles.

The contour plot of the number of protoplasts as a func;tion of
size and fluoresence for the newly isolated protoplasts is given in
Figure 6e. It.shows that all 3 fluorescent subpopulations were of
small diameter.

By the second day of cufture, the relative proportion of
protoplasts in Gl had increased and the relative number in G2 had
decreased (Fig 6b). From smival data (Fig 3), there had been 20 %

protoplast death by day 2, and it appeared that those protoplasts in -

-

-

e —— ——— e —— e — e e s
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G2 had been selectively lost. The G2 protoplasts increased con-
siderably in size (Fig gf) . Bi/ day 3 (Figs 6c and g), there was a
relative increase in the number of protoplasts in S and G2 at the
expense og those that had been in Gl, indicating that -the protoplasts
were proceeding thropgh the celi_cycle. The protoplasts in S-phase
were visible as a distinct subpopulation. The bopulation of proto-
plasts with very high fluorescence increased. This could have
resulted from new DNA synthesis in the multinucleated protoplasts or

“

from new DNA synthesis in those protoplasts that had been in G2 but

. which could not undergo cytokinesis, or to theA formation of clumps.

These latter two explanations are favoured. The protoplasts which
had been in G2 at isolation were presumed not to have undergone
cytokinesis untiv]; they had resyntr1esiéed walls, and thus could not
return nuclei to the Gl compartment of the cell cycle. However,
these protoplasts could, presumably, havewinitiated a new round of
DNA synthesis, resultir;g in protoplasts having greater than 4N DNA.
In Figure 6g, such protoplasts would be the larger subpopulation in
the very high fluorescence cla§s, on the predominant trend between
size and fluoresence. The popuiation of very large protoplasts
outside the trend was presumed to be aggrégated protoplasts.

By day 5, the relative number of protoblasts in the very high
fluorescence peak had decreased slightly which may ‘have been due to

the removal of the clumps by filtration before analysis. The contour

plots for day 5 (Fig 6h) show an increase in the very large cells of ‘

t

medium fluorescence. There is also a small population of essentially

non-fluorescent, very large cells. It is presumed that these large

cells are actually eell aggregates, and that the mn;ﬁmrgsgme_
é/ . ) -

gt
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cells were wall fragments from degraded, dead protoplasts.

Cell Wall Regeneration as Shown by Calcofluor Fluorescence: The

fluorescence due to the binding of .Calcofluor to cell walls of
Hyoscyamus protoplasts is shown in Figurey. Initially (Fig- 7a)
there was a background fluorescence peak, due probably to the in-
complete removal of walls from some protoplasts. For the remainder
of the experimental time (1, 3 and 5 days), there wa§ a continual
i »

increase in the amount Of cell wall regenerated by the protoplasts.
The presence of the initial background peak indicated that there was
always a pepulatien of protoplasts possessing some cell wall. The
appearance (Fig 7b) anfi__ increase (Fig 7¢) of a medium fluol*escence
shoilder and finally of several distinct peaks on day 5 (Fig 7d)
indicated subpopulations of protoplasts which had varying rates of
cell wall synthesis. The contour plots showed that the initial

background fluoresence occurred among all sizes of protoplasts (Fig

7e) as did the increased fluoresence due to cell wall regeneration .on

days T and"3 (Fig 7f,g). By day 5, the small and medium sized ¢
protoplasts wel;e the most pepulous and s@wed _furthe£ increased wall
synthesis. There was also a population of very large,,.‘brightly

fluorescent protoplasts which could have been small clumps.
), . . t : -

Summary i
The FACS II has Yeen used to study DNA and cell wall synthe51s ’

' ]
in newly - lsolated protoplasts of Hyoscyamus mutJ.cus durmg thenf . e
* .
early days of culture. The prlmary advantage of the method 1s that

it allows analysis of large numbers of v1ab1e protoplasts for both - L .
DNA and cellulose con:gent Protoplasts from H.mﬁtlcus which can ‘ v 5 :‘.\.: "

-, v
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Figure 7: Histograms of cell wall {luorescence due to Calcofluor

white for days 0,1,3,and 5 of culture of the protoplasts. N ¢

N In the hlstograms, Flgs 7a-d, the abscissa is the

)galtm of the fluorescence J.nten51ty due to the
bound Calcofluor and the ordinate is the number of

protoplasts per channel. The tick mai‘ks indicate the

L 4

medlan fluorescence and are bracketed by 1% and 5%

confidence limits. The contour plots, Figs 7e-

h,/: have the relative size of the protoplasts as the

abscissa and the fluoresence due to Calcofluor as the .,
ordinate. The number of protoplasts of a given size . '
and cellulose content is plotted in the third dimehsion .

at intervals of 10% of the maximum.
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regenerate cell walls and divide (Lorz et al., 1979) are a good model

v ' - N
system to study the early events in the culture of plant tissues.

1y

L]

(-9
- The DNA distribution patterns for the Hyoscyamus showed that there

' were suhiaopulati‘ons of mesophyll prctoplasts whose nuclei were in the

]

~ G2, However, with time, there was a resurgeﬁce of the G2 subpopu-

" inhibitor that apparentiy ‘does not inhibit DNA synthesis. ¢ Despite

qi, S and G2 émgaamrer}ts of the cell cycle. Similar results were T

obtamed for fixed tobacco protoplasts by Galbraith et al. (1981).
Surv1val studies on the cultures of Hyg_sg showed that there“

was cons:.derable cell death during the first three% days of culture.

' THe FACS analysis of the protoglasts duoring that time showed that -~

there was an initial seléective loss of those protoplasts that were in
. N . )

.lation apd an increase in the number of cells with greater than G2

DNA content. (Galbraith and Shields ‘(19"82) examined fixed to’bacco
protoplasts that had been cultured in the presence of 6—d1chloro—

bezonitrile- (DB)'\ on an Epics V flow cytometer. DB is a cell wall
. ¢ N ' . .

the lack of data for untreated protoplasts, :Lt appea.red that with 3

" time, the Gl subpopulatlon decreased and the G2 and greater than G2

3

L

in the cultured pmtop;asts of H.iu and-was studled'i’on the FACS

subpopulatlons mcreased S:LmJ.la.r patterns of DNA dlstr:LbutJ.ons were

—t Co - - iy B e

observed 1n the FACS analy51s of B73 protoplasts (Meadows, 1982)

Thus, in all systems th.ch have been studled‘ there 1s a general

e

progressmn mto G2! and Sofie polyploxdy in the early days of qu.ture
of -the protoplasts . '“.O s ./_fﬁ;ea:\ """) O : s

Cell wall synthe51s occurred sﬁniltaneously w1th DNA»synthesa.s

A NY

o

= o

il




L e, Aot NN

4
.- .,.‘4..“ R W St @ e

Avpes v

a
. ey -

161

distributed anong subpopulations with slightly different rates of

synthesis.’ ThlS pattern was smular to- regeneratlng maize B73

protoplasts (Meadows, 1982)

t

The usé of flow cytometry with protoplasts is relati®ly new. ‘
In this study, live pro’g:oplasts were used to examine nuclear changes
during the early culture of H.muticus. The da£a obtained were in
good agreement with that published for fixed tobacco (Galbraith and
Shields, 1982) and for unfixed maize B73 protoplasts (Meadows,
1982). The cell wall regeneration data were fmiu to that observed

for cultured maize protoplasts.
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Chapter VII: Characterlzatlon of protoplasts of Zea ma z L. L.
using flow cytmetry .. - e
- | | , . - X
2 , LS TR - ‘{‘.", K .

Intyoduction A oL o T . .
The uSe of ‘the FACS II to examine DNA and cell wall synthesis in
protoplasts iselated from cultufed corn cells and from leaves Of

Hyoscyamus muticus has ‘been reported (Meadows, 1982; Meedows, l984)-.

Both plant systems could be consrdered as "responsnfe" w cultturlng B o
as they are capable of synthes:Lzmg DNA and cell walls, and under— - ' : .l
gomg division in the approprlate culture c:ond_w.tlons‘,~ In thls study,

primary protoplasts of a "non—responswe" plant have been exanuhed

A

for DNA and cell wall synthe31s w:Lth the FACS II. The fluorescent
dyes were Hoechst 33258 for DNA and Calcofluor Whlte for cell walls. s/
The plant material was frcm a sn.ngle crosg hybrld sweet oorn, Se60.,

The results obtained alléw comparlson with the earller flndmgs on

protoplast cultures of the B73 malze ‘cell la.ne and prmary prqtoplast

cultures of Hyoscyamus muticus. T ‘"" ' ) ™

Vv

Materials and Methods - °

Plant material: Protoplasts isolated fmm any, oi‘gan of Zea mays . .

L. (2n = 20), with one exceptlon (Potrykus et al 1979) , do not f«

divide m culture. The cultx’&ar of corn used m tl'ge e}gperurents " .

reported belov(‘%ak@eneca 60, (Se60) , a smgle crqss hybrld sweet

S P ennts » .
corn. Tlssuesg fromxgdts mmature leaf sheath or from 1ts immature )

§ v~

nodes and J.nternodes respond to culture on high auxin medium by .

callus formation. However, 15rotoplasts isolated frém these tissues do
. .o ° N .

not divide in culture. g - L
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Protoplast Isoiation: The stalks of él—day o¥d. plants were

surface sterilized in HgCl2 and were cut open lengthwise. The leaf
sheaths were removed, separated and floated on a solution containing
0.5 % Cellulase Onozuka R-10, 9 % manni‘!:ol and the salts described by
Zapata et al. (1977). They were shaken gently on a reciprocal shaker
for 3 hours at 24° C in the dark. o T
Isolated protoplasts were harvested and collected by the method
described by Potrykus et al. (1977)«} There was a large amount of
cellular debris after the final wash that could be reduced by 1
resuspending the protoplasts in 0.16 M CaCl2 and allowing it to stand

for lq min. The debris aggregated under these conditions and was -

retained on a 50 um filter! After . centrifugation, the protoplasts

were resuspended in NN67 (Nitsch and Nitsch, 1967) plus 2 % sucrosg,

0.17 M mannitol and 2 mg/llter 2 4—d1chlorophenoxyacetlc acid (2,4~

5

D). The concentratlon was adjusted to 10 protoplasts/ml before

lncubatlon wh.xch was at 12 C overnlght and then at 24 C always in

C‘

the dark.

Survival of the Protoplasts: The survival of the corn proto-

plasts was determified. by. duplicate haemocytometer counts of samples

taken each -day of the experlment

P

The methods for fluorescent stammg» with Hoechst 33258 and

ﬂkam A
%) ; ¥

1cofluor White, the adjust:nents to the FACS IT. and the mlcmscopy

‘;f

were “as described earller (Meaglows, 1982; Meadows, 1984; Meadows and

“

~

Potrykus, 1981). .
Resuits -

.
v

The rotoplasts from Zea showed llttle shape change after one week

in cultpre. There was some: aggregat;on, but: m oell chv;s:.on

4
»
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Survival: Zea protgplasts continuously died in culture (Fig 1).-
By day 6 of culture, less than 10 § of the starting number of
protoplasts was still viable.

Hoechst _Staining: The staining of the corn pmtoplast nuclei by

H33258 is illustrated in Figure 2. Nbst protoplasts had only one
nucleus, less than I % were multmucleated due to spontaneous fusion

durmg isolation. .

Caloofluor white. Stammg The fluorescence -of the cell. walls of

the corn protoplasts after 6 days is shcwn in Flgure 3. There

4

appeared to be no contlnuous wall formation; rather, wall formation

appearedtobelnpatches.‘ o .

N DNA Content as Measured by the FACS: The data for the DNA

content of the corn protoplasts are shown in Figure 4. The number of

o Aﬁéﬁ&i{z‘isolﬁated protoplasts in.the presumptii/e Gl and G2 classes was

appro;dmately equal. "Verma and Lin (1979), using the same varietﬁ/ of
~.corn, Se60, and 3}I~thyzn1d1ne autoradlography, have shown tf.hat for
root tip cells, .the number of cell‘s m ‘Gl G2 classes are equal.
Van't Hoff -(1974') has al'so sl‘ern that.the Centage of corn primary
roo;: cells arrested *in Gl and G¢ after - sucrose starvation are equal.
Recently, harrls et al .. (1984) g studled the changes in the nuclear
DA of corn leaves and found that the DNA was almost equally dis-

* tributed betweén Gl and G2 m" young leaves. Thus,,,lt appears that the

data obtamed wg.th the FACS are in good agreement with the résults of

aeester
pe N

these earlier studles A large number of protoplasts were in S

phase, correspond.mg to 1ts large proportlon of’ the cell- cycle; time

(Vérma and Lu/ 1979). This broadendd the Gl ahd G2 peaks (Fig 4).

AP
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Figure 1

Survival of Se60 protoplasts for 6 days in culture.

The graph is an average of five experiments with

double counts for each time point. .

“
» R
.

Bar = S.E.M.
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~Fig\_lge 4: Facs histograms of DNA distribution of Zea mays

protoplasts.

N\

The abscissy in figures 4a-d is the logarithm of

fluorescence| due to bound H33258 for days 0,2,4

. the number of protoplasts per channel. Figures 4e tg
h are the contour plots wherein the relative size of
the protoplasts is recorded on the abscissa; the H33258
fluorescnce intensity is recorded on the ordinate and
the third dimension is number of pfotoplasts per‘size
.and flourescence for days.0,2,4 and 6 respectively.

The contour lines are drawn at 10% of the maximum.
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The protoplasts at all stages of the cell ecyale were of relatively
°1,1nif.orm size (Fig 4de). ‘
By the 2nd day of cult;re a\'new p'opulation appeared (Fig 4b,

h peak a) which had less DNA than the presumptive Gl poi)ulatiop (Fig
4b, peak b). At the same time, there was a significant relative '
decrease in the numtler of pro£oplasts in G2 ‘(Fig 4y, peak c). There
was a small population (Fig 4b, peak d) which appeared to result from
clumping.

As shown by %yival studies, the corn protoplasts died rapidiy

(Fig 1). The cell death appeared to occur mostly among G2 proto-

plasts. The appearance of the "a" population may have been due to
DNA degeneration in the dying population. - At day 2, there was no
significant increase in the number of lprotoplasts with greater than
G2 DA content (Fig db, peak d). The median D¥A content had de-
creased from 1.3 to 1.0 fluorescence units. However, on the fourth
day of culture, DNA content and cell size had increased (Fig 4C,G).

\_ The proportion of “protoplasts in G2 had ir}creased (peak ¢) and there
were relatively fewer p}'otoplasts in G2 and Gl kut more in peak "a".
Some of those protoplasts which had enlarged by day 4 appeared to be
lost by day 6 {Fig 4G,H).

. /
Cell Wall Regeneration as Shown by Calocofluor Fluorescence:

-

Freshly isolated Zea prot‘:opla_sts had some fluorescence with Cal-
cofluor presumably due to the presence of protoplasts bearing wall

fragments (Fig 5a). However there was little increase in fluore-

-

scence above initial levels for the duration of the experiment. At

day 4, there appeared to be a small population of protoplasts that




~

Figure 5: ‘Histograms of cell wall flourescence due to Calcofluor
for days 0,2,4 and 6. The axes are as described in

figure 4, except that the fluorescence is due to

Calcofluor.
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P

had i_rfreased their cellulose content, as shown by the median fluor-
escence shoulder. This increased fluorescence may have been due to
cell wall ‘synthesis by smaller protoplasts (Fig 59). However, by day
| 6 of the experiment, this population of protoplasts had decreased in
proportion to the whole and the fluorescence was again confined to
the peak corresponding to the background fluorescence. Throughout {
the experiment, there was a small proportion of large fluorescent
particles (Fig 5e through h) which are presumed to be clumps of cells
and debris. This population could contribute to the "tail" of the
fluoresce?ce histograms.
Di§cussion:

FACS II studies of DA and cell wal]t synthesis in newly
isolated protoplasts of Zea mays L. can be:'compared to similar
studies done on protoplasts isolated from a cultured cell line, B73,

(Meadows, 1982) and from Hyoscyamus muticus (Meadows, 1984) The DNA

distribution patterns for Hyoscyamus , B73 and Zea appeared to be
similar in some respects. There was an initial loss of protoplasts
in G2, followed by cell enlargement, a resurgence of G2 protoplasts,
and an increase in the number of c‘glls“ with greater than G2 DNA
content. The majér difference was the appearance of a new peak in
- the Zea DNA distribution pattern \;ﬁicH /I'xad a fluorescence lo;«aer than
that assumed to be due to Gl nuclei. The peak may represerit de-
generating nuciei of senescing protoplasts. Harris et al., N.984),
studying changes microspectrophotometrically of Feulgen stained' .
nuclear DNA of corn leaves, observed a 17.4% shift from Gl to less

than Gl content in nuclei of senescing leaves compared to young

[y
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" leaves. Yataganes and Clarkson (1974) have also observed such a peak'
in d.mg-killed.manmalia’n cells, This less than Gl peak became
predominate in the Zea protoplast cultures whereas no such peak
occurred following culture of either the Hyoscyamus protoplasts or
the B73 -protoplasts. Hyoscyamus and B73 protoplasts synthesized DNA
and the G2 peak became predominate in readiness for cytokinesis'.’

The cell wall resynthesis patterns for the various types of
protoplasts were quite different. Whereas Hyoscyamus and B73
protoplasts showed. an ever-increasing amount of wall fluorescence
distributed among subpopulations having different rates of synt}‘lesis,
(Meadows, 1982; Meédows, 1984), the Zea protoplasts showed only a
small incréase in cell wall fluorescénce on day 4 of culture, when a
very, gmall popul'e;tion of protc;plast§ appeared to be r%aking walls.
The appearance of .this population was concurrent w1 ’ the increase m
the number of-protoplasts in G2. However, 'by dag 6 of ¢ulture‘ this
subpopulation was lost due to continued death of&l the culture. One
could speculate that indeed there is a fraction of the isolated Zea
protoplasts capable of division and cell wall synthesis but that

/cu,lture conditions did not permit their continued growth.

°

-~
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Chapter VIII: Discussion. ~
Protoplas£ technology ‘has become fundamental to basic morphoiogical
and phys1olog1cal studies in many plants and is an absolute requirement
if genetically transformed plants are to be achelved in the future.
Although there have been many reports of plant regeneration from
protoplasts no such success has been refaorted for protoplasts isolated
from Zea mays although there is a great deal known both biochemically
and genetically about this plant. There has f,been some recent success
in inducing protoplasts derived from cell cultures of Z. mays var .
Black Mexican Sweet (Chourey and Zurawski, 1981) to divide in culfure
but as yet plants cannot be regenerated from these cultures.
One of the requirements for successful genetic engineering is
thate the isolation and cultivation of the protoplasts be repeatable
and applicable to all varieties of the plant. There is a need to
examine the protoplasts in culture to define what processes are .
occurring éhysiologically. Despite the fact that the regeneration of
a plant from a protoplast usually excites the scientific community,
tPe data reported u'sually are of a descriptive natur‘e, stating the
final conditions of the success and not of the "in vitro" occurrences
tha;t had lead to it. _
| This study was undertaken to examine the progression of protoplast
to cell culture in three systems. Two of them, protoplasts from H.
muticus and the B73 maize cell line were used as "nodel" systems
since they are repeatedly capable of regeneration of wall and sus-
tained divisions in culture (Lorz et al, 1979; Potrykus et al,

1979). H. muticus can be induced to regenerate plants in the correct

S T/ - B 3 S
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conditions (Ior..z et al., 1979). The third system studied was Se60, a
cultivar of corn, used to evaluate the unsuccessful process of proto-
plast to cell cudlture in comparison to the other two. DNA and cell
wall synthesis were studied in all three protoplast cultures. To do
this, use was made of the FACS II, a fluorescence activated cell
sorter and two fluorescent stains: Hoeschst 33258, which binds
quantitatively to DNA (Cesa;one et al., 1979; Arndt-Jovin and Jovin,
1977) and Ca%oofluor White, which has been used to visualize cell
wall (Darken, 1962; Nagata and Takebe, 1970; Berliner et al., 1978;
Galbraith, 1981) and which this r.esearch"smwed to be quantitative
for cell wall.

It has become accepted that the genotype of the corn is very
important for callus production (Green and Phillips, 1975; King et
al., 1978; Lu et al., 1982) and there have been many screening
progra:ﬁnes developed to choose those genotypes of corn capable of
responding to culture: scutellum; . (Green and Phiilips, 1975;
Bartkowiak, 1978; Lu et al., 1978), stem (Sheridan, 1977), mesocotyl
and leaf (Kunakn et al., 1980).

"Se 60 was shown to be able to respond to the genoty.pe testing
medium P}3, developed by Potrykus (personal comnunicatio.n) by forming
callus from leave sheath tissue. This tissue was subsequently shown
to be ideal for protoplast isolation.

The methods were developed to isolate a large quantity of proto-
plasts routinely. The conditions defined for primary corn protoplast
isolation were: leaf sheaths from 2l-day old plants, greenhouse grown
approximately on a -300/290, 16/8 hour cycle were pretreated by placing

them in a dark, Ieighly humid cupboard overnight before protoplast
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preparation; the enzyme preparation used to isolate the protoplasts
was a sol'ution of 0.5 % Cellulase Onozuka R-10, 0.5 % MES, 9 % malnni-
tol, the salt solution defined by Zapata et al., (1977), pH 5.5, 2.5
to 3 hours at 25°. Yields obtainegi were always greater than 106 per
gram fresh weight.

The coﬁditions for the repeatable isolation and culture of ™~-
protoplasts from H. muticus and from the B73 maize line were already
established (Potrykus, pers. com; Potrykus et al., 1279). The
culture conditions that were adopted in the culture of the newly
isolated Se60 protoplasts were the same as those used in the culture
of the B73 maize cell protoplasts (Potrykus et al,. 1979). This
medium based on that of Nitsch and Nitsch (1967) was shown to be as
good as any of the several that were designed after testing the
effects of many components individually and in combinations on the

survival of the protoplasts. The tedious and time-consuming testing

“of culture media components, based on Se60 kernal extract and stem

exudate analyses, did not result in induction of division in the
protoplasts. Since media testing experiments tend to be qualitative,
the effect of an added component was quantitated by measuring proto-
plast survival in the presence of that component -as compared to
survival in 9 % mannitol.

A medium, based on the component testing results, plus two other
media were tested and compared to the defined medium of Nitsch and
Nitsch (1967). NN67 medium supported protoplast survival marginally
better than the others. Se60 protoplasts were not induced to divide

and after 8 days of culture in any of the media, 10 % was the maximm
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survival obtained. Data collected from the Unsuccessful media testing .
are included as Appendix I of this thesis. |
Hoechst 33258 is a bisbenzimidale dye that binds quantitatively

to DNA (Cesarone et al., 1979; Latt and Stetton, 1976; Arndt-Jovin .
and Jovin, 1977; Paul and Myer, 1983). Besides being used routinely
for animal cells, it has been used for staining plant cel‘l nuclei,
most often in fixed material (Filion et al. 1976; Lfaloue et al.,

1980; Galbraith et al., 1981). 1In anticipation of using the "sort" ~
option on the FACS II, conditions were established for staining the
nuclei of unfixed plant protoplasts. It was found that Hoechst 33258

was not taken up in to the nuclei of all of the living protoplaéts.

Treatment of the protoplasts with a low concentration of Triton X-100

allowed 100 % of the protoplast nuclei to be stained. The optimal

concentration for the staining of the protoplast nuclei was found to
be 20 ug/ml at pH 7.0., after treatment with DNAase at a final concen-
tration of 50 ug/ml at 37°. This method has béen adopted for visual-
izing nuclei of protoplasts in DNA microinjection experiments (Miki,

pers. comm.). Petunia protoplasts, treated with Hoechst 33258 accord-
. 4

ing to this protocol, have been observed to have the same plating

efficicency as non-stained protoplasts (Meadows and Potrykus, unpubl ish.)

Calcofluor White is a dye that has been used in the textile

"industry as a cotton whitener because of its affinity for hexopyranosyl

polymers (Maeda and Ishida, 1967). It was first reported as a specific
stain for cell wall in cultured protoplasts by Nagata and Takebe
(1970) using tobacco protoplasts. Since then, it has become routine

stain in most protoplast research laboratories. A tritration assay

Y
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developed in this research showed ‘that its fluorescence was linear

with microcrystalline cellulose concentration. Cell wall regener-

ation in H. muticue protoplasts and cells was studied microfluoro-

metrically and the amount of cellulos® deposited per protob).'ast could

be calculated. The amount observed by this method was in good

agreement with the amount calculated ;:'ertobacoo protoplasts by

Galbraith (1981) who measured the amount of cellulose by the anthrqne

method (Viles and Silverman, 1969) andrelgte@ it to the amount of ‘ , ".-
calcofluor fluorescenc‘:e .‘

The eppropriate @bnditions for using thé FACS II with the large
fragile plant protoplasts were found to be: replacement of the sheath
and flow stream flui:is with protoplast culture medimm; adjustment of l
the flow rate to 25 % of normal; and adjustment of the electronic

size cut-off to allow analy51s of protdplasts of the correct s1ze.

When the methods for culturn.ng, staining and analyzmg the proto-

‘plasts of H. mutlcus, B73, and Se60 on the FAGS II were co:rpleted

they were each analyzed for survival in culture, DNA and cell wall
content for approx:.rnately the fiTst week of culture. ’

Se60 protoplasts had very poor surv1val in culture, as already
stated. It was also shown that both H. muticus and B73 showed death
in culture; only 50 ¢ of the B73 pmtoplasts an% 60 % of the

Hyoscyarmu protoplasts survived beyond the f11;st three days of culture

All three cultures initially had Gl and G2 populations of proto-
plasts. This finding agrees with other cell cycle analyses .of plant
cells: Galbraith and Shields (1982) showed that fixed protoplaste of

tobacco, stained with ethidium bromide and anhlyzed on an Epics V

.
flow cytometer had nuclei in the Gl and inthe G2 compartments of the
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cell cycle; Galbraith (1983) showed that nuclei isolated from tobacco
plants and analyzed on the Epics V were also equally distributed in

3 H-labelled thymidine

the Gl and G2; Verma and Lin (1979), using
uptake in Foot cells of Se6Q, showed that the nuglei were distributed
equally between Gl and G2. FACS data showed that protoplast death
appeared to occur preferentially amon‘g the G2 population.

By day 3 of culturé, when the B73 and the gﬁsganus protoplasts
had ‘stabilized, (there was continpous death in the Se60 protoplasts),

there was a resurgence of the G2 protoplasts; showing that all three

.
cuitures underwent DNA synthesis. The différence was that a DNA peak
having less than the Gl DNA .conttent appeared 'in the Se60 protoplasts,
and vas presumed to‘\ be the result of the degenerating DIIA in the
senescing a;;ld dying population. Harris et al., (1984) have also
shown such a low peak of DNA content in senescing leaves of corn, as
have Yatagahes and Clarkson (1974) in drug-killed mammalian cells..

Both B73 and H. muticus began to resynthesize their walls immed-
iately and showed subpopulations’ of protoplasts having diffe:::ent
rates of cell wall resynt:hesis. Se60 protéplasts showed almost no
cell wall resynthesis. \“Briefly, there was a small population havir'lg
ipéreased wall content on day 4 of &Jl:ture but it \:vas lost by day 6.

“ From the FACS data,” the two most important pieces of information
gained are: (1) that there is a small portion of the corn protoplas;s
that do begin DNA synthesis in culture but (2) they do not regenerate
cell walils. It. appears that the cultur‘e conditions were not suffic-

ient to maintain those protoplasts which were undergoing a round of

~

DNA synthesis and that the whole question of maize protoplast culture
- py
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returns to the definition of the medium and the physical .conditions
of their culture. I think that there are two aveir;ues to be followed
to.acheive routine protoplast to cell culture techniques in corn. ‘
First, most obviously, a new approach is needed to study the cultural
requirements of the protoplasts and the second is to study the physio-
logical differences between those plants that are recalcitrant to
culture and those that are easily cultured. Corn is a monocotyledon,
and has a C4 metabolism. ‘Nbst plants that have proven to be not éasy
to culture have been monocots but not all are C4. Thosefplants that
culture easily are dicots arimd' are generally of C3 metabolism.

When protdplasts of any plant are cultured, it is observed that
slowly the chloroplasts draw to the centre of the protoplasts and
appear to surround the nucle_us and e\{entu;'zllly they disappeaJI:. The
chloroplast is the source of the reducing power and nitrogen métabo-
lism enzymes in the cell and is therefore necessary to most cellular
metabolism. With the 10ss of the chloroplasts, it could be speculated
that there is also the loss of the differences between C3 and C4
plants and that all protoplasts should be equal and open to mani-
pulation in cuiture ; yet, those dicot protoplasts that divide in
culture are later abl%to show regeneration of the chloroplasts.
Monocots, along with loss of their walls, lose “their chloroplasts an;i
don't regenerate either. '

: It is the regeneration of the rigid cell wall that appea::s to be
the prerequisite for protoplast division in culture. Schilde-Rentschler

(1977) has shown -that tobacco protoplasts, cultured in the presence

of cellulase, did not regenerate walls nor go through nuclear division.

¥
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Kinnersley et al. (1978) measured the potential changes on the surface
of cultured protoplasts. They showed that the dividing tobacco
protoplasts changed potential from negative.to positive as wall was

deposited. Corn and oat protoolasts failed to é'hange their initial

negative charge. Meyer et al. (1975) showed that tobacco protoplasts

in a sugarless osrrot}cum could form a discontinuous, non—rigjid wall
and could undergo two or three rounds of nuclear division. They
postulated that the synthesis o;f. wall polysaccharide and its secre-
tion to the outside of the mezi%rane did take place but that the
assembly of the polysaccharide did not occur in the salt osmoticun.
Herth and Meyer (1978) showed that, the toba,cco protoplasts divided 'by
budding and cleavage as_in yeast in .salt osgroticumz Their later work
(Meyer and Herth, 1978), substantiated by Galbraith and Shields
(1982) , showed that nuclear divisiofywas not dependent upon cell wall
formation. The data presented in this thesis show that there is a
fractién'of the maize p;qtoplasts which were able to synthesi.ze DNA

—

in the absence of cell wall formation. .

The qL;estion that retaing to be be addressed is ‘whether the corn
pro}:oplastsy'fail to manufdacture cell wall leysaccharic;le, fail to
secrete it or fail to deposit it on the plasmalemma. The' cyéoskeletal
elements, compose@ partially of microtubules, influence the rate and
direction of depositon of cell wall microfibrils on the plasmalemma
_(Maclachlan and Fek;ve, 1982) and it is perhaps this area that should
be ‘investig‘ated in the non-regenerative cultures of protoplasts.

Lloyd et gi:_ have shown that plant microtubules occur in corticol

hoops at right angles to the long axis of the cell. The microtubules

are crossed-linked to each other and to the membrane. Tubulin has
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'
also been observed in the plant cell membrane and is postulated to -
facilitate the association between the membrane and the cytoskeleton
(Gunning and Hardham, 1982). |
.Lloyd and Barlow (1982) have shown that the microtubui hoops in

cultured Sycamore cells have no skeletal function and do not maintain

cell shape in the absence of cell wall. Cellulose microfibrils are
synthesized and oriented under the influence of the microtubule hoops
though to give the cell its shape. Obviously, this may be true of
those protopl@st‘é that do regenerate walls in culture but not of
those that do not, as in Z. mays.

There are several questions that could be investigated in non-
dividing protoplasts. Is the fact that cell wall ig not made in
maize protoplast culture a functior.m of. microtuble (1:4’1‘) assembly? MT
assembly is dependent upon the condensation of tubulin in the cell
and on its polymerization (Gunning and Hardham, 1982). The conden- -
sation is concentraton dependent and the polymerizationﬁ is very
s‘ens:itive to cdlcium concentration. Calcium induces disassembly of
the MT arrays. . . . ’

The DNA profiles from the FACS II also showed that there was a
dégeneration of DNA in'the corn protoplast population, very similar
to that observed microspectofluorometrically in senescing corn leaves
-(Harris et al., 1984). The underlying causes of senescence in plants
are not known but one of them may be "the inability of the plant to
utilize nutrients (Thimann, 1980). Molisch (1938) stated that even

annual plants are capable of living forever if enough nitrogen were

supplied to them. It would appear that the problem of corn culture is -

_still one of nutrition and culture, i.e. provision of the correct
!
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combinations of sugars, salts and vitamins in the correct physidal
environment, photoperiod, pH, osmotic pressure, or it could be one of
inherent differences between monocots and dicots that allow, on the

average dicots to be cultured and monocots, not. Descriptions in the

b

literature of early protoplast cu‘lture, especially of tobacco and
other regenerating systems, say that with the removal of the wall,
cell organelles migrate to the centre of the cell and surround the
nucleus. This description is very similar to that in tissues that are
mounting a wound response to injury. Such wounded cells, usually
storage tissue, become dedifferentiated, lose their function and
.regain théir mitotic activity (Barckhausen, 1978). Thus, it would
appear that those protoplaéts that do dividé in culture are mounting
a wound response. To extrapolate tl?is {idea‘, wounded plant cells show *
increased respiration, degradation of carbohydrate to supply energy

as ATP in order to produce p{lenylproponoids for the production of
lignin and suberin, activation and biogepesis of mitochondria,and
stimulation of the pentose phosphate pathway for the production of
x}ucl_eic acids (Uritani and Asahi, 1980). Ethylene is aléo released
from the surface of the wound. Most data on this response is reported
for dicots and for storage tissue iﬁ particular, but very little
information can be found for monocots. 1Is it possiblé that the

dicots show these responses to being cultured, secrete suberin to
stabilize the membrane and mongdots do not? These biochemical chargges
have yef: .to be compared in the two cultured systems. Af this time in

protoplast culture research the fundamental questions of metabolic

and regulatory events should be addressed in order to undérstand the

.
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o

differences among various plants and their protoplasts. I think that

the question of protoplast culture, especially the physical parameters,
) ought to be addressed and new, different and perhaps drastic measures

be tried, such as culturing on filters and not in immersion cultures,

in different atmospheric conditions, eg. in the presence of ethylene..

4

Perhaps the isolation and culture of protoplasts could be done in the

presence of tubulin-stabilizing agents such as glycerol or taxol, a

product obtained from the western yew. Taxol stabilizes MI's and

lowers the critical concentration for tubulin assembly (Gunning and
. Hardham, 1982). Culture conditions should also use less caleium.

The FACS II analyses of “three populations of protoplasts for DNA
and cell wall content during the early days of culture have shown
that DNA was synthesized by the protoplasts. Also shown was, that
those protoplasts that are known to be "responsive" to being cultured
could and did make new cell walls. The "unresponsive" plant, Zea
mays L., which is known to be diff;Lcult to culture, did ni)t show cell
wall regeneration as early nor to the same extent as the other cult-
ures. This inability to make wall may be a reason that the protoplasts
of the crop plants do not respond to being cultured. The reason for
the lack of cell wall regenerating capacity in Z. mays may be inherent
or it may be due to incorrect culture conditions.

This thesis demonstrates that the adaptation of histological
techniques to the cell sorter, and the adaptation of cell sorter
teéhniques to plant protoplasts can bring sophistication of FACS
technology to plant cell physiology. Study of critical physiological

functions, such as DNA and cellulose synthesis, in large numbers of




i ]

(28

162

individual cells may lead to a greater understanding of not only the

variability of plant cell cultures but also the failure of important

crop plants to survive in protoplast culture.
. /
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' Appendix I: Definition and testing of culture media.

Introduction

Although there are hundreds of media defined for growing plants

‘hydroponically or in tissue culturé, none Has been sufficient to

induce cereal protoplasts to routinely regenerate walls and to
divide in culture. Potrykus' (1977) establishment of the B73 maize
cell line from protoplasts is the only example of a primary corn
culture and he found the correct condit-:ions at that time in his "CC"
medium (Table 1). Since then t‘hough, NN67 medium (Nitsch and Nitsch,
1967) plus additional sugaré and hormones has been the culture medium
for the protoplasts of B73 and the "CC" medlum@ been the main—‘
tenance medium for the cells derived from th& protoplasts (Potrykus
et al., 1979).

Once the techniques for the routine isolation of large numbers
01"_ Se60 protoplasts were determined, it was necessary to define a
culture medium to maintain the protoplasts for as long a time as
possible. The effects of single additions of macro- and micro-
nutrients, of sugars, of nitrogen sources and hormones, as well as
the effects of pH and osmr?lality were studied using the survival of
the protoplasts as the measure of effect. The stability of the .
protoplasts in 9 % mannitol was the standard to which t‘he survival of
the protoplasts.ih the prescence of the added flement was compared .

Finally, when the best conditions were defiined, a new medium was
made and the survival of the protoplasts in itfwas compared to their
survival in NN67 as-used by Potrykus et al., (1979) and in two other

~

culture media.




TABLE 1

COMPOSITION (mg/l) OF TWO MEDIA USED WITH THE B73 MAIZE CELL LINE.
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] CC-MEDIUM NN67-MEDIUM.
NH NO 640
.. cact, 3,0 588 ,
: Ca(N%3)2.4nzo . 500
KNO 1212 125
MgSO TH0 : 247 _ 125
KH P64 136 125
Mn§o4.4H20 11.15 25
H,BO3 3.1 : 10
z%so4.4H20 10
ZnS0; . 7H20 5.76
Na:»b64.2ﬁ20 0.24 0.25
KT 0.83
CuS0, . SH,0 0.025 - 0.025
CoCl. 6H20 0.028 : 0.025
Na, EATA 37.3 0.032
Fe§o4.7H20 27.8 . 0.028
© glycine 2 2
myo-inositol 90 100
nicotinic acid 6 5 <
pyridoxin HCL 1 . 0.5
thiamine HCl 8.5 0.5
folic acid 0.5
‘biotin ] 0.05
¢
cocoanut water 100 m1/1.
sucrose 20 gm/1.
mannitol 36.4 gqn/1. &
2,4-D 2 mg/1.
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Materials and Methods

-

Survival of Protoplasts: In order to quantitate and to compare

" the effects of various additives to the culture medium, survival

rates of the protoplasts were determined. Se60 protoplasts were
cultured in .a salt medium defined by Zapata et al., (1977), plus 9 %
mannitol at pH 5.5. Aliquots were taken from the culture; one was
counted on a haemocytometer, one was mixed with Evan's Blue at a

final concentration of 0.1 % and then counted on a haemocytometer.

'Those protoplasts ex_c;luding the dye were counted as viable. The

count obtained immediately after isolation and clean-up was given the
5

value of 100 % survival. (Usually, between 107 and lO6 protoplasts/ml) .

‘pH: The survival of the protoplasts was measured as a function -

of the pH of the culture medium (Zapata salts plus 9 % mannitol).

"The pH was adjusted with 0.1 M KOH or with 0.1 M HCl to pH values

within thé the rangé' pH 4.0 to pH 6.0. The protoplasts were in-
cubated in Petri dishes in the dark at 25° C for 16 hours, at which
time the survival was determined.

Osmolality: Schenk and Hildebrandt (1969) -have stated that
protoplast viability is adversely affected by high osmolality of a
culture medium. However, the osmotic conditions of the medium must
be high enough to prevent protoplast rupture. Equal volume aliquots
of Se60 protoplasts, immediately after isolation, were centrifuged
and were resuspended in mannitol solutions ranging in’osmo]:ality from
50 mOsm to 750 mOsm. as determined by a freezing point depression
osmometer. One aliquot of the protoplasts was suspended in dH20.
After 16 hours, the protoplasts were counted in each‘se;mple.

Elemental Analysis: An extract was obtained from 10 to 21-day
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kernels. After a 2 minute spin in a Waring blender, this bree was
was strained through double layers of cheesecloth to produce the
final extract. Stem exudate was obtainea~ by cutting bff the top

leaves Of greenhouse grown, 15 to Zl—day'old piants and removing the

liquid with a pasteur pipette as it formed in drops at the surface of
the cut. ' ‘

Samples of both extract and exudate were analyzed by Barringer
Research Ltd., Rexdale, Ontario, for their elemental constituents.
The cations were determined by Plasma Arc Emission and the anions by
ion chrc;rmtography. The elemental analyses are giveén in Table 2.

Componen"c Testing: Once results were obtained for the mineral

constituents of corn, their individual effect on protoplast survival
was studied using Costar 24-well plates. The control for each test
was 9 % mannitol at pH 60 Each well of the multi-well dish contained
a final volume of 1 ml. The Costar dish was used so that there were
4 colums and 6 rows. Each of 5 rows was a dilution series for a
different component and ‘the 6th row was the control containing
mannitol only. All dilutions were 1410 into 9 ¢ mannitol, pH 6.0 ard
— 550 mOsm. Each well initially had 0.9 ml of the mannitol added
except those in the 4th column, where there was 0.8 ml of the
mannitol solution added. The component to be tested was kept as a
10-times concentrated stdck solution, of which 100 pl was added to
the well in column 1 and diluted through to column 4. Finally, 100
ul of the protoplast suspension was added to each welf After 24
hours, the survival of the protoplasts in each well was determmined by
duplicate haemocytometer counts and graphed as a function of the

concentration of the added chemical.
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TABLE 2

ELEMENTAL ANALYSIS OF KERNAL, EXTRACT AND STEM,EXUDATE
OF ZEA mays L. (SENECA 60).

veowrh TR

ELEMENT KERNAL EXTRACT STEM EXUDATE
CATIONS (ppm) ! )
Al 1.9 1.9
B 0.86 1.32
Ba 0.08 0.14
Ca 1.41 191.0
Cu 3.01 0.6
Fe 1.94 4.79
K 3750.0 839.0
Mg 303.0 96.7
Mn 1.49 0.99
Na 0.0 0.0
. P 714.0 > 83.0
. Pb 0.1 0.38
Si 9.6 38.7
Zn 5.4 1.6
ANIONS (ppm)
CL,_ ¥ 700.0 590.0
PO, 2519.0 401.0
NO4 N.D. N.D
. Br - 707.0 N.D
N.D. = Not Detectable.
f
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Mineral Elemements: The initi8¥ concentrations of the com—

ponents tested were: 0.1 M each of KHZPO4; MgSO4; CaC12.2H20;

Na28103

the micro—elements of the medium defined by Nitsch and Nitsch (1967)

-9H,0. The fifth componént tested was a serial dilution of
(see Table 1). . .

Sugars: Five sugars were tested in the multi:—well dishes: D-
galactose (purified grade, Sigma), sucrose, myo-inositol, D-glucos:e,
and D-sorbitol (all Sigma grade). The sugars (0.55 M)‘ were placed in
the wells of the first column and were then diluted serially by
tenths into 9 % mannitol, all at pH 6.0.

Nitrogen source: Various sources of nitrogen were tested in the

4)2894 and NH4NO3 were

tested for their effect on the protoplast survival. Each had an

multiwell dishes. KNO3, glutamine, urea, (NH

initial concentration of 0.1 M in 9 ¢ mannitol and each was diluted

by tenths. The control was 9 % mannitol. The optimal concentration

[

within the range tested of each nitrogen source was used to study the

effect of two nitrogen sSupplies together on the survival of the .

-

protoplasts.

Other( Additions: The following were also tested for their
: I

effect on protoplast v:iability; each was diluted serially by tenths

into 9 % mannitol, pH 6.?, from the given initial concentrations:
Lipids in the form of corn oil (Mazola) were added at an
initial concentration of 1 & (v/v).
Tween 80 (Sigma) had an initialh concentration of 0.1 & (v/v)
% Corn, Syrup (Beehive) - 1 % (v/v).
Malate (Sigma) - 0.0L & (w/v).

Corn Starch (Maizena) - 0.1 % (w/y).

.
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” Hormones: Qualitative determination of the value of added
hormones was made. The protoplasts were incubated for 5 days in the
presence of ﬁormones at concentrations of 20, 2, 0.2, 0.02 n%/l.
Each day, the cultures were examined mlcroscoplcally and a qual-
1tat1ve Jjudgement was made as to the v1abllJ.ty and health of' the
protoplaets. 2,4—<%cl'llorophenoxyacet1c acid (2,4-D), naphthalene
acetic acid (NBA), E;a.ra—chlorophearf,oxyacetic acid (pCPA), kinetin,
zeatin, 6-benzyl-aminopurine (6BAP) and N—G;G—Z—isopentenyl adenine
(2iP) ‘were the hormones studied.

Other The oompos1tlon (Table 3) of oonmer01al mineral water

(C’MW) appears +to contain most of the ions found in the stem exudate
of the corn plant. The degassed mineral water was used as the
mineral basis of two test culture media.

14
Final Culture Media 'I'ested: Based on the cbservations from the

survival studies of Se60 protoplasts in the presence of various

salts, sugars, and hormones, threé culture media were constructed in

which protoplasts were ’cultur’ed for eight days. NN67 medium, as used

by Potrykus et al., (197.9) .(Table 1) was the control-for these experi-

ments. * The campositions of, the three test media are given in Table 4.
RESULTS

Protoplast Survival- The survival rate data obtained by haemn-

ocytometer counts with and w1ﬁ Evan's Blue dye are shown in

Flgure 1. Theftotal number of protoplasts present was a good in-

S

dication of the number of viable protoplasts as shown by the ex-—
clusion of the Evan's Blue aye. Haemocytometer counts alone were

‘used as the index of protoplast survival in culture as it was more

convenient than staining before counting. 2




»  MINERAL COMPOSITION (mg/kg) OF A COMMERCIAL MINERAL WATER. -
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Anroonium
Sodium
Magnesium
Strontium
Copper
Iron
Fluprine
Bromine
Sulfate
Carbonate
Molybdenum

Carbonic Acid ~

Arsenic

O O\ -
>

Lithium
Potassium
Calcium
Manganese

zihc e

" Aluminum

Chlorine

Icdine

Nitrate
Silicate

Boric Acid
Phosphoric Acid
Iead

Total = 1462 mg/kg

.
N0 OO ~J
N

[e0)

(=)
w
oo

.009

-001

OWonN
=

oo NOUIOOO WHO
w | ol

.015

1%




Medium 1:

Medium 2:

Medium 3:

TABLE 4

COMPOSITION OF FOUR TEST MEDIA.

Commercial mineral water plus
NN67 vitamins

1.5 % sucrose

2.5 % mannitol

0.01 M Malate

0.001 M Urea

0.02 M Glutamine

1 mg/1 GA

2 mg/1 2,4-D

1 mg/1 hydroxyproline :
1 mg/1 adenine

Medium 1 plus
0.1 % (v/v) corn oil

" 0.001 & (v/v) Tween 80.

3 .
107 M KH.,PO
10:'; M Moo, ?
1073 CaCl,.2H,0
1073 na.sfo,,.9H.0

103 @ifutidn NR67 micro-elements
NN67 vitamins

1/2 ,dilution "CC" Iron

10 " M Malate

0.001 % (v/v) Tween 80

0.01 & (v/v) corn oil

0.001 % (w/v) corn starch

2.0 % sucrose

3.0 % mannitol

2 mg/1 2,4-D.

NN67 plus

0.17 M mannitol

2 % sucrose

2 mg/1l 2,4-D

10 $ cocoanut water.

S
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s Figure 1: Comparison ofr the measurements of prot:.oplast survival
rates.
S‘eGO protoplasts were counted on a haemocytometer without
the addition of Evan's Blue dye ( W) and counts weré
compared to those obtained after Evan's Blue treiatnent

(®). Each curve is the average of two experiments.
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pH: The survival of the protoplasts after 16 hours as a func-
tion of pH is slpown in Figure 2. There were two peaks of increased
survival, one at pH 4.0 and another at pH 6.0.

Osmolality: The survival of the Se60 protoplasts as a result of
oslality is shown in Figure 3. The lowest osmolality at whigh
maximm survival occurred was 500 mOsmolal. Osmolalities above 700

resulted in protoplast loss.

Elemental Analysis: The elemental compositions of liquid

endosperm and stem exudate of Se60 as determined by Plasma Arc
Bmission and ion chromatography are shown in Table 2. The conc-

entrations of ;Jotassium, magnesium, phosphorus and phosphates were
A [' -

' high in both tissues. The stem exudate had a high concentration of

silicate and calcium.

Mineral Elements: The survival of the Se60 protoplasts in the

preserice of decreasing concentrations of the various macro- and
micro-nutrients is shown in Figure 4. KHPO 4 (Fig 4a) at any con-
centration tested failed to improve the survival above that in

4 (Fig 4b) at all concentrations 1tested, improved the
survival of the protoplasts above control. The maximum survival

occurred at 107

M. CaCl, (Fig 4c) improved the survival of the
protopla\éts above background at one concentration only, 1074 M. Both
silicate (Fig 4d) and the NN67 micro-elements (Fig 4e) improved
protoplast survival above that in mannitol at all concentrations.
SUGARS: The effect of 0.55 M concentrations of five sugars and

the dilution series of each on the survival of the protoplasts is

shown in Figure 5. None of the sugars at 0.55 M improvéd the survival




i
Figure 2: Survival of Se60 protoplasts as a function of pH.
The protoplast survival was measured as a function
of pH after 16 hours incubation at 25° C. The plots
are an average of two experiments.
~
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Figure 3: Survival‘of Se60 protoplasts as a function of osmolality.
Measurements of media osmolality were made on a fréezing
point osmometer. All experimental counts were done in

duplicate and each experiment was repeated 3 tifmes.
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Effect of indiviahl elements on the survival of Se60
protoplasts..b ‘

Macro- and micro- elements were diluted J.nto 9 % mannitol
and their effects at decreasing concentrations on the
survival of the protoplasts were studied. The dashed
line -répresents protoplast survival in 9 $ mannitol.

I N

Bar = S.E.M. Stock solutions were 0.1 M each.

A. KH,PO

2774

B. MgSO,
N C. CaClZ.ZHz(?
D. Na,SiO,.9H,0

E. NN67 micro-nutrients.
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Figure 5 :

»

Effect of Vadde'd sugars on the survival of protoplasts in
culture. ' o

Various sugars," alone (0.55 M) and diluted into mannitol
were studied for their effect on protoplast survival.
Each sample was taken in duplicate and each experiment
was repeated. The& dashed line represents protoplast
survival in 9 % nfannitol.

A. D—galaétose.

B. Sucrose.

C. glyo—inositol. ‘ - ?
D. D-glucose.

E. D-sorbitol.
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' sgrb/fﬁai\ (Fig SE) allowed slightly increased survival at lower

"0.01;, and 0.00L % increased the survival of the protoplasts.

‘on protoplast survival over a week'in' culture determined that dnly.
. 1

: : . @28

above that in’ mannitol. Sucrose (Flg SB) and glucose (Fig 5D) did
not J.ncrease protoplast viablity at any ooncentratlon tested. The

other three sugars, galactose (Fig' S5A), inositol (Fig 5C), and
} >

concentrations. "¢ B T , .

-
/
.

Nitrogen Source: The effects of the various nitrogen salts on
S0 ‘ N, - )
protoplast survival arfe shown in Figure 6. Tn all cases protoplast
survival was improved slightly above theirt sufvival in 9 % mannitol,

only in’the‘ lowest concentrations of the nitrogen sources tested.

e -

However, when the lowest cdncentration of the nitrogen sources were ~J

P

tested in combinatiomwith each other, most oornb)inations impfoved the. - «
viability of the protop_iasts.above control£ The results are pre-

eented in ;r'a}ole 5. The presence of LO_6 M each of urea and giutamine

had the greatest effect in J.ncreasmg the surv1\7al of the proto-

plasts. Only urea and (NH 4)2 4 in comkglnatlon gave survival rates

" lower than control. - , it ‘

»

.

"Other Additions: Several compounds were teste& for their effect

_on the survival of ﬁge_%GO protoplasts. The results a::':e shown in .

*

" Figure 7. Corn 'syrup EFig 7h) at a concentration of*0.01 % (v/v)

showed increased survival above control, as did 10—5 M. malate (Fig

&+
7B). Increased viability of the protoplasts was also seen ‘with cormn

Gil at a-eoncentration of 0.1 % (v/v) and with Tween 80, at 10 aﬁa\

1074

dilutions. Addltlon of corn starch at concentrations of 0.1,
] . .

-
Hormmones: Qualitative esti.mations of the effect of added hormones

"4

-
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Figure 6: Effect of nitrogen soufce on the survival of the protoplasts

c

in culture.
Various sources of nitrogen (0.1 M each) were serially
diluted in mannitol and tésted,hfqr t}'leir effect on the
survival of ‘the protoplasts. .Each sample was oountedv
twice' and each experiment was repeated three times.
The dashed line represents protoplast survival in

9 % mannitol. Bar =.S.E.M.
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TABLE 5
. ‘
COMPARISON OF THE EFFECT OF NITROGEN COMBINATION ON THE .
SURVIVAL OF SE60 PROIOPIAST&AFI‘ER 1 DAY.

Nitrogen Source Combination ‘ % Survival
urea + glutamine 75.2
glutamine + (1\11414)2804 73.6

' NH4NO3 + KNO 70.5
NH;NOS + (NH,),S0, 68.2
gldtattine + KNOZ . 67.4
=, o
KNO, + (NH .
glutamine 4 ﬁn4§03 59.6
urea + NH4NO§ . 58.2
mannitol "9 % (control) 57.5
urea + (NH4)ZSO4 51.5




Effect of other additives on the survival of protoplasts
in culture. - A

A va.rielty of compounds were dilgted in 9 % mannitol and
tested for their effects on protoplag survival. All
samples were counted twice and the experiments were

repeated. The dashed line represents protoplast survival

in 9 % mannigol. Stock solution concentrations are

given.
A. Corn Syrup - 10 & (v/v)
B. Malate - 0.1 % (w/Vv)
C. Corn 0Oil - 10 % (v/v)
D. Tween 80 -1 % (v/v).
E. Corn Starch - 1 % (w/v).
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2,4-D at 20 mg/1 and 2 mg/1 had any effect on prot;opiast survival.
All other hormones at all concentrations tested did not zimprove the
survival nor the quality of the protoplasts as compared to 9' $
mannitol.

Culture Media Testing: As the comercial mineral water (CMW)

conta:ined the necessary elements for_a tissue culture medium, it
formed the basis for two test media whose recipes are given in Table
4. The third medium to be tested was :omposed by using the'results
obtained fremr the testing of the individual compounds. It was called
medium 3 and its recipe is given in Table 4. Finally, NN67 as used
by Potxrykus gﬁ al., (1979) for the B73 protoplasts was used as the
control medium. Its composition is presented in Table 1.

Figure 8 shows the survival of the protoplasts in the three media
described in Table 4 and in NN67 during 8 days of culture. The
protoplasts did not survive well in any of the media. Although the
survival rates were similar 'in all of the media, it was slightly
better in NN67, despite all of tl;e testing of individual components.

5

Conclusions

Numerous chemical and physical elements were tested for their
ability to improve the surviva? of Se60 protoplasts in culture.
Those that did increase the viability of the protoplasts to above
that in 9 % @miml, pH 6.0, were used in combination to define a

new medium. In addition, a comercial mineral water, because it

contained many of same ions found in corn stem exudate, as
determined by e tal analysis, was used as a base for two other

The media were adjusted to pH 6.0 and 550 mOsm, the
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Figure 8: Survival of Se60 protoplasts in four different media.

The protoplasts were cultured in three experimental

and in NN67 media. All samples were taken in duplicate -
and the experiments were replicated. -
NN67 A
Medium 1 A
- 5
Medium 2 @
Medium 3 O
}
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conditions determined to be most suitable for survival. The only
.Iloflmné found to be effective at enhancing protoplast survival was
2,4-D at a wncen&ation of 2mg/1 and this was asidéd to the culture
redia. ..The positive effect of 2,4-D on corn protoplast survival has
been ebserved by other workers (King et al., 1977; Green et al.,
1974). Finally, the Se60 protoplasts were cultured in the NN67-
based medium (Table 1) that has proven successful for the culture of
the B73 protoplasts (Pot;:ykus et al., 1979). This medium proved to
support protoplast survival slightly better than any of the many
other conditions tested. There was no prolonged survival of the
protoplasts in any of the four media. From this information, the
NN67 medium plus 2 % sucrose, 0.17 M mannitol, 2 mg/1 2,4—D and 10 %
cocoanut milk, at pH 5.8, was elected as the medium for further Se60

protoplast culture experiments.
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Appendix 2: Composition of UWO soil mixes used in the growth of
corn. -

MATERTAL - APPROX. VOLUME

Before 1978:

sand 3 cu.. ft.
muck 3 cu. ft.
loam 12 cu. ft.
peatmoss 4,5 cu. ft.
perlite _ 1.35 cu.
fertilizer (5-20-20) 1500 c.c.fw
Fritted Trace Elements 50 c.c.

Iron 20 %

zinc 8 %

manganese 8 %

copper 4 %

boron 1.6 %

molybdenum 0.05 %

After 1978:
loam ) 0.5 cu. m.
sand 0.17 cu. m.
peatmoss 0.13 cu. n.
Ostocote (14-14-14) ) 1500 c.c.
Fritted Trace Elements 50 c.c.
Muriate of Potash (0-0-62) : 200 c.c.
Magnesium sulphate (Mg 10%) 220 c.c.
Superphosphate (0-20-0) 1500 c.c.
T s Tt T T T - -7 - - R - - *“W—‘“' T T T
&
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