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ABSTRACT

Isoperoxidases Correlated with Cytodifferentiation and Organogenesis

in Tobacco Epidermal Explants

By: Lou Ellen Kay

Advisor: Professor Dominick V. Basile

We have examined the isoperoxidase composition correlated with the
histology of the organogenetic system of tobacco epidermal explants,
These explants can be induced to produce vegetative buds, floral buds,
or callus reproducibly and have been found in this study to have a
wide range of isoperoxidases, some of which occur only in specific
organ-forming tissues at very specific times. The occurrence of these
can be correlated with specific stages as seen in the histological
data. Six of these isoperoxidases could be correlated with unregulat-
ed cell division, as seen in callus formation. Four isoperoxidases
were correlated with various aspects of wound healing, and another two
were associated with cessation or repression of cell division and
differentiation. An additional eight isoperoxidases could be corre-
lated with specific stages of bud formation and development., One of
these was found only while vegetative buds were initiated; another two
were present all during the formation and development of the vegeta-
tive buds; and a fourth was only evident as the vegetative buds devel-
oped. A floral-bud-specific isoperoxidase was also seen; its presence

correlated with stamen development, These correlations are the most
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extensive ever reported from a study of isoperoxidases and organogene-
sis. This was probably due to two features. First, a more exhaustive
extraction method was used that yielded three fractions: soluble,
ionically bound, and covalently bound, rather than the usual single
soluble fraction. The ionically bound fraction contained many of the
most interesting isoperoxidase bands. This is the first report of the
potential importance of this fraction as related to organogenesis.
The second methodological advantage of this study was electrophoresis
(horizontal slab) utilizing acidically buffered polyacrylamide gels, a
system that allowed simultaneous resolution of both anodic and catho-
dic isoperoxidases. Most other studies have used alkaline buffered
electrophoresis methods. In the course of this study both acidic and
basic buffers were used. The differences in the results obtained were
striking. Only two-thirds as many isoperoxidase bands were observed
in the alkaline gels as compared to the acidically buffered gels.
This appeared to be due to the pH optima of most isoperoxidases being
at about 4.5, causing those with narrow ranges of pH-tolerance not to
show any activity at alkaline pHs. It is suggested on the basis of
the methodological findings of this study that standards be proposed
for studies of isoperoxidases, especially those correlated with organ-
ogenesis, so that the results of different studies can be compared

accurately.
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INTRODUCT ION

Although plant development has been an active area of investiga-
tion for a long time, relatively little has been learned about the
cytochemical and enzymatic changes that are correlated with organ
initiation and dgvelo;ment. There are, of course, many different
biochemical processes or metabolic pathways that might be investiga-
ted. In selecting one that might be pivotal in organogenesis several
criteria were deemed important. The system should be involved in
phytohormone regulation, It should be responsive to phytohormones or
other known morphogenetic stimuli, and it should be involved in cellu-
lar events that ultimately regulate plant form: cell division and its
cessation and cell elongation and its cessation. Peroxidase (EC.
1.11.1.7; donor: H202 oxidoreductase), an iron-porphyrin containing
enzyme utilizing hydrogen peroxide as the electron acceptor and a

variety of substances as the electron donor, appears to be an ideal

subject to study. The number and variety of functions suggested by in

vitro data imply that peroxidase is crucial in organogenesis and mor-

phogenesis. It seems to be involved in auxin and ethylene metabolism,
It responds to all five classes of phytohormones and to phytochrome,
and it is implicated in rigidification of cell walls, correlated with
the cessation of cell elongation. Peroxidase is intriguing addition~
ally by its existence in many iscenzyme forms. These isoperoxidases
are genetically controlled, are found in specific organs, tissues, and
subcellular locations, and have various physico-chemical specifica-
tions, implying that the different iscenzymes are involved in differ-

ent and specific chemical reactions.
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Peroxidase - Responses and Functions

One of the most well established functions of peroxidase with
regard to development is as an indoleacetic acid (IAA) oxidase, This
function has been known since the early 1950's (Goldacre, 1951; Gal s-
ton, Bonner, and Baker, 1953). Most IAA in plants is covalently link-
ed to compounds such as amides or esters, which protect it from perox-
idation. It is suggested that this IAA acts as a reserve form of hor-
mone. When the linkage is broken the IAA functions as a hormone and
then may be destroyed by peroxidase (Cohen and Bandurski, 1978). Thus
perox idase is_one means of regulating the levels of free, active IAA
in the plant. Interestingly, in sugarbeet callus that does not re-
quire exogencus auxin for growth, the number and activity of the iso-
peroxidases is far lower than in normal auxin-requiring callus (Kevers
et al. 1981), suggesting that normal callus cells may make enough
auxin for growth, but it is usually degraded by the peroxidase pre-
sent, thus resulting in insufficient IAA.

There is in vitro evidence that peroxidase may be involved with
the synthesis of auxin and ethylene. Horseradish peroxidase when
added to a solution containing tryptophan, Mn++. and pyridoxal-5-phos-
phate produces indole-3-acetamide, which possesses auxin activity, and
a small amount of IAA (Riddle and Mazelis, 1964), Ethylene is produc-
ed when horseradish peroxidase is added to a solution of methional
(g-methylthiopropionaldehyde), sulfite, resorcinol, and oxygen and
Mn++, or hydrogen peroxide (Yang, 1967). The addition of IAA to an in

vitro system stimulates the formation of ethylene via peroxidase (Ma-

pson and Wardale, 1972). This mimics the situation in intact plants,
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where IAA application also causes increased ethylene production.

Peroxidase parameters respond to exogenous auxin, Indoleacetic
acid application causes changes in the peroxidase localization pattern
in onion root cell walls (Dedong, 1967). Increasing the IAA levels in
the media in Vanda seedling culture causes an increase in peroxidase
activity (Alvarez and King, 1969). When tobacco pith tissue is treat-
ed with JAA, there are specific isoperoxidases whose presence is in-
duced, and others that are repressed. Actinomycin D inhibits both
induction and repression, showing that the isoperoxidases are express-
ed de novo (Galston, lavee, and Siegel, 1968). The application of
2,U-dichlorophenoxyacetic acid (2,4-D) to tobacco tissue has the same
effect as IAA, causing some isoperoxidases to increase in activity and
others to decrease (Lee, 1972).

Ethylene tends to increase peroxidase activity levels in plant
tissues. This is found in sweet potato root slices (Imaseki, 1970),
petiole, stem, and leaf blade tissue of cotton plants (Herrero and
Hall, 1960; Morgan and Fowler, 1972), in tobacco leaf abscission zone
(Henry, Valdovinos, and Jensen, 1974), in pith tissue of intact tobac-~
co plants plants (Adams and Galston, 1974), and in pea stem tissue
(Ridge and Osborne, 1970a; Catalfamo et al., 1978). Ethylene appli-
cation induces changes in the isoperoxidase pattern in tobacco leaves
(van Loon, 1977) and suppresses development of a single isoperoxidase
in tobacco pith after excision (Adams and Galston, 1974). Haard and
Marshall (1976) found its application to sweet potato root caused an
increase in the peroxidase activity in the soluble and ionically bound

enzyme fractions, but not in the covalently bound fraction. On the
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other hand, Osborne, Ridge, and Sargent (1972) found ethylene treat-
ment of pea internodes increased peroxidase activity in all three
extraction fractions: soluble, ionically bound, and covalently bounci.‘I

Cytokinin at high concentrations (5 M) decreased peroxidase ac-

tivity in tobacco callus, while lower levels (0.2 uM) increased the

activity (Lee, 1971a). In the embryonic axis of lentils cytokinin (10
uM) promoted the activity of four isoperoxidases and repressed that of
one (Gaspar, kKhan, and Fries, 1973).

Gibberellic acid (GA) has a very interesting relationship with
peroxidase., Application of GA to tissue segments or callus of normal
plants may cause either an increase or decrease in peroxidase activity
(Glasziou, Gayler, and Waldron, 1968; Lee, 1971b). Dwarf plants of
pea and corn, however, generally have much higher peroxidase activity
levels than normal plants. If GA is applied to dwarf plants they grow
tc a nomal stature and have the lower peroxidase activity levels
equivalent to those of normal plants., The isoperoxidase pattern of
the GA-treated dwarfs resembles that of nomal plants rather than that
of untreated dwarfs (McCune, 1961; McCune and Galston, 1959). Fry

(1979) demonstrated that GA may effect cell elongation by restricting

1Soluble fraction refers to those iscperoxidases that are soluble in
H,O or low ionic strength buffers; it includes peroxidase found in the
c%toplasm and in the cell wall. Jonically bound isoperoxidases are
soluble in a high salt buffer, usually 1M NaCl, and are considered to
be bound to the cell wall. Covalently bound isoperoxidases have link-
ages to the cell wall that can only be broken by enzymes, e.g., cell-
ulase and pectinase. Protoplast isoperoxidases are those soluble ones
found in the cytoplasm.
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secretion of peroxidase from the cytoplasm to the cell wall, thus
preventing the cell wall from becoming rigid before maximum cell elon-
gation has occurred.

hbscisic acid application to lentil embryonic axis inhibited per-
oxidase production (Gaspar, Khan, and Fries, 1973). On the other
hand, in potato tuber slices it induced a specific isoperoxidase which
appeared to be involved in suberization (Cottle and Kolattukudy,
1982).

The phytochrome system, which responds to red and far red light,
can control peroxidase activity by regulating phenoclic production.
Monophenocls and m-diphenols stimulate peroxidase activity while o-
diphenols inhibit it (Galston, Lavee, and Siegel, 1968; Yang, 1968).
Penel and Greppin (1979) have also found that it can effect activity
in an in vitro spinach-extract system; far red light increases peroxi-
dase activity and red light decreases it. The same effect is found in
intact plants, both in the leaves exposed to the light and in leaves
not exposed, but on the same plant (Karege, Penel, and Greppin, 1982).

Peroxidase appears to be involved in plant cell wall rigidifica-
tion via several routes. Siegel (1953) was the first to suggest that
peroxidase was involved in lignification, Higuchi (1957) and Freuden-
berg's (1959) in vitro work proved that peroxidase can catalyse the
oxidative polymerization of monomeric precursors to form lignin com-
plexes. Several histological studies (Gagnon, 1968; Hepler, Rice, and
Terranova, 1972; Harkin and Obst, 1973: Goldberg, Catesson, and Czan-
inski, 1983) confirmed its involvement by showing that peroxidase is
found in the correct tissue at the time required for lignification,

Gibson and Liu (1981) demonstrated that all four isoperoxidases found
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in pea stem cell walls are capable of oxidizing eugenol, a lignin pre-
cursor, Peroxidase is also known to be responsible for localized
lignification in response to pathogen invasion (Vance and Sherwood,
1976) and in wound healing (Fleuriet and Deloire, 1982). Fukuda and
Komamine (1982), using an elegant system of tracheary element differ-
entiation in suspension cultures, found that the activity of the ion-
ically bound peroxidase fraction peaked just before lignification and
the activity of the covalently bound fraction peaked during active
lignin synthesis. Whitmore (1976) found the ionically bound peroxi-

wC ferulic

dase of Pinus seedlings was the most efficient in binding
acid to carboxymethylcellulose. Similarly, Cline (1976) found the
ionically bound Pinus peroxidase to be the most efficient in binding
1L‘C coniferyl alcohol to cellulose. Mider and coworkers demonstrated
that two groups (GI and GII) of isoperoxidases in tobacco cell walls
had high efficiencies in polymerizing cumaryl and coniferyl alcohol
into lignin-like substances (Mdder, Nessel, and Bopp, 1977). The
third isoperoxidase group (GIII) found in the walls was shown to be
efficient in producing hydrogen peroxide, which is essential for lig-
nin production (M#der, Ungemach, and Schloss, 1980). Halliwell's data
(1978) confirmed this ability of peroxidase to produce hydrogen per-
ox ide,

Fry (1979) has proposed there are two additional ways in which
peroxidase is instrumental in cell wall rigidification. Peroxidase
can catalyse the cross linkage of feruloyl side chains found on some
soluble polysaccharides, This crosslinkage causes gel formation.

Aditionally, peroxidase can catalyse the conversion of soluble

phenols to hydrophobic quinones or polymers. This could lower the
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effective concentration of cell wall water and permit more cell wall
rigidity by the formation of additional hydrogen-bonds between ad-
jacent matrix polymers. Thus, peroxidase-induced cell wall rigidifi-

cation could occur where there is no lignification.

Studies That Show Peroxidase to be of Interest Developmentally

Van Fleet (1947, 1959) was the first to draw attention to perox-
idase as being important in plant development. He noted it was pos-
sible to identify pre-meristematic areas that would form secondary
roots or leaf primodia by the localized increases in peroxidase act-
ivity. He also noted that the pattern of peroxidase localization in
tissues shifted with maturation. His observation of the localized
occurrence of peroxidase in specific tissues of the root have been
duplicated by many others, some of whom have made additional inter-
esting observations on the cellular level. Avers and Grimm (1959)
found intense peroxidase activity in festucoid grass epidermal root
hair initials. The other epidermal cells had lower peroxidase act-
ivity. Jensen (1955) found the cells near the root tip that would
form the endodermis were clearly delineated by their high peroxidase
activity although the endodermis would not be distinet for several
more centimeters. Goff (1975) found in onion root that the staining of
peroxidase in the meristematic region was mainly cytoplasmic, while

that in the more mature areas was generally in the cell walls.
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Changes in peroxidase activity are found as an organ or tissue
ages. Lavee and Galston (1968) found tobaccc pith tissue had increas-
ing peroxidase activity with increasing age up to a point (about two
thirds of the way down the stem) and then the peroxidase activity
decreased. Birecka, Catalfamo, and Urban (1976) also noted an in-
grease in peroxidase activity with increasing age of sweet potato
tissues. The intracellular lccation of the activity also changed. In
young sweet potato leaves the largest fraction of peroxidase activity
was in the ionically bound fraction, whereas in old leaves most act-
ivity was in the protoplast fraction.

Differences in peroxidase activity levels have been correlated
with several other phenomena. Karege, Penel, aﬁd Greppin (1982) found
an increase in peroxidase activity that was correlated with the in-
duc‘tion of flowering in spinach plants, On the other hand, Hilgen-
berg, Baumann, and Knab (1978) found a decrease in peroxidase activity

in the liverwort, Marchantia polymorpha L., associated with sexual and

asexual reproduction. Alvarez and King (1969) observed high peroxi-
dase activity during the formation of roots and vascular tissue in
Vanda seedlings. Quoirin, Boxus, and Gaspar (1974) noted that the
buds from those Prunus species that root easily in culture have great-
er activity in their anodic peroxidases than do species that root with
difficulty. Thorpe and Gaspar (1978) found the highest activity per
unit protein in shoot-forming tobacco callus occurred just before the
appearance of the shoot primordia. Stebbins (Gupta and Stebbins,
1969) suggested that the high sustained peroxidase activity in hooded

barley was assoclated with its longer period of meristematic activity,
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as opposed to that found in awned barley. Goff (1975) found cytoplas-
mic staining of peroxidase in onion root tips most intense in the
meristematic regions. Vanden Born (1963) and Ramaiah, Durzan, and Mia
(1971) observed that in conifers peroxidase activity was associated
with rapidly dividing cells or cells that were geoing to divide. Arni-
son and Boll (1976a) found, on the contrary, that peroxidase activity
(per wmit protein) was at a minimum during cell division in bush bean
cell suspension culture. Ridge and Osborne (1970b) demonstrated that
the ethylene-induced cessation of cell elongation in etiolated pea was
strongly correlated with an increased level of cell wall-bound peroxi-
dase activity. Gardiner and Cleland (1974) showed a very dramatic in-
crease in the cell wall peroxidase activity per unit cell wall weight
that_coincided with the cessation of cell elongation. BartoSova,
Machadkova, and Zmrhal (1982) found an increase in total peroxidase
activity accompanied the cessation of elongation in wheat. Cunning-
ham, et al., (1975) examined six near-isogenic lines of Triticale that
varied in height. They found plant height was negatively correlated

only with peroxidase activity in the internodes. One additional in-

“triguing correlation with peroxidase activity was described by Mathan

and Cole (1964). They studied the effects of the "lanceolate" allele
in the tomato on peroxidase activity. The lowest peroxidase activity
in the shoot was found in the normal plant. In plants with one copy
of the allele, the leaves were reduced to a simple lanceolate shape,
and the peroxidase activity was higher than that of the normal. The
homozygous lanceclate had the highest peroxidase activity level, and
very reduced leaves (and no flowers). Although not stated, it appears

that the lanceolate allele inhibits lateral meristem growth.
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Isoperoxidases

Isoperoxidase existence was first demonstrated in the early 1950's
when horseradish peroxidase was shown electrophoretically to consist
of at least four isoenzyme forms (Jermyn 1952; Wood and Balls, 1955).
Since then the many plant species studied have been found to have mul-
tiple forms of peroxidase (Scandalios and Sorenson, 1976). Not only
do these isoperoxidases have different size and charge distributions
(pI < 4 to pI > 11, Marklund et al., 1974) as indicated by electro-
phoresis and chromatography, but they also vary in: protein structure
(Stephan and van Huystee, 1981), substrate specificities (Gibson and
Liu, 1978; Marklund et al., 1974), substrate concentration for maximal
activity (Evans, 1970), pH optima with different substrates (Evans,
1970; Kay, Shannon, and Lew, 1967), product pattern with some sub-
strates (Marklund et al., 1974), optimal cofactor concentration (Shin-
shi and Noguchi, 1975), hydrogen peroxide concentration requirements
for optimal activity (Shinshi and Noguchi, 1975), inhibitor suscepti-
bility (Kawashima and Uritani, 1965; Kay, Shannon, and Lew, 1967),
optimal temperature (Kovacs, Fejér, and Devay, 1978), reaction to
environmental factors such as ionic strength (Marklund et al., 197%),
heat stability (Gordon, 1968), molecular weights (Gibson and Liu,
1978), and carbohydrate composition (Shannon, Kay, and Lew, 1966).
Isoperoxidases are wunder genetic control in the intact plant (Garcia,
Perez de la Vega, and Benito, 1982; Houston and Hood, 1982; van den
Berg, Wijsman, and Bianchi, 1983) and in tissue culture (Fieldes,

Deal, and Tyson, 1981).
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Studies That Show Isoperoxidases to be of Interest Developmentally

Isoperoxidases occur in distinctive banding patterns in each plant
organ and tissue. This has been observed in: barley seedlings (Up-
adhya and Yee, 1968), maize (Scandalios, 1964), wheat (Bartosova et
al., 1982), petunia (van den Berg and Wijsman, 1981), pea (Siegel and
Galston, 1967), peanut seedlings (Thomas and Neucere, 1974), tobacco
(Mader, Meyer, and Bopp, 1975), potate (Borchert, 1974), and tomato
(Evans and Alldridge, 1965). The banding patterns change during de-
velopment, both in the isoperoxidase pattern found (3Siegel and Gal-
ston, 1967; Alvarez and King, 1969; Chen, Towill, and Loewenberg,
1970; Conklin and Smith, 1971; Thomas and Neucere, 1974; Mader, 1976;
Fielding and Hall, 1978; and van den Berg and Wijsman, 1981), and in
the intracellular location of the isoperoxidases (Gordon, 1968; Mader
et al., 1975). The isoperoxidase pattern does not seem to change much
in roots though (Smith et al., 1970; van den Berg and Wijsman, 1981),
which is interesting in view of their phylogenetic developmmental sta-
bility. Changes in isoperoxidase pattern also occur as the plant goes
from a vegetative to a flowering state. Renaldo, Bailey, and Nagel
(1981) observed this in Narcissus. Sawiney, Basra, and Kohli (1981)
noted the appearance of two new isoperoxidases in the plant apex of

Amaranthus viridus L. upon the induction of flowering. Jaiswal and

Kunar (1980) found two isoperoxidases in the floral primordia of Coc-

cinia indica that were not present in the vegetative primordia. Koul

and Bhargava (1983) found several isoperoxidase bands that appeared at

specific times during floral bud development. Kahlem (1975) examined
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thirty-four plant species and found twenty-six that had specific ano~
dic peroxidases which occurred in the stamens or '"male" flowers but
not in the leaves. By using histoimmunology he was able to locate
these specifically in the microspore and tapetum tissues in Mercur-
ialis annua L. (Kahlem, 1976).

Benvenuto et al. (1983) found evidence that the hairy root plasmid
may influence the expression of isoperoxidases. The leaves of plants

regenerated from tissue infected with Agrobacterium rhizogenes (which

causes extensive adventitious root proliferation) had a group of four
isoperoxidase bands that were normally found only in roots.
There are some other interesting whole plant - isoperoxidase phen-

omena. Long day treatment of Citrus and Poncirus plants caused great-

er stem area growth, total linear growth, and number of branches,
This was correlated with the finding of one additional isoperoxidase
{(Warner and Upadhya, 1968). When tobacco plants were exposed to vary-
ing photoperiods (6, 12, and 18 hours/day) the pattern of isoperoxi-
dases found was different for each regime (De Jong, 1973). In the
same study it was found that the temperature at which the plants were
grown had the same sorﬁ of effect, Those plants, raised at 10/15°C.
20/2500, and 30/35°C (night/day) , had very different banding patterns
from one another. Broyer, Chapelle, and Gaspaf (1979) foumd that-

repeated rubbing of Bryonia dioica plants caused inhibition of inter-

node elongation (a thigmomorphogenetic response) and the appearance of
a new isoperoxidase. Treatment with lithium prevented the growth
inhibition and suppressed the development of the new isoperoxidase.
Van Lear and Smith (1968) found that pine seedlings grown in sand

without nitrogen fertilizer had three isopercxidases in their leaves,
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while those grown with nitrogen had only two isoperoxidases. Lastly,
Gordon and Alldridge (1967) noted that in cells involved in the heal-~
ing process, individual isoperoxidases developed at specific times
after wounding.

Work with tissue culture has yielded similarly interesting re-
sults. Arnison and Boll (1976b) found that in suspension cultures of
bush bean one isoperoxidase, D2, was only present when the cells were
entering the division phase. Nash and Davies (1975) found that in
suspension cultures of Paul's scarlet rose the different growth stages
in the culture cycle had differences in the isoperoxidase pattern
present. They suggested the period of highest peroxidase activity,
during the exponential phase, was related to cell expansion. Arnison
and Boll in an earlier study (1974) found differences between calli
derived from different organs of the same bean seedling. Bassiri and
Carlson (1979) in a parallel study with tobacco found slightly dif-
ferent results, The differences in patterns between the original
explants were lost by the second transfer and the only remaining dif-
ferences reflecting the tissue origin were between those af vegetative
origin and floral origin. Interestingly, the rate of callus growth
did not seem to effect the isoperoxidase pattern. Rawal and Mehta
(1982) observed differences in haploid tobacco calli when the calli
were in callus maintainance, shoot forming, or root forming condi-
tions. Verma and van Huystee (1970) found differences in peanut sus-
pension culture based on the size (and the amount of differentiation)
of the clumps. As the clump size increased, s0 did the number of
isoperoxidases. Wochok and Burleson (1974) noted in wild carrot sus-

pension culture that the number of isoperoxidases increased as
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proembryoids developed into embryoids, and then decreased as they
matured into plantlets. Bajaj, Bopp, and Bajaj (1973) described the

changes in isoperoxidase pattern found in shoot-forming Sinapis alba

callus as being comparable to those in seedlings. Mider (1975) found
that shoot differentiation in callus actually consisted of two inde-
pendent processes. There was an inhibition of growth in non-differ-
entiating cells, which correlated with a reduction in activity of the
fast migrating anodic isoperoxidases, and there was meristemoid forma-
tion, which correlated with a sharp rise in the activity of the other
isoperoxidases. As in intact plants, temperature seemed to effect
peroxidase in tissue culture. Using suspension cultures of tocbacco

grown at different temperatures (130. 25°

, and 35°C), De Jong et al.
(1968) found the pattern of isopercxidases secreted inb§ the media was
different at each temperature. The .peroxidase activity for the intact
cells was highest at 13°C and lowest at 35°C. McCown et al. (1970)
obtained different results in a slightly more complicated experiment.
They raised a winter~hardy strain of Dianthus in callus culture under
four sets of conditions: light-warm (25°C), dark-warm, light-cold
(0-5°C) , and dark-cocld. The callus in light-warm conditions had seven
heavy-staining bands, dark-warm had five bands, light-cold had four
bands, and dark-cold had seven bands, but five of them were very
faintly stained.

The above references indicate that isoperoxidases may play an
important role in differentiation and development., If their role in

organogenesis is to be investigated further, one should seek a well

defined organogenesis system as the experimental tool.
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Epidermal Thin Layer Technique

There are many systems that have been used to study organogenesis,
but most of them have one or more severe drawbacks for use in a study
of metabolic events. The most commonly used tissue culture system,
organogenesis from callus, involves a very small percentage of the
cells, and these fend not to be synchronous. Additionally, the ploidy
of most calli temds to fluctuate (Sheridan, 1975). Tran Thanh Van
(1973b) has, however, developed a very elegant system using small

"epidermal® tissue fragments from Nicotiana tabacum L., cv. Wisconsin

38. It can produce floral buds, vegetative buds, rocts, or callus.
(However, I was unable routinely to get roots.) The initial tissue is
smnaller and more wiform than any comparable organ~producing explant.
It produces only one organ type at a timé, making systematic studies
easier and eliminating complications due to other developing tissues.
As opposed to most other systems, the thin layers produce the organo-
genetic meristems directly, without intermediary callus formation.
Because of the amall size of the explant, it is presumably relatively
free of large pools of endogenous phytohormcnes, as well as hormonal,
nutritional, and enviromental gradients. (A polar gradient is evi-
dent in floral bud formation, in which organogenesis occurs mainly at
the basal end of the explant.) The smallness of the pool of endogen-
ous phytohormones makes the thin layers very responsive to the addi-
tion of exogenous substances. Another advantage is that the organo-
genesis is complete within two weeks, whereas in other systems it

takes several weeks to months before organcgenesis occurs,
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Tran Thanh Van and coworkers Gaspar and Thorpe used starch gel
electrophoresis to examine this organcgenesis system for changes in
the scluble isoperoxidases (Gaspar, Thorpe, and Tran Thanh Van, 1977;
Thorpe, Tran Thanh Van, and Gaspar, 1978). They found the quantita-
tive and qualitative patterns of the isoperoxidases differed both be-
tween organ types induced in their time of appearance and time of peak
activity. Additionally, there were distinct differences between the
four organogenetic regimes and the peroxidase activity per unit pro-
tein.

The literature reviewed suggested that isoperoxidases other than
soluble, i.e., ionically and covalently bound ones may also have im-
portant roles in development and differentiation. Accordingly, it was
judged worthwhile to initiate a study that would overlap and extend
Gaspar, Thorpe, and Tran Thanh Van's pioneering study. It was decided
to use polyacrylamide gels rather than starch gels since poclyacryl-
amide gives greater sensitivity and resolution (Fredrick, 1964), and
because a buffer of pH 8 or greater must be used for separation of
isoperoxidases on starch gels (Siegel and Galston, 1967). Isoelectric
focusing, which might have been used, has the disadvantage of pocr
resolution of cationic isoperoxidases (Mclellan and Robinson, 1983).
Lee (1973) found pH 4.5 to be optimal for peroxidase staining so gel
buffers of both acidic and basic pHs were used to compare pH effects.
A horizontal slab polyacrylamide electrophcresis unit was modified so
that samples could be placed in the center, allowing simultaneous
separation of cathodic and anoidic isoperoxidases. A concomitant
study of the histological changes occuring was carried ocut as Nash and

Davies (1975) pointed out that the changes in individual iscenzymes in
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relation to development had not been examined. The previous histol-
ogical studies of this organogenesis system (Dien and Tran Thanh Van,
19743 Tran Thanh Van and Dien, 1975) examined different time points
than those used in this study, so it was deemed necessary to do¢ an

independent histological study.
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MATERIALS AND METHODS

Tissue Culture

A mcdification of the procedure develcped by Tran Thanh Van was
used (Tran Thanh Van 1973a, 1977; Tran Thanh Van, Chlyah, and Chlyah,
1974) . (Phytohormone and light levels were amended,) Culture mater-
ial, consisting of the epidermis and underlying cortex was taken from
the basal portion of the flowering branches of vigorocusly growing

tobacco, Nicotiana tabacum L., cv. Wisconsin 38. The terminal fruit

of these plants was green, but full-sized. The use of such a specific
stage allowed wmiformity of physiological state. The tobacco plants
were grown in greenhouse conditions and fertilized weekly with a Mur-
ashige and Skoog (1962) macro- and micronutrient solution. The bran-
ches were excised, washed gently using Ivory soap, rinsed, then sur-
face sterilized for three minutes in a 25% (v/v) solution of commer-
cial bleach (5.25% sodium hypochlorite). They were immediately rinsed
in three changes of sterile deionized water. Then the 4 x 10 mm epid-
ermal thin layers were removed aseptically and placed cortex side down
on the medium in disposable plastic petri dishes. The dishes were
sealed with "Parafilm M' and placed in an appropriate enviromment.
(See Table 1.)

The culture media (modified Murashige and Skoog, 1962} all includ-
ed the following substances per liter: 1.65 g NHuNO3. 1.90 g KN03,
0.44 g CaC12-2H20. 0.37 & VBSOM-7H20, 0.17 g KH Poq, 6.2 mg H3BO3,

2

y" M, 4°H20, 0.83 mg KI, 0.25 mg Nazb’bou'

0, 0.025 mg CuSOu"SHEO, 0.025 mg GoCl2°6H20. 3.72 mg Na2H2EDTA

22.3 mg MnSO,+4H,0, 8.6 mg ZnSO

2H2

(ethylenediaminetetraacetic acid), 2.78 wmg FeSOu'7H20. 100 mg myo-
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inositol, 0.1 mg thiamineeHCl, and 10 g agar. The microelements were
made up as a 100X stock sclution and the Fe(II)EDTA as a 200X stock
solution, The pH was adjusted to 5.1 using 0.05 N NaOH, and the med-
iun was autoclaved for 15 minutes. See Table 1 for specific additions

to each medium.

Table 1. Variables for differential crgan induction in tobaccc
epidermal thin layers.

Culture
Medium Floral Buds Vegetative Buds Callus
Auxin 1075 ¥ 1A 2x1070 ¥ 1A 10 M IBA
Cytokinin 107 M Kin 2x10™ M BA 1077 M Kin
Sugar( s) -
sucrose 8.33 x 10" M 8.76 x 107 M 7.30 x 107 M
glucose 8.33 x 1072 M
Culture
Conditions
Light 6 wai:.ts/m2 15 watts/m2 Total darkness
level s*
Pho to- 16 hr/day Continuwous ——
period

IAA = indocle-3-acetic acid, IBA = indolebutyric acid, kin =
6~furfurylaminopurine, BA = benzyladenine.

#Light was provided by a combination of fluorescent and incandescent
lamps, measured in the visible spectrum.

I R e - U U VU DU P P AT e e amen



20

Tissue Harvest

The tissues (whole thin layers for vegetative buds and callus, the
basal 20% of the thin layers for floral buds) were blotted dry, frozen

in liquid nitrogen, lyophilized, and then stored at —23°C until used.

Ex traction of Three Peroxidase Fractions

All of the focllowing steps were carried out at lIOC unless other-
wise indicated. The lyophilized tissue was weighed and then ground
with a prechilled mortar and pestle in 20 times its weight (1 volume)
in a buffer (van Kammen, 1967) containing 0.05 M Tris<HClL [tris(hy-
droxymethyl) aninomethanel, 0.5 M sucrose, 0.01 M MgClZ, and 0,006 M 2~
mercaptoethanocl, pH 7.2. The slurry was centrifuged for 10 minutes at
10,000 rpm; the resultant supernatant fluid was the soluble fraction,
The pellet was then washed twice with two to four volumes of 1% Triton
X-100, and six times in tw to four vclumes of distilled deionized
water, each time followed by a 10 minute centrifugation at 10,000 rmm.
(The Triton X-100 washings had no wique isopercxidases.) To obtain
the ionically bound fraction the pellet was washed in one half volume
of 1 M NaCl three times, being centrifuged after each wash. The com-
bined supernatant fluids were the ionically bound fraction. The pel-
let again went through a series of washes in two to four volumes of
solution, The washes were: two in 0.5 M NaHCO3, six in 1 M NaCl, and
three in H20. The slurries were centrifuged after each wash. The
pellet was then incubated overnight at 25°C in 0.1 M sodium acetate

buffer, pH 5.5, containing 0.5% (w/v) cellulase (ICN Pharmaceuticals)
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ard 2.5% pectinase (ICN Pharmaceuticals). This step was repeated.
The combined supernatant fluids after centrifugation were the coval-
ently bound fraction. All three fractions were dialyzed in 2 1 of
0.025 M borate buffer, pH 8.0, for at least five hours. Dialysis was
especially necessary to get good electrophoretic resolution of the

ionically bound fraction.

Protein Determin atior

The protein corcentration of the three fractions was determired by
the Bio-Rad method (a modification of the Bradford method, Bradford,
1976) using the dialysis fluid as a control. Bovine serum albumin and
horseradish peroxidase (Sigma, P-8000) were used as the protein stard-
ards. ‘Three to five replicates were used for protein determinatior,

as well as for all the remaining procedures.

Peroxidase Activity Determination

Peroxidase activity was determined using a modificatior of the
method of Gahagan, Holm, ard Abeles (1968). A 0.01 ml sample was
added to a solutior cortaining 1 ml 100 mM KPOu buffer, pH 7, 1 ml 8
mM H202, ard 1 ml freshly made 100 mM pyrogalleol. The absorbarce at
430 "m was read every 15 seconds for 60 seconds. The change in ab-
sorbance was used to calculate the activity. Horseradish peroxidase

(Sigma P-8000) was used as the standard.
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Electrophoresis

Thin layer horizontal slab polyacrylamide gel electrophoresis was
per formed using an LKB 2117 Multiphor apparatus, The gel was 2 mm
thick, 11.5 om wide, and 25 om 1long. The samples were placed in
slots, 1.5 mm deep, 1 mm wide, and 6.3 mm long, which were in the
middle of the gel, perpendicular to its long axis. The slot-former
was hand crafted. Filter paper wicks (eight layers thick) were used
to conduct the current from the buffer tanks to the gel. During the
30 minute preelectrophoresis and the actual electrophoresis of the
samples, the water flowing in the cooling plate supporting the gel was
at 10°C. Samples of 10 ul were applied and bromophenol blue was used
as the tracking dye. Acidic and basic gels were used, both consisting
of 7.5% acrylamide. The acidic gels were made with acetate buffer, pH
4,5, final acetate ion concentration 0.025 M, the basic with borate
buffer, pH 8.0, final borate ion concentration 0.025 M. The buffer
tanks were filled with the same buffer as that of the gel being used.
The acrylamide, Bis (N,N'-methylene-bis-acrylamide), TEMED (N,N,N',N'-
tetramethylethylenediamine) , and ammonium persulfate were of elect-

rocphoretic purity, from Bio~Rad.

Isoperoxidase Staining

The gels were immersed in a freshly prepared solution consisting
of equal parts of 100 mg o-dianisidine dissolved in 100 ml 95% ethanol
and 100 ml acetate buffer, pH 4.5, added just before using. This

acetate buffer was made from 0.88 M sodium acetate and 0.62 M acetic
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acid., After a 30 minute pericd the o~dianisidine solution was drained
off and replaced with a 0.03% H202 solution until the bands were
clearly visible, usually 2 to 5 minutes, The banding pattern was
recorded immediately, and then again after 30 minutes when the fainter
bands became evident.

Duplicate gels were stained using guaiacocl. The gels were immers-
ed in a solution'containing 100 ml of 1% guaiaccl in 28.5% ethanocl,
and 100 ml of the acetate buffer used for o-dianisidine staining for
30 minutes. The gels were then drained and reimmersed in 0.03% H202
until the bands emerged. The results were recorded immediately as
this stain faded rapidly. With both stains the banding pattern was
recorded manually. The graphs in this dissertation were drawn to a-
bout a 1 to 1 scale, the bromophenol blue dye front was plotted as
being 10 om from the origin,

The above techniques were found to be the best after testing sev-
eral other methods. Staining with 2,6-dimethoxyphencl was tried, but
it gave fewer bands than o-dianisidine, Sequential staining with
o-dianisidine and guaiacol revealed fainter bands and gave better
resolution than the simultaneous application of o-dianisidine or guai-
acol and H202. This may be due to a pH effect, especially with the
borate gels. lee (1973) found pH 4.5 to be optimal. Various H202
concentrations were tried, but this factor did not seem critical,
although at very lcw concentrations the faint bands did not become
visible., The concentration of ethanol in the guaiacol stain was not
very critical either, although at high concentrations the faint bands
did not appear. Although o-dianisidine was a more sensitive stain (7

band s/ sample vs. 4 with guaiacol), guaiacol was used in addition to
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insure that isopercxidases with differing substrate specificites would
be detected. Fleuriet and Delcire (1982) ard Mclellar and Robirson
(1983) alsc fournd more iscpercxidases staired with o-diarnisidire than

with guaiaccl.

Histology

The tissues were fixed for 4 hours under vacuum ir either 3% glut-
araldehyde cor 1% glutaraldehyde and 4% fcrmaldehyde ir 0.1 M phosphate
buffer, pH 7.2-7.4 at ¥°c. They were ther rinsed, also at MOC. in
0.1 M phosphate buffer wntil all traces of glutaraldehyde were gore,
usually 5 or 6 10 minute rinses, They were stored ir HOC phosphate
buffer until the dehydratior step. Dehydraticr was dcre at room tem-
perature (20°C or more) via a modified prccedure (Roserblum, 1981) of
Lin, Falk, ard Stockirg (1977), which was itself a modification of
Postek ard Tucker's procedure (1976). The phosphate buffer was re-
placed with acidified 2,2'-dimethcxypropare (DMP, acidified with 3
drops of 0.1 N HC1 per 25 ml DMP). The DMP was charged twice at 5
minute intervals, ther replaced with a 1:1 scluticrn of acetore ard
DMP, After 5 minutes that solutior was replaced with pure acetore,
which was charged once after 5 minutes. Five minutes later the ace-
tone was replaced with a 1:1 acetore, tertiary butyl alcochol (TBA)
mixture. Fifteer minutes later the mixture was remcved ard TBA added;
the TBA was changed twice after 15 minute intervals. Ther after a 15
minute pericd, the tissue and TBA were placed ir a paraffin oven.

Pellets of paraffin were added over a several hour periocd. The vial
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remained in the oven for 24 hours or more to allow the TBA to evapor-
ate. The paraffin was replaced twice; then the tissue was embedded.
The tissue was sectioned 15 y thick using a rotary microtome, then
mounted on slides. The slides were stained for 5 minutes in fresh
0.05% toluidine blue, rinsed briefly in water three times, blotted
gently with lint-free paper, then placed on a slide warmer to dry for
at least 24 hours., The slide was then immersed in xylene for 5 min-
utes to dissolve the paraffin, cocvered with a coverslip, using a resin

moumnting medium, and dried on a slide warmer.
Photography

The developing thin layer tissues were photographed with a Topcon
Super D camera, equipped with bellows and a reversed 53 mm 1lens.
Tri-X film was'used; a flash provided the light. Photomicrographs of
the histological sections were taken with a Zeiss microscope equipped

with a 35 mm camera.
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RESULTS

Differences amcng the various organogenetic regimes were evident at
the macroscopic level after six days in culture (Figures 1, 4, and 7).
The thin layer tissues in vegetative bud-inducing conditions were swol-
len uniformly, the ones in floral bud-inducing conditions were enlarged
at the basal end, and the ones in callus-inducing conditions showed
evidence of callus formation as small areas of new white tissue. By the
twelfth day both types of buds became visible; the vegetative buds were
scattered over the entire epidemmal surface while the floral buds were
all loccated at the swollen basal end c¢f the thin layer.

To determine when the period of organ induction was completed, the
thin layer tissues were transferred from the standard c¢rgan inducing
media to media lacking phytohormones at 24 hour intervals after inocu~
lation. Normal organ induction in both vegetative and floral bud in-

ducing conditions was complete after six days.

Histological Studies

To wnderstand further the events during corgan induwtion and forma-
tion, histological studies at the light microscope level were performed.
The fresh thin layer tissue was composed of three distinct zones of
different cell types (see Figure 1b). Starting from the outer surface,
there was an epidermal 2zone that contained some stomata and supported
some hairs. The second 2zone was a palisade chlorenchyma, one cell layer

thick. These cells were two to three times longer than wide, with the
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Figure 1. Pnhotographs of vegetative bud-forming tissues, days zero,
two, four, ard six. a) Fresh thir layer tissue, X 7.7. b) Lorgitudinal
sectior of fresh thin layer tissue, X 108. The three cell zores are
irdicated by brackets. ¢) Explant, day two, X 7.7. d) Lorgitudinal
sectior of the explant, day two, X 108. Note the shortened cells
(arrow) resulting from the anticlinal cell divisions in the third cell
zore. e€) Explant, day four, X 7.7. f) Lorgitudinal sectior of explant,
day four, X 67. Observe that the plare of cell divisions in the third
cell zore had changed to become periclinal. g) Explant, day six, X 7.7.
Notice the swollen appeararce of the thirn layer. h) Lorgitudiral sec-
tior of explant, day six, X 67. Note the area of cells that had divided
rapidly (arrow) in the secord cell zone.
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Figure 2. Photographs of vegetative bud-forming tissues, days eight,
ten, twelve, ard fourteen. a) Kplant, day eight, X 7.7. b) Lorgi-
tudinal sectior of explant, day eight, X 42. (Observe the meristematic
area (arrow). c¢) Explant, day ten, X 7.7. d) Cross section of explant,
day ten, X 42. Note the protuberance of the meristematic area. The
sharp distirnction between the zones has been obliterated by the numerous
cell divisiors. e) Explant, day twelve, X 7.7. The buds (arrows) are
now visible., f) Cross sectior of explant, day twelve, X 42, with a bud.
g) Explant, day fourteen, X 7.7. h) Cross section of explant, day
fourteen, X 42.
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Figure 3. Photographs of vegetative bud-forming tissues, days sixteen,
eighteen, ard twenty. a) Explant, day sixteen, X 6.3. b) Cross section
of explant, day sixteen, X 42. Note the procambium (arrow). c¢) Ex-
plant, day eighteen, X 4.3. d) Cross sectior of explant, day eighteen,
X 42, showing the procambium development (arrow). e) Explant, day
twenty, X 4.1. f) Cross section of explant, day twenty, X 42. There
are tracheary elements in the developing leaf. Note the cross sectior
of a developirg leaf.
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Figure Y4, Photographs of floral bud-forming tissues, days =zero, two,
four, ard six. a) Fresh thir layer tissue, X 7.7. b) Lorgitudinal sec-
tior of fresh thin layer tissue, X 108. The three cell zores are indi-
cated by brackets. ¢) Explant, day tw, X 7.7. d) Lorgitudinal sectior
of explant, day two, X 108. Notice the shorter cells in the third cell
zone resulting from anticliral cell divisions (arrow). e) Explant, day
four, X 7.7. f) Lorgitudinal sectior of explant, day four, X 67. The
plane of cell divisions in the third zore had charged to beccme peri-
clinal. There is also an area of small cells (area of divisiors) in the
secord cell layer. g) Explant, day six, X 7.7. The basal erd is swol-
lerr, h) Lorgitudinal sectior. of explant, day six, X 42. Note the area

- of cells that had divided rapidly at the basal erd of the thir layer

tissue in cell zore two.
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Figure 5. Photographs of floral bud-forming tissues, days eight, ten,
twelve, ard fourteen. a) Explant, day eight, X 6.3. b) Cross section
of explant, day eight, X 42. Notice the orgarized meristem (arrow). c¢)
Explant, day ten, X 5.6. d) Cross section of explant, day ten, X 42,
e) Explant, day twelve, X 5.6. Note the emerging floral buds at the
basal erd of the thin layer. f) Lorgitudinal sectior of explant, day
twelve, X 42, showing the developing sepals (S). §g) Explant, day four-
teen, X 5.6, h) Cross sectior of explant, day fourteen, X 42, The
sepals (S) and stamers (St) are well defined.
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Figure 6. Photographs of floral bud-forming tissues, days sixteen,
eighteen, ard twenty. a) Explant, day sixteen, X 5.6. b) Cross section
of explant, day sixteen, X 42. Note the sepals (S), stamens (St), pro-
cambium (Pr), primordia where the petals will arise (arrow), and the
bud elorgation. c¢) Explant, day eighteen, X 5.0. d) Cross sectior of
explant, day eighteen, X 42, Observe the sepals (S), stamens (St), ard
carpels (C). e) Explant, day twenty, X 5.0. f) Cross sectior of ex-
plant, day twenty, X 42, showing the sepals (S), emerging petal (P),
elorgating stamers (St), and carpels (C).
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Figure 7. Piotographs of callus-forming tissues, days zero, two, four,
and six. a) Fresh thin layer tissue, X 7.7. b) Lorgitudinal section of
fresh thin layer tissue, X 108. The three cell zores are indicated by
brackets . ¢) Explant, day tw, X 7.7. d) Lorgitudinal section of
explant, day two, X 108. Note the shortened cells (arrow) in the third
cell zore resultirg from anticlinal cell divisions. e) Explant, day
four, X 7.7. f) Lorgitudinal sectior of explant, day four, X 108. 'The
plare of cell divisions in the third cell zone charged to periclinal.
g) Explant, day six, X 7.7. Notice a few whitish areas where callus
growth had erupted through the epidermis. h) Cross section of explant,
day six, X 67. There is an area of cell divisior in zore two (arrow).
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Figure 8. Photographs of callus-forming tissues, days eight, ten,
twelve, ard fourteen. a) Explant, day eight, X 7.7. b) Cross section
of explant, day eight, X 67. There are tracheary elements (TE) and
numerous small cells resulting from cell divisions in the second cell
zore. c¢) Explant, day ten, X 7.7. d) Longitudinal section of explant,
day ten, X 67. e) Explant, day twelve, X 7.7. f) Lorgitudinal section
of explant, day twelve, X U2, g) Explant, day fourteern, X 6.3. h)
Cross section of explant, day fourteen, X 42, Note the tracheary ele-
ment (TE) cluster (in the upper portior of cell zore three), a mass of
small dividing cells (M) above the tracheary element cluster, and large,
vacuolated "callus" cells at the surface (V).
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Figure 9. Photographs of callus-forming tissues, days sixteen, eight-
een, and twenty. a) Eplant, day sixteen, X 5.6. b) Lorgitudinal
sectior of explant, day sixteen, X 42. c¢) Explant, day eighteen, X 5.0.
d) Cross section of explant, day eighteen, X 42. e) Explant, day twer-
ty, X 4.1, f) Cross sectior of explant, day twenty, X 42.
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long axis at about a sixty degree anrgle tc the lorg axis of the floral
branch from which it came. The third zore was up to six cells thick.
The long axis of the cells was parallel to the lorng axis of the flcral
branch, The uppermost cells (ore layer thick) were abcut three times
lorger than wide, and contaired scme chloroplasts. The remairning cells
averaged eight to» ter times lorger thar wide anrd were characterized by
their lergth and the very numerous pits in their cell walls,.

The charges observed during the inductior ard develcpmernt of vege-
tative buds were as fcllows. After twe days ir culture (Figure 1d),
cell divisicrs had cccurred ir the third zre of cells, dividirg the
very lorg cells into sherter units, Most of these cell divisicns were
in the uppermcst cells. At four days ir culture (Figure 1f), the cell
divisions in the third cell zore had continued, but the plare of the
divisiors had changed to pericliral so that dcwnward files of cells were
cbvicus. The cell surface in contact with the culture medium began to
show eviderce, via differertial stairirng, of ligrificatiorn. Additior-
ally, there were discrete areas of cell divisions in the second cell
zore (chleorerchyma). By day six in culture, wher orgar irductior was
complete, there were numerous areas of small cells irn the secord zore
(Figure 1h) . There was eviderce of some ccrtinued periclirnal cell divi-
siocns on the third zore. The bottem of the thir layer showed eviderce
that ligrificaticn had occcurred cver this entire surface, After eight
days ir culture (Figure 2b), the areas of cell divisions irn the secord
zore had produced true meristematic areas, with small ron-vacuclate
cells, There were scme scattered tracheary elements at the bases of
these meristematic areas. (Some of these tracheary elements had formed

in small chains that appeared tc be goirg toward the surface.) By the

U, L AT oy it g e 1 4 et - B L T P WA e e ke woeserd sy o g



%3?31\ e T

e

46
tenth day in culture, the upper surface of the thin layer was lumpy dqe
to the masses of meristematic cells in the second cell zone (Figure 2d).
There were some trachery elements near these protuberances, At the
stage of day twelve (Figure 2f), the leafy buds were apparent above the
epidermis. Leaf growth appeared to be via the primary leaf meristem.
By the fourteenth day (Figure 2h) some of the tracheary elements were
growing toward the leaf buds. Growth in the entire thin layer seemed
limited to that occurring in the buds. At the stage of the sixteenth
day (Figure 3b), the leaves were growing mainly by apical growth, but
the lateral marginal meristems were beginning to show some activity.
Prccambium tissue in the leaf was beginning to form. Leaves of eighteen
day cultures (Figure 3d) showed lateral grcwth, develcpment of the
procambium and cell expansion. The twenty day old cultures (Figure 3f)
showed a continuation of the abcve leaf growth, with maturation of the
vascular tissue,

The initial changes observed in flcral bud forming tissue were
similar to those noted in vegetative bud forming tissue. At twc days in
culture cell divisions in the third cell zone had divided the very long
cells intc much shorter cells (Figure 4d). By the fourth day the plane
of cell divisions in the third cell 2zone had changed to periclinal
(Figure U4f), thus precducing files of cells, It alsc became apparent
that there were discrete areas of cell division in the seccnd zone of
cells (the palisade chlorenchyma). These areas of cell division were at
the basal end cf the thin layer tissue. There were indications that
lignification of the "underside" of the thin layer had begun. Tissues
from the sixth day in culture revealed that cell divisions had continued

rapidly in some areas in the second cell zone (Figure 4h). There were
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masses of amall cells, including scme cells that had differentiated intec
tracheary elements. The third cell zone also contained tracheary ele-
ments as well as more extensive files of cells that indicated continued
cell divisions. The underside of the tissue had extensive lignifica-
tion. By the eighth day in culture the entire bottom of the thin layer
was lignified. bbr'e tracheary elements had formed, in chain-like grcups
in the third cell zone, and in circular clusters in the midst of the
masses of small dividing cells in the second cell zone. The first
crganized meristem was seen at this stage (Figure 5b). Tissues ten days
cld showed a very high number c¢f tracheary elements, usually in cell
zone two, and usually in semi-circular clusters in the midst of amall
dividing cells. The meristems were usually above clusters of tracheary
elements, but were never observed to have vascular connections with them
(Figure 5d). By the twelfth day (Figure 5f), when flcral buds were
visible to the naked eye, the meristems had grown aboﬁe the surface of
the thin layer tissue and generally had develcping sepals. By the
fourteenth day, the procambium was evident in the buds, the buds were
elongated, and the stamens had started to develop (Figure 5h). Meri-
stems were evident at the adaxial base of the sepals; the petals arose
from these later (day twenty). The sixteen-day-cld tissue had buds that
were much elongated (Figure 6b), raising the buds abcve the surface of
the thin layer tissue. ‘The number c¢f tracheary elements in the whorls
below the buds was greatly increased; the semi-circular strands were
often six tracheary elements thick. By the eighteenth day, some of the
tracheary element "semi-circles" had become filled with lignified cells,
mcst of them tracheary elements. In the buds (Figure 6d), primerdia for

the carpels had begun to form. Carpel development progressed by day

AR R RTETE eReT g R W L i s b e . e e SN VU CO U - e - e o e wmnt My



48
twenty (Figure 6f). Additionally, the stamens had begun to elongate and
the petal primcrdia had begun to develop at the adaxial base of the
sepals.

The formation of floral buds in this regeneration system was abnorm-
al in its developmental pattern. The parts developed in the following
sequence: sepals, stamens, carpels, and then petals. Dien and Tran
Thanh Van (1974) found the petals developed before the carpels, but
still after the stamens. The normal whole plant sequence is: sepals,
petals, stamens, and then carpels. One can speculate and ask if the
sequenée seen in the tissue culture system was the same as that of some
ancestor, or perhaps somehow petal development was specifically repres-
sed?

The changes observed in callus-forming tissue were initilally like
those in the bud-forming tissues. Tissue in culture twec days (Figure
7d) had anticlinal cell divisions evident in zone three, dividing the
characteristically long cells into shorter units., By day four in cul-
ture, the plane of cell division had changed to periclinal, producing
files of cells (Figure 7f). Six-day-ocld tissue revealed continued cell
divisions in =zone three (Figure 7h) as well as some differentiation of
tracheary elements there. There was scme lignificaticn at the base of
this layer, the surface of which was in contact with the mediun. There
were also amall areas of dividing cells in zone two, scme of which broke
through the epidermis, Some of the areas of dividing cells contained
scattered tracheary elements, Examination of eight-day-¢ld tissue
(Figure 8b) revealed that mcst cell divisions were then occurring in the
second cell zone (chlorenchyma). Lignification of the bottom surface of

the thin layer had progressed, and clusters of tracheary elements were
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found in the third zone, In ten-day-cld tissue, chains of tracheary
elements were found in the upper portion of the third cell zone (Figure
8d). By day twelve (Figure 8f), it appeared that these chains of trach-
eary elements were the basement layer of the cell division complexes,
Above the tracheary element chains were clusters of small cells presumed
to be dividing. Abcve these were large vacuclated "callus" cells. The
fourteen-day-cld tissue (Figure 8h) continued the trend seen on day
twelve, except the files of cells present in the third zone of cells had
started to expand and become vacuclated. After day fourteen, the growth
of the callus tissue was fairly uniform (Figures 9b, 9d, and 9f). There

was some increase in the size of the chains of tracheary elements.

Protein Content and Perox idase Activity Level

The developing thin layers were assayed for changes in their protein
content and peroxidase activity levels (Figure 10). The early diver-
gence between protein levels demcnstrated that there are very early
differences between the organogenetic regimes. The protein content in
tissue induced to form vegetative buds rose very rapidly in the first
four days, while that in the tissue induced to form fleral buds increas-
ed only slightly the first two days and then rapidly until day six (when
induction was campleted). The protein level in callus-forming tissue
fluctuated within a fairly small range over the entire twenty day period
exanined. The protein level in the vegetative bud-forming tissue ccn-
tinued to increase, slcwly with fluctuations, until day twelve; it

decreased slightly until day sixteen, and then exhibited another slight
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Figure 10. Protein content and peroxidase activity of the soluble ex-
traction fraction vs. time. A-C) Protein content expressed as mg of
protein per mg dry weight. D-F) Relative peroxidase activity expressed
as charge in absorbance per unit time per mg dry weight. G-I) Relative

peroxidase activity expressed as change in absorbance per unit time per
mg protein,
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increase. The tissue induced to form floral buds showed a t;hir'd trend,
the protein content decreased during bud formation, and then increased
slightly, from day sixteen to day twenty during bud development.

The peroxidase activity per unit dry weight alsc demonstrated dif-
ferences between the organogenetic regimes. The percxidase activity of
the tissue induced to form vegetative buds increased rapidly until day
eight, then it increased slcwly until day eighteen, after which it
dropped. The percxidase activity of the tissue induced to form floral
buds rose slowly until day fourteen, then plateaued with a slight fluc-
tuation the remainder of the time. The callus-forming tissue had an
increase in peroxidase activity until day twelve, and then a gradual
decrease in activity. If, on the other hand, the percxidase activity
was computed per wnit protein, the differ"ences between the organogenetic
regimes were reduced. The activity of the tissue induced to form vege-
tative buds rose slcwly until day eight, then it increased slcwly, with
fluctuations, until day eighteen when it began to decrease. The tissue
induwced to form flcral buds had a continual, although fluctuating,
increase in peroxidase activity the whcle twenty day pericd observed.
The peroxidase activity of the callus-forming tissue rose, with fluc-

tuations, until day twelve_, then decreased until day twenty.

Isoperox idase Occurrence

The isopercxidase patterns (zymcgrams) are presented in Figures 11
through 16. Figures 11, 12, and 13 are those frcm gels using acetate
buffer, pH 4.5, while Figures 14, 15, and 16 are those from gels using

borate buffer, pH 8.0. In analyzing the data present in these figures
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Figure 11, Isoperoxidase banding patterns in acetate gels of the
soluble extraction fraction. Note the unique presence of C2 in floral
bud-forming tissue and C1 in callus-forming tissue. C16 developed only
in vegetative bud- and callus-forming tissues. C9, A1, and A8 all
appeared earlier in callus-forming tissue than ir vegetative or floral
bud-forming tissues. The band represertatiors are shown in order of
decreasing intensities: swanocmo=ce:,
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Figure 12. Isoperoxidase banding patterns in acetate gels of the
ionically bourd extraction fraction. Note the unique presence of C17 in
the vegetative bud-forming tissue, and of C2 in callus-forming tissue.
C7, C6, and A7 all were found in fresh thin layers. C7 reappeared in
vegetative bud-forming tissue, although it appeared ceontinuously in
floral bud-formirg tissue. C65 reappeared in vegetative bud-forming
tissue, and A7 reappeared in callus-forming tissue. C16, C13, C12, and
C8 all appeared first in vegetative or floral bud-formirg tissues. C1
and A5 were interesting in their disappearance on vegetative bul-forming
tissue. Both were continuously present in callus-formirg tissue, ard A5
was also present in floral bud-forming tissue,
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Figure 13. Isoperoxidase banding patterns in acetate gels of the
covalertly bound extraction fraction., Note the unique presence of C9
ard C1 in the vegetative bud-forming tissue, ard of A5 in the fresh thir
layers and during developmert only in callus tissue. A6 was found
continuously in the developing callus tissue ard in fresh thin layers,
and orly very briefly in floral bud-forming tissue. C4 appeared orly in
the floral and vegetative bud-formirg tissues, although earlier in
floral.
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Figure 14, Isoperoxidase banding patterns in borate gels of the soluble
extraction fraction, The bard A'T was unique in its appearing orly in
floral bud-forming tissue. A'2 and A'S both eventually disappeared in
vegetative and floral bud-forming tissues. A'M appeared only in floral
bud- and callus-forming tissues.
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Figure 15. Isoperoxidase banding patterns in borate gels of the
ionically bound extraction fraction. Band C'1 was unique in its
appearing only in callus-forming tissue. A'S disappeared in vegetative

bud-foming tissue while remainirg in floral bud- and callus-formirg
tissues.
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Figure 16. Isoperoxidase banding patterns in borate gels of the
covalently bound extraction fraction., Bards C'4 ard C'3 appeared later
in callus-forming tissue than in the others. A'3 disappeared for a
short time in callus- and floral bud-forming tissues. A'6 disappeared
totally in vegetative bud-forming tissue, and after buds were visible in
floral bud-formirg tissue. A'S8 also disappeared after floral buds had
beern formed although it was present continuwusly in the other tissues,
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we might first look at the number of isoperoxidase bands present at any
given time (Figure 17). 'The acetate and boraté gels gave striking dif-
ferences in this aspect. Far more bands were cbserved in the acetate
gels, and there was also greater variation in their number than in the
borate gels. In the scluble extraction fraction of the vegetative bud-
forming tissue ther'e was an increase in the number of isoperoxidase
bands until day twelve, as revealed using acetate gels. Borate gels, on
the other hand, indicated a gradual decrease in the number c¢f bands.
The scluble fractions of the floral bud- and callus-forming tissues had
similar, although less striking, differences between the results of
acetate and berate gels. 1In both tissues, in acetate gels, there was an
increase in the number of bands; in flcral bud-forming tissue the rise
was over a sixteen-day-pericd while in callus-forming tissue the bulk of
the increase was in the first six days. In borate gels the increase in
band number was almost nonexistent. The ionically bound fraction in all
three organogenetic regimes, as revealed in acetate gels, had an init-
ial decrease in the number of isopercxidases, and then an increase until
day eight or ten. Only in the vegetative bud-forming tissue was there a
subsequent decrease in the number of bands. This latter decrease was
also observed in the bcrate gels. In the covalently bound enzyme frac-
tion, as seen in acetate gels, the vegetative and floral bud-forming
tissues had an initial decrease in the number of isopercxidase bands,
followed by a sharp increase until day six. The callus-forming tissue
had nc initial decrease, but here also a sharp increase existed until
day six. Interestingly, in borate gels the pattern of band number for
the covalently boumd fraction was somewhat reversed. The callus-forming

tissue had an initial decline and the bud-forming tissues did not.
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Figure 17.The number of isoperoxidase bands present vs time.
—— Soluble fraction, --- ionically bound fraction,
....Covalently bound fraction. ’
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On the days when new isoperoxidase bands appeared (Figure 18), the
acetate and borate gels both revealed a similar pattern. The majority
of new bands appeared on days two and six. The data from the acetate
gels exposed some interesting differences between the organogenetic
regimes. The vegetative bud-forming tissue had the most new bards,
seven in total, on day two, and a smaller peak of six rew bands on day
six. The floral bud-forming tissue had only one major peak, with six
new bands, on day six. Callus-forming tissue had one vef-y substantial
peak of ten new bands on day two.

Turning from isoperoxidase bands as generalities to specifiec iso-
peroxidases, a listing of the bands found (Tables 2 and 3) illustrates
that there were distinct differences between the three extraction frac-
tions, 1In the acetate gels (Table 2) the soluble fraction had nineteen
bands, four were unique to that fraction. There were more bands (twen-
ty) in the ionically bound fraction, and six of them were unique to that
fraction, There were only eight bands in the covalent fraction and nrone
of them were unique to that fraction, Of the twenty-five bands in
total, only seven were found in all three fractions, The data from the
borate gels were different. The soluble fraction had thirteen bards,
three of which were wnique. The ionically bound fractiorn had ten bands,
but orly one was wnique (a much lower ratio than found in acetate gels).
The covalently bound fractior had five bands, and as in acetate gels,
none of them were wnique to this fraction. Of the fourteen bands total
in borate gels, four were found in all three extraction fractions; this
was about the same percentage as in acetate gels. Interestirgly, in

both acetate and borate gels, all of the bands that were unique to the
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scluble fraction were anodic (negatively charged) and the ones unique to

the ionically bound fraction were cathodic (positively charged).

Table 2., Isopercxidase bands present in acetate gels, 25 bands total
¥Indicates this band wnique to its fraction.

Scluble Ionically Bound Ccvalently Bound
Fraction Fraction Fraction
(19 Band s) (20 Bands) (8 Bands)
CiT%*
Cc16 c16
C15 Cc15
C14%
C13%
c12 c12 c12
c11 ct1
C10 C10
Cc9 C9 Cc9
Cc8*
c7 C7
Co¥*
C5 Cc5 Cc5
cu cy cy
C3¥
c2 c2
C1 C1 C1
A1 A1
A2#*
A3¥
AL¥
A5 A5 A5
A6 A6 A6
AT AT
A3 %

'

McLellan and Robinson (1983) found similarly interesting data; in
cabbage and Brussels sprouts all the ionically bound isopercxidases were

cathodic.
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Table 3. Isoperoxidase bands present in borate gels, 14 bands total
#¥Indicates this band wnique to its fraction.

Scluble Tonically Bound Covalently Bound

Fraction Fraction Fraction

(13 Bands) (10 Band s) (5 Bands)
cros

Cc'y c'y c'y

c'3 c'3 c'3

cr2 cr2

c"1 c'1

A" A"

A'2 A'2

A'3 A'3

Aty*

A'S A'S

A'6 A'6 A'6

A'T®

A'S A'8 A'8

A'g®

The time of appearance of specific isoperoxidases is presented in
Tables 4 and 5. It became evident that most isoperoxidase bands that
appeared cn day two in any extraction fraction tended to appear in the
other regimes (in the same extraction fraction) by day six. Most bands
that appeared in one extraction fraction, however, rarely arcse in the
other extraction fractons, Only one isopercxidase, C12, found using
acetate gels, occurred in all three extraction fractions.

An examination of the days when iscpercxidase bands disappeared
(Tables 6 and 7) revealed that acetate and bcrate gels gave different
results. In the acetate gels no bands disappeared during the first six-
teen days in the soluble extraction fraction, while four bands were lcst
during this pericd using borate gels. The situation was reversed in the
ionically and covalently bcund fractions. Here far mcre bands disap-

peared in acetate gels than in borate gels., The one noteworthy feature
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Table 4. Days when new isoperoxidase bands appeared in acetate gels.
SOLUBLE FRACTION IONICALLY BOUND FRACTION COVALENTLY BOUND FRACTION
VEGETATIVE| FLORAL CALLUS - VEGETATIVE| FLORAL CALLUS - VEGETATIVE| FLORAL CALLUS -
BUD - BUD - FORMING BUD - BUD - FORMING BUD - BUD - FORMING
FORMING | FORMING TISSUE FORMING | FORMING TISSUE FORMING | FORMING TISSUE
TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
C15,C12 C12 C15,C12, C1 C16,C12,C9 |C9 C8, C2, C1 C12 C12,C5
2d
A2 A2 A2, A8
C15 c9 c1 C15 C14,C12,C9 (]
ad
A3 A3 A3 A1
c9 C17,C15, C13| C12 C15,C13 c9 C12,C5,C4
6d
A8 A8 A1 A1 Al
co cs c8 C16
8d
Al A1
C16,C13
10d
C16 ca
12d
A4
C16
14d
A4
c2
16d
18d

20d
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Table 5.

2d

4d

6d

8d

10d

12d

14d

16d

18d

20d

Days when new isoperoxidase bands appeared in borate gels.

SOLUBLE FRACTION

IONICALLY BOUND FRACTION

COVALENTLY BOUND FRACTION

VEGETATIVE| FLORAL CALLUS - VEGETATIVE| FLORAL CALLUS - VEGETATIVE| FLORAL CALLUS -
BUD - BUD - FORMING BUD - BUD - FORMING BUD - BUD - FORMING
FORMING | FORMING TISSUE FORMING | FORMING TISSUE FORMING | FORMING TISSUE
TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
c'1 c'a,C'3 c'a,C'3
A3, A'1 A3, A1 A3, A"
C's C's c'4,C'3
A4
C'’5
A'4 |
A7
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Table 6. Days when isoperoxidase bands disappeared in acetate gels.
SOLUBLE FRACTION IONICALLY BOUND FRACTION COVALENTLY BOUND FRACTION
VEGETATIVE| FLORAL CALLUS - VEGETATIVE| FLORAL CALLUS - VEGETATIVE| FLORAL CALLUS -
BUD - BUD - FORMING BUD - BUD - FORMING BUD - BUD - FORMING
FORMING | FORMING TISSUE FORMING | FORMING TISSUE FORMING | FORMING TISSUE
TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
c3 C6, C3 C7,C6,C3
2d
A7 A7 AB, A5 A5
ad
A6
6d
8d
10d
A5
12d
c17,C1
14d
16d
18d
AB
20d
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Table

2d

4d

6d

8d

10d

12d

14d

16d

18d

20d

7. Days when isoperoxidase bands disappeared in borate gels.

SOLUBLE FRACTION

IONICALLY BOUND FRACTION

COVALENTLY BOUND FRACTION

VEGETATIVE] FLORAL CALLUS - VEGETATIVE] FLORAL CALLUS- VEGETATIVE| FLORAL CALLUS -
BUD - BUD - FORMING BUD - BUD - FORMING BUD - BUD - FORMING
FORMING FORMING TISSUE FORMING FORMING TISSUE FORMING FORMING TISSUE
TISSUE TISSUE TISSUE TISSUE TISSUE TISSUE
C2,C1 C2,C1 c2,C1
A6

A2

A2
A'5

A’S A5 A6, A8

174
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in both was that the callus-forming tissue never lost any isoperoxidase
bands after day two.

There was a set of isoperoxidases that aitract.ed attention because
of their occurrence at specific times in specific organ-forming tissues
(see Tables 8 and 9) e.g., those found in Figure 11 (acetate gels, sol-
uble extraction fraction). Band C16 was found in vegetative bud-forming
tissue starting at day twelve and in callus-forming tissue starting at
day fourteen. Band C9 appeared earlier in callus-forming tissue than in
the others, and band C7 remained continuously in callus-forming tissue
while it disappeared fcr the first few days in the bud-forming tissues.
Band C2 cccurred c¢nly in flcral bud-forming tissue from day sixteen;
perhaps it was associated with a specific floral corgan. Band C1 arose
only in callus-forming tissue, starting at day two, corresponding to the
pericd of cell division. Band A4 appeared in vegetative and flcral bud-
forming tissues after the buds had appeared, while they were develcping.
Band A6 was the only scluble isopercxidase seen in acetate gels that
disappeared after organ initiation. 1Its disappearance came after vege-
tative buds had appeared and started tc develop. Band A8 appeared in
callus-forming tissue starting at day two, but did not appear in the
bud-forming tissues until day six. In the ionically bound extracticn
fraction (Figure 12), band C17 appeared in vegetative bud-forming tissue
from days six to twelve, while the vegetative bud meristems were form-
ing. The band C16 eventually appeared in all three tissue regimes, but
it appeared before organ initiation in vegetative bud-forming tissue and
after initiation in the other two tissues., Band C1l4 was found cnly in
callus-forming tissue starting at day four. Bands €13 and C12 both

appeared first in callus- and vegetative bud-forming tissues, and then a
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few days later in floral bud-forming tissue. "Ihe band C8 became appar-
ent on day two in callus-forming tissue, but not until after organ
initiation was complete (day eight) in the bud-forming tissues. Band
C7's occurrence was intriguing; it was found in the fresh thin layers,
in flcral bud-forming tissue the entire time, and in vegetative bud-
forming tissue starting at day ten. The band C6 was also found in the
fresh thin layers, then it disappeared and reappeared cnly in vegetative
bud-forming tissue starting at day fourteen. Band C2 was seen cnly in
callus-forming tissue, starting from day tw, thus it seemed to be
another band asscciated with unregulated cell division. Band C1 may
alsc be related to cell division; it occurred in callus-forming tissue
during the entire time assayed and in vegetative bud-forming tissue from
days four thrcugh twelve. Band A5 was found in all three tissue regimes
but it disappeared in vegetative bud-forming tissue after day eight.
Band A7 was present in the fresh thin layers and in callus-forming
explants from day eight on, when the callus tissue was visible. The co-
valently bound fraction, as observed in acetate gels (Figure 13), also
had scme interesting isopercxidase bands. Band C9 was found exclusively
in vegetative bud-forming tissue starting when organ induction was ccm-
plete (day six) and ccntinuing during bud development. Band C5 varied
in its time of appearance, frcm day two in callus-forming tissue to day
six in floral bud-forming tissue. Band C4 was present in floral bud-
forming tissue starting at day six, and in vegetative bud-forming tissue
starting when the buds were visible, day twelve, Band C1 was present
only in vegetative bud-forming tissue, and then only from the time organ

induction was complete. Bands A5 and A6 were both found in the fresh
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thin layers and in callus-forming tissue; A6 was also found in floral

bud-forming tissue on day two.

Table 8., Isopercxidase bands present in acetate gels that varied

amcng different organogenetic regimes.

Scluble
Fraction

Cc16

¢9
C7

C2 (floral only)
C1 (callus only)

A4
A6
A8

8 ¢f 19 Bands
~ 429

Ionically Bound
Fraction

C17 (vegetative cnly)

C16
C14 (callus only)

C13
c12

c8

- c7

C6 (dO and veg. only)

C2 (callus only)
C1

A5

A7 (d0 and callus only)

12 ¢f 20 Bands
~ 60%

Ccvalently Bound
Fraction

C9 (vegetative only)

5
cy

C1 (vegetative only)

A5 (dO and callus conly)
A6 (d0, flcral 42, and
callus only)

6 of 8 Bands
~ 7%

The berate gels also revealed some isopercxidase bands of interest,

In the scluble extraction fraction (Figure 14), band A'2 was cbserved in

fresh thin layer tissue, in callus-forming tissue the entire time, and
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Table 9. 1Isoperoxidase bands present in bcrate gels that varied
among different organcgenetic regimes.

Soluble Jonically Bound Covalently Bound
Fraction Fraction Fraction
c'y
c'3
C'1 (callus only)
A'2
A'3
A'Y
A'S5 A'S
A'6
A'7T (flcral cnly)
A'8
4 of 13 Bands 2 of 10 Bands 5 of 5 Bands
~ 30% ~ 20% ~ 100%

in both bud-forming tissues the first several days. It was not found in
bud-forming tissues after crgan induction was completed. Band A'Y4 was
seen in callus-forming tissue starting on day eight and in floral bud-
forming tissue starting cn day six., Band A'S was found in all three
tissue regimes as well as fresh thin layers, but it disappeared in
fleral and vegetative bud-forming tissues after the buds appeared. Band
A'T was found only in floral bud-foerming tissue starting on day four-
teen; perhaps this band was identical to band C2 that was found in
acetate gels. The ionically bound fraction (Figure 15) yielded twoc
bands of interest. Band C'1 was found only in callus-forming tissue
starting on day tw. Band A'5 was found ip all the tissues but dis-
appeared in vegetative bud-forming tissue after day fourteen. This was
similar tc bal:xd A5 in acetate gels, but there the band disappeared after

day eight. The covalently bcund extraction fraction (Figure 16) also
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revealed some noteworthy bands. Two bands, C'3 and C'Y showed the same
pattern of occurrence, They appeared on day two in both bud-forming
tissues, but not wntil day six in callus-forming tissue. Band A'3 was
found in the fresh thin layer tissue; it disappeared in callus- and
floral bud-forming tissues but then reappeared at day six. It was
always evident in the vegetative bud-forming tissue. Since all the
bands in the covalently bound fraction were faint it is possible that
this isopercxidase might still have been present, but in very low a
mcunts. Band A'6 was found in the fresh thin layers; it continued to
exist in tissue induced to form vegetative buds only a couple of days,
in fleral bud-forming tissue until after the buds had become visible
(day fourteen), and in callus-fcrming tissue the entire time. Band A'8
was present in all the tissues but it was lcst in flcral bud-forming
tissue after day fourteen.

It is beth interesting and prceblematic that there seemed to be
almost nc cerrelation between bands of interest in acetate gels and
bands of interest in bcrate gels, even though samples of the exact same
extracts were applied tc both, It is alsc distressing that the ionical-
1y bound fraction, which gave such interesting results in the acetate

gels, gave so little of interest in the borate gels.

I
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DISCUSSTON

In the pioneering study of the isopercxidases of the thin layer
organcgenesis system, Tran Thanh Van and her cclleagues (Gaspar, Thorpe,
and Tran Thanh Van, 1977; Thorpe, Tran Thanh Van, and Gaspar, 1978)
found changes in the isopercxidase pattern that were characteristic for
each of the organ-forming regimes. The patterns were distinguished by
the times that specific isopercxidases appeared and when their activity
peaked. There were, however, no isopercxidase bands that were found in
only one crgan-foming tissue. While this was also the case in most
other studies of isopercxidases, there have been several reports that
found iscpercxidases that were specific to one crgan or tissue phase.
Arnison and Boll (1976b) in a study of bush bean suspension culture
found one isopercxidase, D2, that was only present when the culture was
in the division phase. Wochok and Burleson (1974) found an
isopercxidase in eighteen-day-cld wild carrot suspensiocn embryos that
was not present in prcembryos or in older embryos. Siegel and Galston
(1967) found when examining pea seedlings that scme isopercxidase bands
were present only in c¢ne organ, Kahlem (1975) disccvered a
stamen-specific isoperoxidase in twenty-six plant species, Sawhney,
Basra, and Kohli (1981) noted the appearance of tw new isopercxidases

in the shoot apex c¢f Amaranthus viridus L. upon the induction of

flowering. Koul and Bhargava (1983) repcrted even mcre dramatic

results. They found seven isopercxidase bands that were present only

during specific stages of flowering in Scandix pecten-veneris L.
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In 1light of the abcve reports, the lack of specific 1isopercxidases
limited to specific organ-forming tissues in the thin layer crganogen-
esis system reemed a paradcx. It was the hope, at the beginning of this
study, that by the use of a more extensive extraction procedure, and the
utilization of a mcre sensitive electrophoresis system that allowed the
simul taneous separation of anodic and cathodic isopercxidases over a
wide range of pHs, any striking changes in isopercxidase ccmposition, if
they existed in this organogenesis system, would become evident.

The extraction technique used in this study gave three di‘stinct
fractions: soluble, ionically bcund, and covalently bcund. El ectrc-
phcresis was performed using buffers of twc different pHs, 4.5 and 8.0.
The difference between the results of the two pHs was quite unexpected,
but informative, especially since most studies of isoperoxidase have
been dcne at high pHs, which in this study gave far fewer isoperoxidase
bands. Not only were there fewer isopercxidase bands seen in the borate
gels (pH 8.0) than in the acetate gels (pH 4.5) (14 bands in borate
gels, 25 bands in acetate gels), but their pattern of occurrence was
vastly different (Figure 17). In all three regimes, as seen in acetate
gels, the number of isopercxidase rose sharply in the scluble and icni-
cally becund fractions during the first six days. In ccntrast, in the
berate gels there was an increase of only one isopercxidase per extrac-
tion fraction at best. Of additional interest, the fraction of isoper-
cxidase bands that varied in their pattern of occurrence (between the
crgancgenetic regimes) within one extraction fraction was quite differ-
ent between the twc buffers, In the soluble extraction fracticn the
acetate gels revealed eight bands out of nineteen that varied, while the

becrate gels revealed only four out of thirteen. The ccvalently bound
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fraction had six bands that varied out of eight seen in the acetate
gels, while all five seen in the borate gel varied between the regimes.
Of most interest here was the ionically bound fraction. In the acetate
gels twelve of the twenty observed varied while in the bcerate a mere
tw, out of ten, varied. This last situation was of special concern
since the ionically bound fraction had never been examined before in
respect tc crganogenesis. If the berate buffer alone had been used the
potential significance of this extraction fraction might not have been
recognized.

In searching for a reason vwhy there were such differences between
the twc buffers several possibilities came tc¢ mind., The becrate icn is
known to form complexes with glyccpeptides (Weitzman, Scctt, and
Keegstra, 1979) that alter the relative migration rates during electro-
phoresis. There is no reason to believe, however, that it would destroy
the actual percxidase activity, or alter the migration rates to such an
extent that 40% cf the isopercxidases would comigrate with other isoper-
cxidase forms. The isopercxidase bands observed using borate gels in
this study tended to be poorly resoclved. The same was found to be true
in isoelectric fccusing (Rucker and Radcla, 1971; Benvenuto et al.,
1983; Mclellan and Robinson, 1983). In all these cases the "basic"
isopercxidases were poorly resclved while the "acidic" ones showed gccd
resolution. The only apparent reason for the lcwered number c¢f isoper-
oxidase bands in the borate gels was Lee's finding (1973) that pH ef-
fects staining. He found pH 4.5 to be optimal for peroxidase staining.
This suggested that those isopercxidases in the borate gel that had a
narrow range of pH tolerance for activity simply were not active and

prcduced no cclored reaction product.
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Since the isoperoxidase bands of interest in borate gels (pH 8.0)
were fewer in number than those in the acetate gels (pH 4.5), and since
they showed patterns that were also seen in the bands found in the ace-
tate gels, only the data frcem the acetate gels will be discussed in this
section,

The results of this study have revealed several very interesting
isopercxidase bands (Table 10). Twelve bands were found in essentially
only one organ-forming regime (and cnly one extraction fraction). An-
other four were found in only two organ-forming regimes, An additional
two bands were interesting because they were present in all three re-
gimes initially, but disappeared in the vegetative bud-fcrming tissue.
Eight mcre bands were found in all three regimes, but varied in their
time of appearance. The occurrence of many of the abcve isopercxidase
band s, especially the wnique ones, cculd be correlated with the induc-
tion of specific organ-forming regimes or stages of crgancgenesis as
seen in the histolcgical findings. This allowed speculation abcut pos-
sible correlations of function with specific isoperoxidases. While
these correlations d¢ not prove the functions of specific isoperoxidas-
es, they are significant and indicate the possible impcrtance of isoper-
oxidases in organogenesis. Many of the findings here agreed with find-
ings of other researchers, as will be discussed below.

The eight bands whose time of appearance varied frcm cne tissue-
forming regime to another showed no consistent pattern among themselves,
and the reasons for their differing times of appearance were not clear.
No other researchers with similar findings have been able tc¢ make ccr-

relations either,
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Of the twelve isoperoxidase bands that were wique in their appear-

ance in essentially only one tissue (and only one extraction fraction)

Table 10. Correlations of physioclogical and histological phenomena with
isoperoxidase band occurrence,

Correlated With:

Unregulated cell division
ard/or high auxin levels

Wound healing and cell
division

Wound healing and
lignification

Cessation of cell division
and differentiation in zone
three

ST U o e . - I LT CR TR SR

A’

Band No.

C1 sol
C14 ion
C2 ion

C1ion

A7 ion

A5 cov

A6 cov

A2 sol

A3 sol

C12 all

C15 sol + ion

C16 sol

Callus
Callus
Callus

Callus
Veg bd

Callus
do

Callus
do

Callus
Floral
do

Callus
Veg bd
Floral

Callus

Floral

Callus
Veg bd
Floral

Callus
Veg bd
Floral

Callus
Veg bd

Occurrence

d2+
dl»
d2+»

d2+
di+d12

d8-+
a2+

d2»
bd d2 only

;} d2»
b

Veg bd } dl»
bd

d2-4+
d2-+
bd d2-6+

d2-6+
d2 -6+
bd d4~+

d1i-
di2-»
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Correlated With: Band No. Occurrence
Callus do-»
The disappearance of these A6 sol Veg bd dO+d16
two bands was correlated Floral bd do-»
with repression of nor-
bud growth during Callus dO~»
vegetative bud formation A5 ion Veg bd d0+d8
Floral bd dO+
Al sol Veg bd di2»
Floral bd d1i4-+
Veg bd di0+
Bud development, organized C7 ion Floral bd d2-+
apical meristems do
C4 cov Veg bd d12+
Floral bd db6+
C9 cov Veg bd d6+
Vegetative bud
formation and development
C1 cov Veg bd d6-+
Vegetative bud formation C17 ion Veg bd d6+d12
Vegetative bud development C6 ion Veg bd diis
perhaps specifically the do
chlorenchyma
Development of the stamens C2 sol Floral bd d16-+

seven were found in callus forming tissues (soluble-Cl, ionically bownd-
c14, c2, C1, ard A7, and covalently bound-A5 and A6). The occurrence of
these bands could be correlated with one or both of tw factors. The
auxin levels in the callus culture medium were five to ten times higher
than those in the culture media of the bud-forming tissues. ’It was
supplied as irdolebutyric acid, an artificial auxin., These isoperoxi-
dases may have been formed in response to the higher auxin levels in an

attempt on the tissues part to regulate the auxin levels. On the other

hand, these isoperoxidases may have been correlated with continuocus
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unorganized cell division. This increase in number o¢f isopercxidases
agreed with the results of Goff (1975), Vanden .Born (1963), and Ramaiah,
Durzan, and Mia (1971) that showed an increase in peroxidase activity
asscciated with rapidly dividing cells or cells that were going tc di-
vide. There were, additionally, three cother reports of isopercxidase
bands that were mique tc callus tissue. Rawal and Mehta (1982) found
haplcid tobaccc callus had cne unique isoperoxidase. Ricker and Radcla
(1971) cbserved tw wnique isopercxidases in nen-differentiating tcbacco
callus. Bassiri and Carlson (1979) cbtained callus tissue from several
different plant parts of tcbacco, and found all had three isopercxidase
bands that were not present in any of the parent tissues.

Gerdon and Alldridge (1967) found that during wound healing in to-~
mato one isopercxidase appeared cne to two days after wunding in the
cytoplasm of cells adjacent to the wound. After three c¢r four days the
activity of this isopercxidase was localized in the cell wall, ‘rather
than in the cytoplasm. Another isopercxidase appeared three to four
days after wounding, in the cortical cells that had begun to divide.
The development of this isopercxidase took place only after several cell
divisions had cccurred. In the present organcgenetic system, in which
there was wound healing in all three regimes, two scluble bands, A2 and
A3, appeared after a few days in culture in all three regimes, These
bards might have been asscciated with wound healing and cell divisicn,
There were two additional bands, C12 and C15, that might also have been
implicated in wound healing, especially lignificaticn, which was import-
ant bcth in the sealing cver of the wunded surface and later in differ-
entiation of tracheary elements. Band C12 was present in all of the

extraction fractions of all three regimes. Band C15 was present in the
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soluble and ionically beund fractions in all three regimes. Fukuda and
Komamine's (1982) study showing that the activity ¢f the ionically bound
percxidase peaked just before lignification, and the activity of the
ccvalently bound percxidase peaked at the time of active lignin synthe-
sis, implied that any isoperoxidase invclved in lignification should at
least be found in the ionically and ccvalently bound fractions. Fleur-
iet and Delcire (1982) found histochemical evidence that lignification
in wounded tcmato fruits was linked to a ccvalently bound isopercxidase.
There was always a possibility, in the current study, that other isoper-
¢cxidases were involved in lignification. There were no others, however,
that seemed as likely based cn their pattern of occurrence. I assumed
that isopercxidases involved in lignification would prcbably not have
been present in the fresh thin layers.

Band C16 of the scluble fraction was present in vegetative bud-
forming tissue starting on day twelve, and in callus-forming tissue
starting on day fourteen. In both of these tissues, rapid division and
differentiation in the third zone had ceased, whereas tracheary element
differention in the floral bud-forming tissue continued. The occurrence
¢f this isopercxidase appeared to be ccrrelated with the cessation c¢f
cell division and differentiation.

Mader (1975) found that shoot differentiation in tobaccc callus
consisted of two processes that were ccrrelated with changes in isoper-
cxidases, Meristemoid formation was accompanied by a sharp rise in the
activity of several isopercxidases. There was also an inhibition of
grecwth in the non-differentiating cells that was ccrrelated with a re-
duction of activity in the fast migrating ancdic isopercxidases. 1In the

current study, there were tws isopercxidase bands in the vegetative bud-
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forming tissue that paralleled the repression that Mider found. Band A6
in the scluble fraction was found in all three regimes. It disappeared
in the vegetative bud-forming tissue after day sixteen, Band A5 cf the
ionically bound fraction had the same essential pattern, but it disap-
peared from the vegetative bud-forming tissue after day eight. Wochok
and Burleson (1974) cbtained similar results with wild carrot suspension
cultures., As the embryoids matured into plantlets the number cf iso-
percx idases decreased.

There were three bands that were found in bcth bud-forming regimes.
Band A4 of the scluble extraction fraction was found after the buds had
appeared, and might have been invclved in some phase of bud develcpment.
The same might be true of C7 of the icnically bound fracticn, although
it was present in the floral bud-forming tissue before organ initiation
was ccmpleted. Band C4 of the covalently bound fraction was also found
earlier in the flcral bud-forming tissue, but it did nct appear until
day six, when induction was completed. In the vegetative bud-ferming
tissue, it (CY4) appeared on day twelve, when the buds became visible,

There are four isopercxidases that were ccrrelated with various
stages of vegetative bud develcpment and formation. Band C17 c¢f the
icnically bound fraction was found only frcm days six te twelve, after
the tissue was committed to form vegetative buds, but only as long as
the meristems were ferming. It was not found after the buds had devel-
oped. Band C6 cf the ionically bcund fraction was found cnly in the
fresh thin layers and in vegetative bud-forming tissue starting frcm day
fourteen, Perhaps it was in the epidermis or chlcrenchyma of the yowung
leaves., Twc bands in the covalently bound fraction (C9 and C1) appeared

at day six and remained during vegetative bud formation and development.
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Rawal and Mehta (1982) cbserved similar bands in their study of
shoct regeneration from haploid tcbacce callus. They reported that the
shoct buds appeared after nine days in inductive ccnditions. Although
they reported no histclogical data, scme assumptions as to the physicl-
ogical state cculd be made based c¢n the histolc¢gical data ¢f the current
report and others. There were seven isoperoxidases that were unique to
the shoot-forming tissue. Three isopercxidases were present only at day
three, when shoot initiation was prcbably cccurring. Two other bands
appeared at day three and remained present during shoct formation and
development. A sixth isopercxidase became evident at day six when the
meristems should have been forming. The last ¢f the seven was seen
starting at day nine, when the shcot buds were visible. Mader, Munch,
and Bopp (1975) in another study using tobaccc (starting with shoctk
tissue, going through callus, and then regenerating shoo'cs), determined
that there were three isopercxidase bands that typified shoct tissue.
There are two additicnal pertinent studies. Chen, Towill, and loe-
wenberg (1970) and Braber (1980) found that there were isopercxidases
whose appearance was correlated with specific stages during leaf devel-
opment.

One band was present during a very specific stage of flcral bud
development. Band C2 of the scluble fraction was found only in fleral
bud-forming tissue starting at day sixteen, shortly after the stamens
had started toc develop. Kahlem (1975) found that three-fourths of the
plant species he examined had a specific isopercxidase that occurred in
the stamens or "male" flowers, but not in the leaves. When he used
histoimmwolcgy (Kahlem, 1976) he was able to lccate the "stamen spe-

cifie" isopercxidase of Mercurialis annua L. in the micrcspore and
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tapetum tissues of the stamen. The data of Koul and Bhargava (1983) was
similar, although more extensive. They cbserved seven isopercxidase

bands that were found only during specific stages of flowering in Scan-

dix pecten-veneris L. Less dramatic changes were found by tw other

groups of investigatcers. Jaiswal and Kumar (1980) disccvered twe iso-

peroxidases in the floral primordia of Ccccinia indica that were not

present in the vegetative primcrdia. Sawhney, Basra, and Kohli (1981)
found that upon induction of flowering two new isopercxidases appeared

in the shoot apex of Amaranthus viridis L.

Because of the use of a different electrcphoretic technique the
study repcerted here was able to add scme further findings, of crgan
specific isoperoxidase bands present in the soluble fraction at specific
times during initiation and development, to a preexisting classical
study. By the further extraction and separation of the icnically and
cevalently bound fractions this study added totally new evidence that
the isoperoxidases of these fractions may al play a rocle in crganoc-

genesis,

Cenclusions

This investigation has shown that there are specific isopercxidases,
the presence of which be correlated with specific pericds and events
during crganogenesis. These ccrrelations indicate that isoperoxidases
may well be an important ccmponent in regulating necessary functions in

crgan initiation and develcpment. Many other studies have strengly

indicated that this may be so, but due to the use of different techni-

ques and examination of two additional extracticn fractions (ionically
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bcund and ccvalently bcund), the results of this study are far mcre
extensive than any published tc date. To prcve the correlations between
isoperoxidase functions and organogenetic invclvement further research
needs to be undertaken. A study using histoimmunclcgy would be very
helpful in lccating the specific isopercxidases to see if they are lo-
cated in the suspected tissues. Additionally, determining the substrate
specificities of the isoperoxidases of interest cculd possibly help elu-
cidate their functions in the tissues. Fcr example, are the isopercxi-
dases that are found exclusively in the callus-forming tissue actin_g as
auxincxidases, cr are they invclved in cell wall rigidification in the
rapidly proliferating cells? It would also be of interest to have fur-
ther studies that reveal what the factors are that determine where in a
cell, particularly with regard to the cell wall, the isoperoxidases are
located. The literature reviewed in this dissertation suggests that fcr
such processes as lignification and cell wall rigidification the isoper-
cxidases must be in the cell wall.

Additionally, the results of this study indicated that the method
used to extract and separate isoperoxidases may be far more critical
than suspected. This study used a procedure that allcwed simul taneous
resclution of both ancdic and cathecdic isopercxidases, so that all could
be seen at once. Even with this care to resolve all isopercxidases
simul taneously, the pH of the electrophcresis buffer seemed tc be criti-
cal. The basic buffer permitted detection of only tww-thirds as many
isopercxidases as seen in the acidic buffered gel. This is particularly
noteworthy in view of the great number of percxidase studies done using
basic buffers. One suspects that important results have been undetected

in these studies because of this factor, Furthermcre, because of this
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the results of most studies of isoperoxidases are prcbably not truly
ccmparable. The extraction procedures aré generally not the same and
the electrcphoretic methods vary as to pH, buffer strength and composi-
tion, gel medium (starch vs. pclyacrylamide), and gel concentraticn. 1In
many cases these aspects of technique are not even specified in the
paper. With a view toward allowing greater correlations tc be made
between reports in the literature it is suggested that uniform extrac-

tion and electrophcretic prccedures be adopted.
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