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Chapter 1. INTRODUCTION

- Haberlandt (1902} stated clearly the désirability of
culturing thé isolated vegetative cells of higher plants:
"To my knowledge, no systematically o;gaﬁized attempts to
culture isolated vegetative cells from higher plants in simple
nutrient solutions have been made. Yet the results of such .-
culture experiments should_give some'intérsting'insight into
the properties and potentialities which the cell as an element-
ary organism processes. Moreover, it would provide information
about the inter-relationships and complementary influences to .
which ceils within the multicellular whole organism are exposed."”
Since experiments along these lines had been stérted by Haberlandt
in 1898, little progress waSmadﬂduring the 30 years following |
his work.

The actual indefinite culture of plant tissues was accomp-
lished indefinitely 5y White (1939a) in stem segments of Nicotiana
hybrid and Gautheret (1939) and Nobecourt (1939) in carrot roots.
These successes were mainly due to the replacemeént of the maturé
and entireiy differentiated cells which Haberlandt and his
coworkers had worked, by tissues containing undifferentiated
and :embryonic cells. It was also important that natural auxin

(indole-3~acetic acid) was already availaBle at that time.



Thereafter, de Ropp (1955), Torrey (1957), Melchers énd
Bergmann (1959), Jones et al. (1960) andfﬁergmann,(1960)
made attempts to establish single cell suspension éu1tﬁre
and to observe division of single cells. Bergmann (1960)
first succeeded in plating plant cells using the calluses
of tobacco and kidney-bean. Steward éE'El' (1958) success-
fully restored the adﬁlt.carrot plaﬁt from single cells or
small cell aggregates derived from carrot roots. Takebe
et al. (1971) ascertained Fhe totipotency of single cells

to adult plant in Nicotiana tabacum in a more strict sense,

since procedures of protoplast isolation were established at
that time. After the discovery of kinetin (Miller et al.
1955”, Skoog and coworkers haVe-persis;ently‘carried out a
series of investigations on chemical control of growth and
organ redifferentiation of tobacco (N. tabacum cv. Wiéconsin 38)
callus by the combinations of auxins and cytokinins.

As to the cytogenetical problems of plant cultured tissues,
there have been different types of results; one type put
emphasis on the appeatance of the aneuploid cells (Straus 1954,
de Torok and White 1960, Fox 1963, Shimada and Tabata 1967,

Norstog et al. 1969, Heinz et ‘al. 1969 and others). Whereas,
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another type pointed out that the majority of callps.cells
are eudiploid or polyploid (Skoog 1954, Cooper et al. 1964,
Torrey 1967, Butcher et al. 1975 and others). Regarding to
‘the chromosomal constitution of regenerated plants from callus
cultures, the results of cytological observations are also .| .
classified into two different types; many investigators
reported the eudiploid or polyploid constitution of original
regenerates (Mitra‘ggigl. 1960, Blakely and Steward 1964,
Venketeswaran and Spiess 1964, Singh et al. 1972, Novak and
Vyskot 1975). Whereas, several studiesrstressed the aneuploid
or mixoploid consitution of the regenerates (Sacristan and
Melchers 1969, Niizeki 1974, Ogura 197$a, 1976) .

-In the present dissertation presented are the results
of some continuous steps of plant tissue culture, namely,
callus induction, shoot redifferentiation, analysis of fhe
original regenerates and their offspring etc., in viewpoint

of cytogenetics, using Nicotiana ‘tabacum throughout as the

material. 1In the beginning part of this thesis dealt with

is the establishment of a redifferentiation system by appli-
cation of a morphactin, chlorflurenol~methyleste; (CFM) ,
combined with kinetin. In the later parts reported are cyto-

_genetic aﬁélysis of regenerated plants and their offsprings,
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and the relationships between the differences in genetic
background and callus formation or shoot redifferentiation.
An attempt to combine plant tissue culture with ecytogenetics

will be the implied subject matter of the present dissertation.



Chapter 2. LITERATURE REVIEW |

The conception of plant tissue culture can be traced
back to Haberlandt (1902), when he first proposed the idea
of cell culture in isolated photosynthetic cells from the

foliage leaves of Eichhorina crassipes. He was not entirely

successful, but fdresaw the use of cell culture as a potential
means of studying physiological and morphologidal probléems.
His unsuccessful attempts to culture isolated vegetative

cells from higher plants stimulated later investigatéors to
cultivate tissues, organs and single isolated cells. His
failure was probably due to the fact that he attempted to
culture mature cells and the nutrients. used may not have

been adequate; however, he originally predicted the toti-
potency to regenerate a whole plant, and this was ascertained
in 1958 by Steward and his coworkers, and in a more strict
sense, in 1971 by Takebe et al. Little progfess was made
during the 30 years following Haberlandt's work. In 1922,
Kotte, a Haberlandt's student and Robbins reported the success-—
ful cultivation of excised roots of pea, corn etc. These
workers were able to culture roots for Severaliweeks but not
for an indefinite period. They, at least, demonstrated the

possibilities of growing meristematic tissues by adding



several simple compounds .to the media. In 1934, White
reported the successful cultivation of tomato root-tips

on the artificial media-.containing sucrose,. inorganic salts
and yeast extract, for an indefinite period and in ﬁact,
the cultures have been maintained-continuously from that

time to the present. Also in 1934, Gautheret reported that

and other trees continued to proliferate for some months.
White (1937) indicated the importance of thiaminé for the

. growth of cultured roots and in the same year, Went and
Thimann reported the importance of auxin in the control of
plant growth. Robbins and Bartley (1937) reported a success-—
ful cultivation of excised tomato roops for a definite‘period,
using thiamine as one of the component of the media. Bonner
and Addicott (1937) were successful in culturing excised pea
roots for several months. In 1939, White, Nobecourt and |
Gautheret, independently of one another, reported the first
unlimited culture of callus tissue. Thus, for the first time,
unlimited culture of carrot explants (Gautheret, Nobecourt)
and procambial tissue cultures of young stem segments of the

hybrid Nicotiana glauca X N. lanfsdorffii (White) was achieved.

These successes were mainly due to the replacement of the

mature and largely differentiated cells by tissues that contain



meristematic and embryonic cells. Nobecourt's pioneer

studies on carrot had shown that tissue cultures could différ—
entiate roots, whereas White (1939b). described the develop-
méent of leafy buds when his tissue culture of N. glauca x

N. -langsdorffii was transferred to liquid medium. However,

no immediate progress was made towards identifying the factors
controlling. such organogenesis.

Since 1939, many significant contributions.have been
made: Van Overbeek et al.(1941) first reported the crown
gall production by bacteria—free tumor tissues. Since that
initial discovery, coconut milk has benn widely used in plant
tissue culture media. During the period from 1943-1950,
various fundaﬁental studies, especially on nutfitional problems
were made (White 1943, 1949, Hildebrandt et al. 1946;'Caplin'
and Steward 1949). 1In 1948, .Skoog and Tsuil suggested that
the g:thh and bud formation of tobacco stem segments and
callus tissues were chemically controlled by the combinations
of adenine and naphthalene-acetic acid (NAA). During a decade
of 1951-1960, various important findings were accumulated in
this field. In-1952, Morel and Martin first described the
method o0f obtaining virus-free clone from virus-infected apicail
meristem of dahlia plants. Muir et al. (1954) isolated single

cells from friable callus masses of crown-gall origin and



placed these singly on the upper surface of filter-paper
squares contacted with the "nurse" callus of the same

sfrain. Thereafter de Ropp (1955) wnd Torrey (31957) tried

to observe division of single plant cells in qulture using
microchamber oxr cover-slip method. Workigg with‘a:series

of experiﬁents on growth and organ formation in tobacco callus,
Miller et al. (1955) reported a new type of cell’division
factorrfrom deoxyribonucleic acid (DNA) and termed this
"kinetin". This substance exerted variousrbiqlpgical.effgcts
on plants and tissue cultures in which rggenerative ability
of callus tissues was most noteworthy. In 1957, Skoog and
Miller demonstrated in tobacco callus cultures that de- and
redifferentiation of tissues can be controlled‘to some éxtent
by the combination of kinetin and indole-3-acetic acid.
Steward et al. (1958a, b, c):were successfully restored the
adult plant from single carrot root cells using a liquid
medium supplemented with coconut water. Bergmann (1960)
first succeeded in plating plant cells derived from tobacco
and kidney-bean calluses. In the same‘year, Cocking reported
the release of protoplasts from root-tip cells using a funggl
cellulase suspended in 0.6M  sucrose solution. In 1958, Melchers

and Bergmann cultured tissue derived from a haploid shoot of

Antirrhinum majus. The tissue retained its haploid state



during several subcultures but then increased its ploidy

level. The culture of microsporocytes had been tried in some
species (Taylor 1950, Tulecke 1957, 1959). Haploid tissues

and suspension cultures are clearly of particular interest

for those interested in studying mutations. Guha and Maheshwari
(1964) reported the embryoid férmation in anther culture of

Datura innoxia. Their further studies (1966, 1967) revealed

these embryoids are of pollen origin. Production of haploid
tobacco plants by anther culture was reported by Bourgin and
Nitsch (1967), Nakata and Tanaka (1968) and Tanaka and Nakata
(1969) . In 1968, Niizeki|and Oono reported a successful pro-
duction of haploid rice plants by anther culture. |

As to the cytological and cytogenetical problems of
plant tissue cultures, Skoog (1954) reporteé the polyploidiza-
tion of chromosome number in callus tissues of Nicotiana
tabacum cv;'Wiscbnsin No. 38. In the same year, Straus also
reported the appearance of aneuploid cells in cultured tissue
of maiZe'endosperm; Thereafter a number of studies have been
elaboratéd, suggesting there are some alterations or modifica-
tions of chromosome constitution in various cultured tissues,
i.e., polyploidy (including haploidy), aneuploidy and chromo-

somal aberrations such as anaphase bridges, univalent laggards

and fragments (Tulecke 1957, Torrey 1959, Mitra et al. 1960,



de Torok and White 1860). Fox (1963) reported in Nicotiana
tabacum that three kinds of calluses of different autotrophy
were screened and they showed a wide range of chromosome
numbers varying from about 130 to 220 with more than 85%

above the tetraploid level. Cooper: et ‘al. (1964) analyzed
chromosome numbers in two 8-year-old clones of tobacco callus,
both of which originated from single cells of a crownfgail
callus. Countable mitoses revealed in both clones, numbers

of 48 (2n), 96--(4n) and 192 (8n), indicating that both clones.
originated from cells having the normal diploid number of
chromosomes. Aneuploidy in tﬁé callus cells of tobacco pith
origin has also been stressed by Shimada and Tabata (1967) .
Tabéta et al. (1968)—examined the ghfomosome number of'regener—
.ated.tobacco plants. Three regenerates obtained showed 48, |
96.and 97 chromosome numbers, respectively. Only one regener-
ate normally formed 24 bivalent chromosomes at first metaphase
of meiosis and showed normal characteristics. They considered
this plant a normal diploid. Sacristan and Melchers (1969)
also reported the aneuploid chromosome constitution of rege-
~herated tobacco plants (morphologically abnormal and sterile)
from a number of long-established aneuploid tobacco calluses.
However, the majority of somatic chromosome number ianged

within 60 to B8O. Recently Ogura (1275a, 1976) and Niizeki
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and Kita (1975) stressed the chimerism of somatic chfomosdme
number in tobacco regenerates.

As cited befdre; the release of prdtoplasts by an ehzyma-
tic method was reported by Cocking (1960). Although Giaja
in 1919 isolated protoplasts from yeast cells from the snail

Helix pomatia, enzymatic isolation of protoplasts in higher

plahts'became possible after 1960. During the decade of 1961-
1970, several basic studies .on plant protoplasts have been

made (Ruesink and Thimann 1965, 1966, Cocking 1966, Takebe

et al. 1968, Otsuki and Takebe 1969). However, protoplasts
geﬂerally have not survived in culture on a defined ﬁedium,

and then an important technical advancement was made by Nagata
and Takebe (1970, i97l), who were able;to obtain large quantity
of viable protoplasts from tobacco leaves. Moreover, Takebe.
et al. (1971) have shown regeneration of whole plantS‘from

isolated mesophyll protoplasts in Nicotiana ‘tabacum cv. Xanthi nc.

Becaﬁse they restored normal whole plants from singlé proto-
plasts through callus stage, this work is interpreted that .in

a very strict sense, adult plant|regeneration from a single

cell, irrespective of the origin of plant part, which Haberlandt
had ever dreamed, becomes fully possible. A phenomenon of
protoplast fusion in higher plants was first reported by Power-

et al. (1970). Production of auxotrophic mutants following

-11-



mutagenization of hap101d cells was reported by Carlson

(1969 1970) in the fern Todea'barbata and in Nrcotiana

tabacum. By combining the achieVements of classical tissue

and cell culture with recent techniques of protoplasr isola-
tion.and fusion,rahd with the introduction of selective

screening procedures, which were ordinarily used for microbes,
Carlson et al. in 1972 have first produced somatic cell

(or parasexual) hybrid between two different species of Nicotiana,

N. glauca and N. 1angsdorffii.‘ Smith et al. (1976} confirmed

their resﬁlts. Recently, Kao et al. (1974), Kao andrMichayluk
(1974) and Gamborg et al. (1974) have reported’a method for‘
interspecific and intergeneric fusion of protoplasts from

several higher plant speoies and.have_discussed.the possibilities
of producing the somatic cell hybrids, which cap never‘be
obtained by sexual means. Several recent-reports have discussed -
the actualization procedures of the inductionjand isolation -

of morphological or developmental mutants by combinlng tissue,
cell and protoplast culture with mutagene51s in haploid higher
plants (Dulieu 1972 Carlson 1973, Melchers 1974 and others)
Moreover, some ideas concerning the trasformation of higher_
plants heve presented, mainly based on the results of exogenous
DNA uptake by plant protoplasts (Ledoux and Huart 1971, Ohfama

et al. 1972, Doy et al. 1973).
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As previously stated, one of the most unigue features
of several plant cells and tissues is their potential £o
redifferentiate ‘into whole plants exhibiting the same pheno-
type as the original explants or cells. One of the mOSt
important contributions to this aspect is undoubtedly a
~group of works carried out by Skoog and his cowdrkers;

After the discovery of kinetin, they cleérly démonstrated
that organ formation in tobacco tissue cultures can‘be con-
trolled by varying the levels of IAA and kinetin in the ..
nutrient medium. Skoog and'Miller (1957) stated that a low
kinetin/IAA ratio determines root fbrmétion whereas a high
ratio results in shoot formation. Recently, Skoog (1970)
reviewed his works with tobacco tissue cultures, indicatiﬁg 
the role of kinetin and its relatives for rédifferentiation.
In searching effective factors contfollipg organogenesis,
Kochhar et él. (1970, 1971) have observed that éeveral tobacco
smoke carcinogens exerted the'morphpgeﬁetic effect like the
combinations of IAA and kinetin on the stem-derived calluses
of hapioid tobacco plants. However, it proved inefféctive
on the callus from the diploid cultivar "Wisconsin No. 38",
Ogura (1975a) has reported that a morphactin, chlorflurenol-
methylester is effective in inducing organogenesis in pith--

derived calluses of N. tabacum cv. Wisconsin No. 38. His
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fufther studies (Ogura 1975b, c) revealed that some .combina-
tions of kinetin and chlorflurenol-methylester in an appropriate
concentration resulted in 100% shoot redlfferentlatlon in
inoculated calluses. Although demonstratlons of such chemical
control iof organ redifferentiation in other undifferentiated
tissues -are still lacking.

The interrelationship of the diversity of manipulative
techniques of plant tissue cultUré, which can be combined in
a broad'research program is diagrammatically summarized in
Fig. 1. Even if we leave aside the new fields 6f mutagenesis
in haploid cells and isolation of mutants, and somaticvhybridi—
zation and transformation via protopiasts, éll the steps shown
in Fig. 1 seem to be still very unsatisfactory.<-0n1y in ‘

Nicotiana tabacum, all the steps represented in Fig. 1 appear

partly to have come under man's control. One of the most.
important and promising steps is, undoubtedly, the establish-
ment of ar£ificially controlled systéms which permit 100%
redifferentiation. These systems will provide a pdﬁerful
means té approach to many problems in plant physiology, bio-

chemistry, genetics and breeding.
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Chapter 3. ESTABLISHING THE CONDITION FOR SHOOT REDIFFER-

ENTIATION

Introduction

There haQe been many reperts on the effeefs of auxlne
on dedlfferentlatlon (callus 1nductlon) from various tlssues
and organs, and on the effects of cytoklnlns on redlfferen—
 t1at1on (organ formatlon) from calluses in many klnds of
species of higher plants. Auxins are known as one of the
most effective exogenous faetors for the induction of dedif-
ferentiation (Skoog and Miller 1957} cf. Gauthere£w1955)i
Cyfokinins, in contrast, are generally recognized for their
marked effect on the ability to regenerate shoots and/or
roots in eembination with,‘or without auxins from various
kinds of calluses (Skoog and Miller 1957, Vasil and Hildebrandt
1967). Skdpg'and Miller (1957) demonstrated in a tobacco
~ cultivar Wisconsin No. 38 that differnetiation of tissues
can be controlled to some extent by the combination of kinetin
(KIN) and indole-3-acetic acid (IAA). However, there remain
many problems in establishing an artificially controlled
system of reaifferentiation;‘i.g., the'system that can allow
100% shoot organogenesis.

One. of the morphactins, chlorflurenolwmethylester'(CFM),
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methyl-Z—chloro—9—hydroxyfluorene—(3)—0arboXylate,;when
combined with KIN, was found to be more effective thanithe
combination of KIN and IAA, that was described,by Skdpg and
Miller (1957), in shoot organogenesis from tobacco callus.
Several combinations of XIN and CFM were successful for 100%
shoot redifferentiation.in inoculated calluses. In this
chapter pfesented are synergistic interaction data between

CFM and KIN on growth and shoot formation in tobacco callus.

Materials and Methods

jTo initiate and maintain the tobacco callus (Nicotiana
tabacum‘CVu Wisconsin No. 38), the following Wasiusea:
RM-1964 basal medium with 0.2 mg/1l of KIN and 3.0 mg/1l of
IAA added (Skopg and Miller 1957). To test the morphogenetic
effects of the combinations of CFM and KIN, pieces of stock
calluses {ca. 500 mg each) were transferred, after four sub-
culture passages to test tubes containing 10 ml of an RM-1964
basal medium with these growth regulators in various combi-
nations. Ten callus pieces were tested for each combination.
The composition of this RM-1964 medium is presented in Table 1.
This RM-1964 basal medium consisted of RM-1964 inorganic salts
(Linsmaier and Skoog 1965) supplemented with 0.4 mg/1l of

thiamine-HC1, 100 mg/1l of myo—inositél and 3% sucrose (w/v)
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and solidified with 1.0% ‘agar {(w/v). The pﬁ of the medium
was adjﬁsted to 5.8 + 0.1 before autoclaving. The shoot
;egeperétion experiments were carried out at 25 + 1 °c in
-the dark thropghout. Callus weight was measured after 50
days of‘culture. Scori#g the shoot-forming rete was made

at 23, 32, 44 and 50 days of culture.

Results

Growth of callus tissues

In inoculated callus tissues, neither tﬁe single addi-
tion'of KIN nor CFM was very effective for callus growth,
and an addition of 10 mg/l or more was 1nh1b1tory. In contrast,
some comblnatlons of CFM and KIN resulted in comparatlvely
vigorous growth of the inoculated calluses. These data are

presented in Table 2.

Shoot‘regeneration from tobacco callus

Comparison of shoot-forming rate among the five differ-
ent combinations of growth regulators is shown in Table 3.
A combination of 1.0 mg/l of CFM and 2.0 mg/1 of KIN proved
to be.suecessful for 100% shoot redifferentiation in inocu-
lated calluses. Interaction data between CFM end-KIN on the

‘shoot—forming'rate‘and the average number of shoots formed
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Table 2. Effects of CFM and KIN on growth and shoot forma-

tion in tobacco calluses.

‘Growth regulatorr(mg/l) ' Calius | Shobt

CFM . U EKIN .. growth =~ ~ formation -
0 0 + -
0 0.1 T+ +
0 1.0 + +
0 2.0 + +
0 10.0 + -
0.1 0 + -
0.1 0.1 + +
0.1 1.0 ++ +
0.1 2.0 ++ ++
0.1 10.0 + ++
1.0 0 + -
1.0 0.1 + -
1.0 1.0 + +
1.0 2.0 ++ ++
1.0 10.0 + +

10.0 0 + -

10.0 0.1 ¥ -

10.0 1.0 + -

10.0 2.0 + -

10.0 : 10.0 ++ +

100.0 10.0 + -

Callus growth: +——++, weak to vigorous growth in various degrees.
Shoot formation: -, no formation; +, occasional formation;
++, consistent and vigorous formation.

=20~



Table 3. Comparison of shoot organogenecity among combi-
nations of IAA and XIN, CFM and KIN and a single
addition of KIN. Data were taken after 50 days

0of culture.

Growth fegulatdr'(mg/l) No. calluses No. Calluses Shoot—forming

TAA ~ CFM ~_ KIN _ inoculated ~ with shoots = rate (%)
1.0 -0 2.0 15 | 2 - 13
0.1 0 2.0 12 1 92
0 1.0 2.0 20 20 100
0 0.1 2.0 10 10 100
0 L 0 2.0 . 20 8. ... .. . 80
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in tobacce calluses aftex f@ﬁr‘differentwculture periods

are presented in Table 4. The'final observation was made

50 days after the initiation of the experiment. Results

are shown in Fig. 2 and Tables. 2 and 4. Thé‘higheStlrate
(100%) of shoot redifferentiation was observed for the follow-
ing combinations of CFM and KIN: CFM 0.1 mg/l1 + KIN 2 mg/1,
CFM 0.1 mg/1 + KIN 10 mg/l and CFM 1.0 mg/1l + KIN 2 mg/1.

The number of shoots formed was the highest for a combination
of 1.0 mg/l of CFM and 10 ﬁg/l of KIN. However, no signifi—
cant difference was found between this combipation and such’
other combinations‘as CFM 0.1 mg/l + KIN 10 mg/l or KIN 2.0
mg/l alone. An addition of CFM singly to the medium d4id not
produce shoots; at least in 50 days of culture. = However,
formation of shoot—~like bodies (SLBs) was occasionally observed
at 0.1 mg/1 or 1.0 mg/l dose of CFM. These SLBs were most
frequenﬁly recognized at 0.1 mg/l of CFM, combined with doses
of KIN .higher that 1.0 mg/l. It was aécertained that some
SLBsAsémetimes developed as shoots in more prolonged culture.
SIBs were considered to be the primordial masses consistipg

of very small young shoots and/or deformed or transformed
calluses. An example of the SLBs and shoots are seen in Fig.
4.1 An addition of siﬁgly KIN to the basal medium was effective

in increasing the shoot number as well as in enhancing shoot
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Fig. 2. Structural formula of a morphactin, chlorflurenol-

methylester (CFM), methyl—2—chloro—9—hydroxyfluorene-
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with various combinations of CFM and KIN, after 50 days
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FLiige

4.

Three different stages of morphogenesis in tobacco
calluses at a combination of CFM (1.0 mg/l) and
KIN (2.0 mg/l), after 50 days of culture. Shoot-

like bodies are seen in the left callus (gg. S} =
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formation; at least up to the dose of 2 mg/l. An addition
of CFM and KIN in appropriate concentrations, however, was

favorable for vigorous and consistent shoot formation.

VAS previously stated, an addition of 10 mg/l1 of KIN
sipgly wés inhibitory not only to callus growth, bﬁt'to
shoot formatioh; nevertheless a high concentration of KIN
in combination with 0.1 or 1 mg/1 of CFM resulted in signi—.
ficant stimulation of shoot formation as well as the slight
enhancement of callus growth. Similar interaction can be
detected in almoest all the combinations of CFM and KIN (Tables
2, 4 and 5); Phese results indicate that CFM counteracts
KIN in cultured tissues and that the appropriate balance

bstween CFM and KIN leads +o efficient shoot redifferentiation.

Morphology and histology of redifferentiating calluses

Growth of intact tobacco pith tissues explanted in a
straight stock medium and in one added with 1.0 mg/1l of CFM
is shown in Fig. 5]and Table 6. These explants in both media
began dedifferentiation within 10 days of incubation at 258¢C
in the dark. However, growth inhibition or retardation was
clearly observed in the medium containing 1.0 mg/1 of CFM,
since the fresh weight increase in the tissues was more reduced

in the stock medium, after 14 days of culture (Table 6).
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Fig.

Sy

Differences in the growth of intact tobacco pith
discs inoculated in the ordinary stock medium (upper
row) and a stock medium with 1.0 mg/l of CFM added
(lower row), after 14 days of culture (casix2i)i

Growth retardation by CFM is evident in the latter.
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Morphological differences between an undifferentiated callus
and shoot-forming calluses are seen in Fig. 6. Histological
observation revealed that the development of tracheid-like -
bodies was much more pronounced in the latter than in the

former ((Fig. 7).

Discussion

The present results clearly show that two_groups.of
plant growth reguiators, cytokinins and morphactins, regulate
growth and shoot redifferentiation in tobacco callus. The
data presented in Table 4 imply that when the ratio of KIN
to CFM is 1 or larger, shoots are formed on the addition‘of’
CFM alone (0.1 or 1.0 mg/1l) . Although the regenerative ability
of CFM has already been reported (Ogura 1975a), it is the balance
between KIN and CFM that seems to be involved in shdot organo-
genesis. The stimulatory effect of CFM on shoot formation was

promoted by KIN and vice versa. This interaction reminds us

of the IAA-KIN interaction postulated by Skoog and Miller (1957).
They concluded that a combination of IAA and KIN resulted in
better growth and more vigorous shoot formation when compared
with a single addition of either of them. In the present

experiment, low levels of CFM with higher levels of KIN lead
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Morphological differences between calluses inoculated

in the shoot-regeneration medium (left and middle)

in the ordinary subculture medium (right) . Photographed
about 30 days after inoculation in the shoot-regeneration

medium (ca. x2.5).
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(a) (b)

Histological differences between calluses (x ca. 400)
inoculated (a) in the shoot-regeneration medium (RM-
1964 + CFM 1 mg/1 + KIN 2 mg/l) and (b) in the sub-
culture medium (RM-1964 + IAA 2 mg/l + KIN 0.2 mg/l).
Note the ubiquitous development of tracheid-like bodies

abiay {(ED) =
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" to the enhancement of callus growth and shoot formation.

This interaction suggests that CFM acts as an auxin, at least
within a culture period of 50 days. Fluorene-9-carboxylic
acid, a compound related to CFM, was originally reported to
be a very weak auxin in the pea curvature test (Wain 1958).
Schneider (1964) first applied the term”"morphactins" to a
group of compounds derived from fluorene. Several earlier
studies (Kreile 1967, Sankhla and Sankhla, Bopp\l969) revealed
that morphactins had various characters with an anitauxin-
like and antigibberellin-like actions, and a new type of
growth retardation, in general. Stimulation'of callus forma-
tion by'CFM was also reported for the apical cut sections of

Phaseolus vulgaris, although the calluses formed by CFM differed

from those induced by IAA or by gibberellin A, (Schneider 1967).
Recently Schneider (1970) reported that the action of CFM and
morphactins appear to be syétematic and "polyvalent”, and that
they differ from the action patterns of other plant growth
regulators. The present results are neither in accordance

nor inconsistent with their findings. So far as the counter-
action of CFM with KIN and the balance between CFM and KIN

are concerned, however, the results can best be explained -

by assuming that CFM acts as an auxin in cultured tissues.

The concentration of CFM and KIN which had interacting

~33-



effects on shoot formation, seems to be higher‘than,tﬁat of
the TAA-KIN interaction described by Skoog and Miller (1957).
Furthermore, no root formation was caused by any-combination
of CFM éhd KIN, at least during a 50 day culture period.

Yet, SLBs were observed in severai‘combinations of KIN and -
CFM. Some of theée SLBs developed into shoots. The develop;
meht:of tfacheid—like bodies in the callus was much more con-
spicuoué in the "shoot-forming" medium as compared with an‘
ordinary sfock medium. It is assumed that these tracheid-like
bodies have soﬁe relationship'with shodt redifferentiation,
although tracheid—like bodies are»geﬁeralllyrrecognized in
undifferentiated calluses. Pieniazek and Saniewski (1968)

reported that in twigs of Malus sylvéstris CFM in combination

with benzyladenine caused a marked increase in cambium activity
and the promotion of phloem formation.

| it has_generally recpgniied that KIN and its related
édmpounds manifest a marked effect in combination with, or
without auxins on the regeneration of shoots and/or roots
from various kinds of calluses (cf. Skoog 1970}. However,
the merit of using CFM, instead of auxins, as the counterpart
of XIN consists in the higher and more consistent rate of
shoot organogenesi. This seems to be the dual characters of

CFM, acting as both an auxin and a cytokinin-like substance.
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Summary

Pith-derived calluses of Nicotiana tabacuﬁ L. cv. Wis-
consin No. 38 were inoculated on an RM-1964 medium containing
various concentrations of a mdrphactin, chlorflurenol—méthyl—
ester (CFM) and‘kinefin (KIN). An additioﬁ of KIN (0.1 - 2
mg/l) alone was effective for shoot formation from the calluses,
but high dose (10 mg/1) resuited in the inhibition of growth
and in no differentiation. The inhibitory effect of a high
dose of KIN was qoﬁnteracted with CFM. Three combinations
of KIN and CFM; CFM 0.1 mg/l + KIN 2.0 mg/1, CFM 0.1 mg/l +
KIN 10 mg/l and CFM 1.0 mg/l + KIN 2.0 mg/l were successful
for 100% shoot rediﬁferentiation in inoculated calluses. An
appropriate balance between CFM and KIN seems to be involved
. in shoot formation. The present results can best be inter-
preted by assuming that CFM acts as an aukin in cultured

tissues.
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Chapter 4. EFFECTS OF EXOGENEOUSLY SUPPLIED GROWTH REGULA—

_TORS ON CHROMOSOME CONSTITUTION
Introduction

Several cytological observations of tobacco regenerates
ffom callus cultures have revealed that some of them exhibit
chromosomally shimeric or mixoplqid qonstitution_(Sacristan
and Melchers 1969, Collins‘gg'éi. 1972,_Niizeki and Kita 1975,
Ogura 1975a, 1976). Whereas some investigators have made
emphasis on the appearance of polyploid or aneuploid (not
chimeric) plants (Murashige and Nakano 1967, Niizeki 19§4,
Novak and Vyskot 1975 and others). In this chapter presented
is.the relationship between media differences and the variation

of chromosome number of regenerates.
Materials and Methods

Pieces of stock calluses (935 500 mg each) after four
or fivg subculture passages were inoculated in test-tubes
containing 10 to 15 ml of an RM-1964 basal medium supplemented
with three groups of growth regulators‘(auxin, cytokinin aﬁd
morphactin) in the following combinations and concentrations,

in order to induce shoots:
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(1) RM-1964 + 2 mg/l KIN . .{designated K plant)

(2) RM~1964 + 2 mg/1 KIN + 0.1 mg/1 IAR (KI plant)

(3)'RM41964 + 2 mg/1 KIN + 0.1 ﬁg/l CFM (KC plaﬁti

In all cases, the media were adjusted to pH 5.8 f 0.1
with NaCH sQlution, theﬁ stérilized by autoclaving for 20 min
at 1;2 kg/cm2 of atomospheric pressure. The shdot organpgenesis
experiment was carried out in the dark at 25 + 1°C throughout.
Regenerated vegetative shoots were then transferred to the RM-
1964 basal medium containing 3 mg/l of IAA and 0.02 mg/1 of
KIN, to make them form roots under light. Some of the develop-
ing plantlets were transferred to pots filled with a mixture
of sterilized vermiculite and soil. Some of them reached
maturity and were self-pollinated by covering their flowers
with paraffine paper bags to avoid cross-pollination. They.
were used for further investigation.

For cytological observation, root-tips of the redifferen-
tiated plantlets ana their offspring were pretreated with
saturated 8-hydroxyquinoline solution (0.002M) for 2 to 2.5 hrs ;
at gg.'lSOC, theﬁ fixed with acetic élcohol (1L : 3). They were
stained with 1% acetocarmine solution and squashed for micro-

scopic observation.
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Results and Discussion

Table 7|shows the chromosomal constitution of tobacco
plants regenerated by the three combinations of KIN, CFM or IAA.
Since almost all the regenerates from calluses,.lrrespectlve
of the kinds of growth regulators in the medium, did show,
more or less, chromosomal chimerism, each regenerate that
manifested variable chromosome nﬁmber of a limited range is

regarded as “"nearly stable" and is classified as follows:

2n level  2n=4x=48 + 12 (36-60)
nearly stable 3n level 2n=6x=72 + 12 (60-84)

4n level 2n=8x=96 + 12 (84-108)

chimeric the regenerate that contained cells of other

chromosome number which exceed each range

e.g., a regenerate which had cells of 36, 48, 60 chromosomes
is classified into 2n level, however, a regenerate which had
the cells of 48, 65, 75 chromoéoﬁes is classified into chimeric.

- Percentage of chimeric regenerates was highest in the
medium of single addition of KIN. IAA exerted some influences
on reducing chimeric blants. Out of "neerly stabilized"

plants, 3n level (2n=60-84) regenerates appeared most frequent-

ly. Sacristan and Melchers (1969) reported the aneuploid
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chromosome conStitution‘oﬁ tobacco. regenerates (moxphologically
abnormal and sterile) from a number of long-established aneu-
ploid tobacco calluses. Countable mitoses revealed that the
majority of somatic chromosome number ranged within 60 to 80.
The present results are partially in accord with their results.
The plants regenerated in the medium containing 0.1 mg/l of
CFM and 2 mg/l of KIN sometimes exhibited abnormal character-
istics, €.g., fused leaf (in thei; young stage of development) ,
dwarfism, compact inflorescence etc. Abnormal compact inflor-
escences were sometimes observed in the medium containing KIN
alone or a combination of KIN and IAA. However, fused leaf

or syncotyl character was observed only when CFM was present_.
in the medium. In fact, presoaked seeds of N. tabacﬁm, N.

sylvestris and g.‘tomehtosiformis were treated with 1.0 mg/l

of CFM solution for 72 hrs. Several forked leaf seedlings

were obtained in E.'syivestris‘(Fig. 8)4 Cytological analysis

of PMCs of CFM-treated N. sylvestris plants revealed that

many of them were partiallly asynaptic (Fig. 9). As to this,-

Haccius (1969) reported a marked effect of CFM on the appear-

ance of syncotyi seedlings in Eranthis hiemalis. The present
results showed that CFM exerted a similar effect on tobacco
regenerates, when CFM was applied to the cultured tissues,

as well as to the presoaked.seéds.
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Fused leaves (left and middle) and a normal

leaf in CFM-treated N. sylvestris plants.
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Fig. 9. Chromosome configuration in metaphase I in PMCs

in a CFM-treated N. sylvestris plants: (a) a PMC

forming 12 bivalent chromosomes and (b) a PMC
depicting partial asynapsis. Magnification

ca. x 1100.
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In the first selfed generation of chimeric as well és
"nearly stabilized" plants, almost all of them stabilizéd
at the normal {2nb48);_polyploid'dr aneuploid chromosome
number. = Of three'typés of staﬁilization; eudipleidy and
polyploidy were most common in nearly stable plants.' In the
case of chimeric plants, the majority of them stabilized at
the aneuploid chromosome number. Most of them showed chro-
mosome number within a range of 60 to 80.
However, in other. experiment, a plant regenerated by a combi-
nation of 1 mg/l of CFM and 2 mg/l of KIN exhibited chromo-
somal chimerism, not only in mitosis, but in meiosis, through
three'selfedjgenérations. ' This may be a rare case in the
regenerates from cultured tissues. Details of the lineage
{designated No. 2) of cytologically unstable chimeric strain
through three generations are reported in later chapters.
The results clearly showed that the regenerated tobacco
plants exhibited a variation in chromosome number, irrespec-—
tive of the kinds or combinations of growth regulators used

for regeneration.-

Summary

Chromosomal constitution of tobacco plants regenerated

by an application of three different growth regulators in
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appropriate combinations or in single applicétion {KIN

2.0 mg/1l, KIN 2.0 mg/1l + IAA 0.1 mg/l and KIN 2.0 mg/l +

CFM 0.1 mg/1) in the basal RM-1964 medium was cytologically
studied. The observations of root-tip meristématic cells
revealed that almost all the regenerates, irrespective of

the kinds or combinations of growth regulators_applied, were,
more:or less, chimeric. All the regenerates were further
classified, according to the'degree.of chimerism, of at least
five cells, into the following four groups; 2n level, 3n
level, 4n level and truly chimeric or euchimeric. After
selfing of the original regnerates, almost all the plants

were stabilized at the normal, polyploid or aneuploid level.
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Chapter. 5. KARYQLOGICAL ANLYSIS OF ORIGINAL REGENERATES AND

THEIR OFFSPRINGS.

Introduction

Cytological observations by a number of investigators
have.revealed that chromosome number of callus cells in

several varieties of Nicotiana tabacum varies considerably.

The results, however, are claésified iﬁto two different typés; 
one type has made emphasis on the appearance of the aneuploid
ceils (Fox 1963, Shimada and Tabéta 1967), whereas the other‘
typé‘has‘pointed out that the majority oI -caliuszcells is
polyploids ranging from 2n to 8n (Cooper et al. 1964, Murashige
and Nakano 1967}. -

The variation of somatic chromosome number .in tobacco
regeﬁeratesihés also beeen reported by Sacfistan and Melghers
(1969), Ogura (1975a,'1976) and Niizeki and Kita (1975).

Tabata et al. (1968) and Zégorska et al. (1974) have reported

- their resultsron cytological analyses of PMCs at the first
meiotic mefaphse in the original regeneratés. - No imformations
are yet available, however, on the chromosomal behavior of

the offpsring of the regenerated plants.‘ Data aie here presented
on the variation of chromosome number| in root—tip'meristematic

cells and several other characteristics of original regenerates

-4 5



and their selfed offspring.

' Materials and Methods

cr. Wisconsin No. 38) callus , an RM-1964 basal medium (Linsmaier
and Skeeg 1965) added with 0. 2 mg/lrof kinetin (KIN) and 3.0 mg/1
of inaoie—3—acetic acid (IAA) was used (Skoog and Miller 1957}).
Pieces of the stock calluses (ca. 500 mg each) after three or |
four sgbcultureﬁpasseges were inoculated in test-tubes eon;’
‘taining 10-15m1 of RM-1964 basal medium supplemented with

rthree groups of growth regulators (auxin, cytokinin and morph-
actin) in appropriate combinations and concentrations to

1nduce shoots, as described later. The pH of the medium was
adjusted to 5.8 + 0.1 before autoclaving. The shoot regenera-
tion experlment was carried out in the dark at 25 + 1°C
.throughout, unless otherwise stated. Regenerated shoots were
then transferred to the basal medium containing 3.0 mg/l of

‘IAA and 0. 02 mg/l of KIN to form roots (Skoog and Miller 1957)
and placed under light. Some of the developing plantlets were

transferred to pots filled with a mixture of sterilized
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vermiculite and soil to grow in the greenhouse.

The regenerated plantlets were designated according to
the kinds of growth regulators added to the basal medium from
which they were induced: Nos. 1-6 and 10 represent the plants
regenerated by a combination of 1.0 mg/l of a morphactin,
methyl-2-chloro-9-hydroxyfliuorene- (9) -carboxylate, chlorflu-
renol-methylester (abbreviated as CFM) and 2.0 mg/l of KIN
(Ogura 1975b, ¢). IK1l shows a plant regenerated by a combina-
tion of 0.03 mg/l of IAA and 2.0 mg/l of KIN (Skoog and Miller
1957) . K1 and K2 show those regenerated by addition of 2.0 mg/1
KIN alone. 81 and S2Z mean the first and second selfed off-
spring of original regenerates, respectively. To investigate
the chromosome constitution of the offspring of the original
regenerates, only Nos. 1 and 2 were used, their pedigree being
shown in Fig. lpJ
Cytology

Root-tips of the redifferentiated plantlets and their
offspring were pretreated with chilled water (0-2°C) for 24
hrs, and fixed with a mixture of ethanol and glacial acetic
acid (3 : 1), or in some cases, with saturated (0.002M) 8-
hydroxygquinoline solution for 2-2.5 hrs at 15°C, then fixed.

They were stained with 1% acetocarmine solution and squashed
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Parental

No.1

Selfing

No.2

Fig. 10. Pedigree of original regenerates and their offspring.

Ist offspring

—SI-1

—S -2

—S[-3

—5S1-4

\—S.I -5

Selfing
—SI|-1

— S [-2(withered)
—— S| -3{withered)
—— S 1-4{no sead-sat)
L 5| -5(withered)

48—

2nd offspring

s2-1
s2-2
-52-3
s2-4
s2-5

—S2-1
—S2-2
-—— 52-3
——S52-4

—— 52-5 (withared)




for microscopic observation. The chromosome number was detex-
mined by sketching and photomicrographing all chromosomes.

To observe anaphase cells, intact root-tips were directly
fixed with acetic alcohol solution (3 : 1l). 'For microsporo-
cyte observation, the method described by Matsubayashi (1963j
- was used. |

‘Characters o

Several agronomic characters of regenerated tobacco
plants and their offspring were observed; thoée include plant
- height, pollen and seed fertilities, number qf days required
for flowering. leaf‘color, leaf form, flower form ahd cyto—
logical features of meiosis. Plant height was méasured when
the flower buds became visible. Number of days required for
flowering shows the period betweén transplanting fromﬂtissue
culture media to pots and flowering of the piahts in'original
regene;ates, and that between the germination and flowering

in the selfed offspring, respectively.
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Results

variation of chromosome number in original regenerates

Distribution of cﬁromosome number in the root-tip meristem-
atic cells of original regenerates is shown in Table 8. The
data indicate that each regenerate shows a wide range of varia-
tion of its chromosome number, irrespective cf the kinds or
combinations of growth regulators supplemented for shoot rege-
neration. This suggests that regenerated tobacco plants are
of cytolcgically chimeric or mixoploid .nature, at least in
the regions of the root-tip meristems.

Table 9 shows several characteristics of the original
regenerates and their offspring. Out of all the original
regenerates, only No. 1 appeared to be almost normal in most
characteristics sc far studied, although it showed a variation
in its somatic chromosome number in the root—-tip cells. The
plant No. 1 exhibited a comparatively high pollen fertility
(Fig. 11k) and mostly 24 bivalent chromosomes in the first
diakinesis or metaphase of meiosis (Fig. 11f). The seed fertility
of this plant was high, producing well-developed capsules contain-
ing numerous good seeds. In contrast, Nos. 2 to 6 and 10, K1,

K2 and 1K1l were shorter in height and had lower pcllen fertili-

ties than No. 1l and controls (seed-propagated normal plants
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Fig., 11.

o
f

(a-d) Metaphse plates of root—tip cells originated from the
regenerated plants: (a) An aneuploid cell with 76 chromosomes
(ca. x 1400), (b) 78 chromosomes (ca. x 2200), (c) 13 chromo-
somes (ca. x2300), (d) approximately 98 chromosomes (ca. x1500),
(e) A metaphse plate of a root-tip cell from the No. 1 lineage,
showing normal 48 chromosomes (ca. x800), (f) Diakinesis con-
figuration of a PMC of the No. 1 lineage, showing 24 bivalent
chromosomes (ca. x2000) . (Continued to the next page)
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Fig. 11. (g, h) Metaphase configuration of PMCs in the No. 2 lineage,
depicting some multi- or univalent chromosomes (g5 cadl x1500;
h, ca. x1800), (i) Meiotic anaphase of the No. 2 lineage, show-
ing some anomalies (ca. x1400), (j) Anaphase bridges observed
in mitosis in the No. 2 lineage (ca. x1400), (k) photomicrographs
of pollen grains of the No. 1 lineage (ca. x240) and (1) of the
No. 2 lineage (ca. x280).
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not through culturing (Fié. 111). Almost all of them mani-
fested some univalent chromosomes in the first metaphése of
meiosis (Fig. llg, h) and their seed fertilities were iow.
Inorder to investigate whether or not the variation of.chromo—
some number in the:root—tiplcells become stable and if éo,»

in what filial generation it does, the regenerated plants
designated Nos. 1 and 2 weré selfed, énd the chromosome con-—
s;itutions of these offsprings were cytologically analyzed.
Some examples of aneﬁploid.ﬁoot—tip cells are seen in Fig.

11a-4d.

Chromosome constitution in the first generation

Pooled data of the variation in chromosome number?in the
root-tip calls of the first selfed offébrings of Nos. 1 and 2
are presented in Fig,rlz. in the first sglfed offspring (él's)
of No. 1, 50 out of 141 cells were eudiploid (2n=48), whereas
in the Sl1's of No. 2, 19 out of 97 were eudiploid. The aver-
age chromosome number of five Sl plants of No. 1 was 43;0'i 1.0
and that of two Sl's of No. 2 was 63.7 + 1.9. The Sl's of
No. 1 showed a tendency that the majority of cells had
normal or hipodiploid chromosome numbers, in contrést'with
81's of No. 2, in which the majority of the cells had hypo-
dipioid numbers. Fig..lle shows a cell with normal 48 chromo-

somes from a regenerated plants. Most characteristics of the
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Fig. 12.

‘ Numbér of cells

2n=48

| —
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Chromosome number

Pooled data of the variation in chromosome number

the root-tip cells of the first selfed offpsring:

 (af-Sl's of No. 1 and (b) Sl's of No. 2. Total

numbers of cells observed in Sl's of Nos. 1 and 2

were 141 and 97 cells, respectively.
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S1's of No. 1 were almost normal except for chromosome number
(Table 9). In_contrast,'in the 81's of No. 2, three of five
plants withered at young stage of development. Remaining

two plants reaéhed maturity and initiated flowering. However,
a piant designated No. 2S1-4 was completely male-sterile and
set no seeds.(rf. Fig. 15). BAnother plant of No. 2(S1-1) pro-
duced éome fertile polien'grains and its selfed capsules set'
some seeds. - In general, the offspring of No. 2 was extremely

unstable, and segregation of characters was fregquently observed.

Chromosome constitution in the second generation

In the secdhd selfed geﬁeration (52) of No. 1, countable.

metaphase plates of root-—tip mitosis revealed that almost all
the cells had the normal chromosome nuﬁber, as shown in Table
10. All the characteristics were almost normal as compared
with those of the controls. In contrast, in S2's of No. 2,

the chromosome number of all the offspring was still variable
(Table 10). The data in this table indicate that the normal
chromosome number {(2n=48) is not the one most frequently found,
and there is no clear modal chromosome number. Examples of
aneuploid cells of the No. 2 lineage are shown in Fig. lla-d.

A plant No. 2S52~5 withered.at. young stage, and other characters
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of S2's of No. 2 underwent a segregation. Their root-tip
cells showed some anomalies.in anaphase, such as bridges
(Fig. 11j). Several lines of data presented indicate

that there are some genetic and/or physiological factor(s)
involved in abnormal cell division in the original regene-

rates and the offspriﬁg in the lineage of No. 2.

Other charagteristids of the brigiﬁal'regenerates and theif
offspring |

As presented in Table 9, several characteristics, such
as pollen and seed fertilities, and leaf color.dnd form segre-
gated in every generation of the No. 2 lineage. An example
of round leaf is shown in Fig. 13a. Furthermore, original
No. 2 had larger pistils and ovaries 55-compared with the
controls or No. 1 (Figs. 13b and 14) and these traits were
transmitted to the offspring,_anthopgh this characteristics
sometimes occurred in tobacco plants regenefated by a simple
addition of KIN. A segregation of dwarf or growth-retarded
plants was observed in the offpsring of No. 2 (Fig. 15a). Also,
an abnormal compact inflorescence shape (Fig. le) sometimes
occurred in the progeny plants of No. 2, especially in the dwarf
plants. In contrast, in thé iineage of No. 1, few abnormal char-’
acters as occurred in the No. 2 lineége were observed. LH&wever, ’

the F,s derived from the crosses between No. 1 x W-38 showed a

1
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Fig. 13. (a) Typcial leaf form of regenerated and normal tobacco
plants. Left to right; No. 1 , No. 2, Burk's F5 (F5

progeny of synthesized amphiploid between N. sylvestris

and N. tomentosiformis, originally produced by Dr. L. G.

Burk) and normal Wisconsin No. 38 tobacco. (b) Typical
floral morphology of regenerated and normal plants.
The arrangement of flowers is in the same order as

abiol - {(2Y) -
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Fig. 14. Development of flowers of a rooted cutting of No. 2

(left) and normal Wisconsin No. 38 (right) (ca. x 1/2).
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Young and mature tobacco plants of fhe first selfed
offpsring in the No. 2 lineage. (a) Left; No. 251-4,
right; No. 2sl1-1. (b) Left; No. 2S1-1, tall, excep-
tional subnormal inflorescence: right; No. 2S51-4,

dwarf, abnormal inflorescence resulted in no seed-set.
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little variation of chromosome numbers, despite all the three

Fqy

chromosome number (2n=48), as presented in Table 9. Consider-

s of normal Wisconsin No. 38 x No. 1 exclusively gave normal

ing such difference as observed in reciprocal crosses and a
fact that Sl's of No. 1 had some mixoploid numbers, the cyto-
plasmic effects on the stability of chromosome numbers may

be taken into account.

Discussion

There have been numerous reports on the chromosomal
chimerism in higher plants (Hollingshead 1932, Love 1938,
Vaarama 1949, Watanabe 1962). Limiting to the studies on
the geénus Nicotiana, a great number of investigations have
been made on cytological chimeras in cultured tissues (Fox
1963, Cooper et al. 1964, Shimada and Tabata 1967, Murashige
and Nakaﬁo 1967) and in the regenerated plants (Sacristan -
and Melchers 1969, Ogura 1975a, 1976, Niizeki and Kita 1975),
as well as in intact plants or hybrids (Moav 1957, Yang 1964,
1965, Gerstel and Burns 1966). However, only a few literature
dealing with the progeny plants of regenerates derived  from
tissue cultures have been elaborated.

Sacristan and Melchers (1969) reported the aneuploid

chromosome constitution of regenerated tobacco plants
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in the first anaphase, aberrations like chromosome bridges
were detectéed in some of the cells examined. Moreover, in

the mitotic anaphase of No. 2 and its offspring, chromosome
bridges were frequently observed (Fig.lii)i Such anomaliesi
in the meiosis and mitosis will lead to an unequal distribu-
~tions of chromosomes and to the formation of gualitatively
different cells. As presented in Table 8, pollen and seed
fertilities of No. 2 lineage were far lower fhan those of No.l
lineage and the controls. In addition, the author observed
perishing of some offspring of No. 2 at their early stage of
vegetative growth. All the survived progenies of No. 2 showed
the variation in chromosome number and a continuous segrega-
tion of morphological characters in every generation so far
studied. These observations indicte that the lineage of No. 2
is much more unstable both cytologically and physiologically,
comparing to the lineage of No. 1 in which the variation in
chromosome number. stabilized to be normal after two cycles of
selfing and the morphology was nearly normal.

Judging from the results that abnormal cell divisions
were frequently observed in both meiosis and mitosis of the
No. 2 lineage, whereas only a little cytological irregularities
were observed in those of the No. 1 lineage, there may exist

some gene(s) which disturbs both types of cell.division.
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(morpholegically abnormal and sterile) from a number of long-
eetablished aneuploid tobacco callusesf_VCoun;able mitoses
revealed that the majority of somatic chromqeoﬁe number was
within a range of 60 to 80. Working with haploid N. tabacum
and ﬁ. otophora plants obtained by anther culture, Collins

et al. (1972)7reported that 14 out of 63 regenerates in

g. tabecum cv. White Burley and five out of 64 in g;‘dtophora
showed mixoploid constitution of somatic chromosomes. Zagorska
et al. (1974) observed a wide range of chromosome number varia-
tion in meiosis of regenerated plants of N. tabacum cv. Trape-
zond,leuggesting that the variation was caused by a high degree
of aneuploidy in the nondifferentiated tissues and by the
damages. in the chromosome apparatus of, the cellsrwhich produced
the regenerates.

. The present results showed that the regenerated tobacco
plants exhibited a variation in chromosome number, irrespective
of the kinds or combinations of growth regulator used for
regeneration. 1In the plants (Nos. 1 and 2) regenerated by a
combinatioh of a morphactin and a cytokinin, the variation
of chromosome number was inherited successively at least for
three generations. The second selfed offspring of No. 1.had
stabilized the chromosomal constitution to the normal level,

whereas that of No. 2 still exhibited the.pytolegical:chimeras.

-66-



The data‘presented in Table 8 imply that cytological varia-
tions paralelled with othér morphological and/or physioclogi-
cal characteriétics to a considerable extent. The studies

of the No. 1 and No. 2 lineage indicated that their difference
may be genetical. As shown in Table 8, a little difference
was observed between the ;eciprocal Fi§ of No. 1 and norﬁal
plants on their cjtolpgical stability. This suggests that-‘
some cytoplasmic effects may also be involved in the chromo-
somal variations. In.general, the present results show a
situation of a considerable mixoploidy of origianl regenerates .
and their offspripg in N. tabacum cv. Wisconsin No. 38. Thé
high Variability of the chromosome number of both regenerates
and theri offspring seem to be attributable to (a)} the chromo-
somal or genetic alternations induced by tissue culture, (b)
the genetic alternatibns indﬁced by growth regulators (CFM

and KIN) use& for regeneration or (c¢) the phylogenetical
characteristics of N. tabacum} It is interesting that the
lineage of No. 2 still shows the variation in chromosome
number as weil as continuous!segiegation of several character-
istics even after two selfing éjcles. In fact, in the micro-
sporocytes of No. 2| and its offspring; disturbances of‘the
first:metaphase configuration such as as appearance of mis-

paring of_chromosomes were freguently observed in PMCs. Also
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-Among various studies on chromosomal chimerism in intact
higher plants (mainly hybrids), several studies suggested
the existence of a gene controlling spindle abnormalities

which lead to abnormal cell division in Ribes nigrum (Vaarama

1949), in a variety of common wheat (Watanabe 1962) and in

diploid hybrids of Solanum tuberosum {Mok and Peloquin 1975a).

In the case of colchicine-treated Ribes plants, Vaarama (1949)
ascibed "chromosomal mosaics" to the altered genic control
induced by a péermanent effect of colchicine. Watanabe (1962)
assumed a gene inducing spindle abnormalities, although he
added that a detaiied étudy on the processes in early stages
before diakinesis is required to determine the existence of

a gene with certainty. Mok and Peloquin (1975a, b) reported
three mechanisms (spindle abnormalities and two types of pre-
mature cytokinesis) of 2n pollen (diplandroid formation in
diploid potatoes, and based on the results of test crosses

and allelism tests, the three mechanisms of diplandroid forma-
tion are controlled by simple recessive genes induced by muta—
tion. For the present assumption of the gene(s) involﬁed in
abnormal mitotic and meijiotic cell division leading to cyto-
logical chimeras, it is required to perform reciprocal crosses
between the plants of the No. 2 lineage and normal (intact)
plants as weel as test crosses of tﬁe Fl hybrids with ‘each of.

their parents, which is dealt with in Chapter 6. More extensive



study is also required, for testing the effects of morphactins
and cytokinins on induction of chromosomal chimeras of regene-. -

rated plants.

Summary

A cytological analysis was made with root-tip meristema-
tic cells of regenérated plants and their offspring originated

from tissue cultures of Nicotiana tabacum cv. Wisconsin No. 38.

Each original regenerate showed a wide range of variation of
chromosome number, irrespective of combinations or concentra-
tions of growth regulators used for regeneration. Two rege-
nerates designated Nos. 1 and 2 were used for the analysis of
further generations. In the first selfed generations (Sl1),
all the progenies of both Nos. 1 and 2 exhibited variable
chromosome numbers. Five plants derived from No. 1 had 43.0
+ 1.0 chromosomes on the average, while two plants from No. 2,
63.7 + 1.9. The majority of S1 plants of No. 1 showed normal
or hypodiploid chromosome numbers, whereas hyperdiploid num-
bers were common in S1 plants of No. 2. In the second selfed
generation (S2), the chromosome number of all the progenies

of No. 1 stabilized to 48, whereas all the 52 plants of No. 2
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- exhibited still highly variable chromosome numbers. Moreover,
all the plants belonging to the No. 1 ;ineage ﬁere almost normal
physiologically (pollen and Seed fertilities, plant height,

leaf color, leaf form, inflqrescence shape etc.). In the No. 2
lineage, in contrast, these characteristicsrsegregated frequent-
1y, and most of the plants exhibited some anomalies. Observa-
tions of mitotic anaphase revealed that théfe‘exisf consideréble
irregularitieé such as anaﬁhésé bridges. These results indicate
that the lineage of No. 2 possesses some genetical factor(s)
leading to the cytological insﬁability. ?rom the réciprocél
crosses between No. 1 and normal plants; existence of a cyto-
plasmic éffect on the'cytolpgical stabilizafioﬁ ﬁas also pre-

sumed .
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Chapter 6. - GENETIC CONTROL OF CHROMOSOMAI, CHIMERISM FOUND

IN A REGENERATE FROM TOBACCO CALLUS

Introduction

There have been numerous reports on chromosomél chimerism
in higherqplantsr(Hollingshead 1932, Love 1938, Vaarama 1949,
Watanabe 1962, Fukumoto 1962, Omara 1976 and others). Limit-
ing citations to studies on the genus Nicotiana, a number of
investigations have been made‘on cytological chimeras‘in cultured
tissues (Fox 1963, Cooper et al. 1964, Niizeki 1974, Novak
and Vyskot 1975 and others}, and in regenerated plants
(Sacristan and Melchers 1969, Collins et al. 1972, Niizeki
and Kita 1975, Ogura 1975a, 1976), as well as in intact plants
or hybrids (Kostoff 1930, Yang 1965, Gerstel and Burns 1966
and others). Ogura (1976) reported that a plant regenerated by
a combination of a morphactin,-chlorflurenol (CFM) and kinetin
(KIN) exhibited wvariation in its chromosome number, even in the
second selfed generation. Since the chromosomal chimerism Qas
transmitted to progeny plants, the chimerism was consideréd\to
be genetic. Segregation data on chmeric plants in the Fo and
Bl generations in crosses between a chimeric plant and a normal
one are presented here, and the mode of inheritance of the

chimeric character is considered. In addition, two foliar
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characters, i.e., ‘the bilateral asymmetry in a leaf (Sakai
and Shimamoto 1965) and intraplant variability of leaf form,

- were measured in those generations.

Materials and Methods

Crossing experiment

To investigate the mode of inheritance of the chimerism,
a progeny plant of No. 2-(No. 282-4) was reciprocally
crossed with a normal plant fW—38). These Fis were selfed
or backcrossed with each of their parents. The procedures
used are diagrammatically presented in Fig. 164
Cytology

Root-tips of the plantlets were pretreated with chilled
water (0-2°C) for 24 hrs, and fixed with acetic alcohol l
(3 : 1), or in some cases, treated with saturated 8-hydroxy-
quinoline solution (0.002M) for 2.5 hrs at ca. 15°C prior
to fixation. They were stained with 1% acetocarmine solution
and squashed for microscopic observation. The chromosome
number- was determined by sketching and photomicrographing
all chromosomes. To determine whether a plant was chimeric,
the chromosome number of at least five metaphase plates was

carefully counted for each plant. For microsporocyte

observétioﬁ;:the method described by Matsubayashi (1963) -
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was used.

Leaf character measurements

As illustrated in Flg 17‘ all leaves at young develop-
mental stage of plant in the field, were measured for their
entire w1dth W), ‘width of the left (L) and rlght (R) halves
ef the blades, and vertical length of the blades. On the
basis of these measurements, ieaf instability was‘expressed
in-two ways: (1) esymmetry index (&), or absolute difference
between the widths of two halves of a leaf divided by the
maximal width of the leaf, and (2) the foliar ratio (FR),
or £he fatie of vertical length to the maximal width of the

leaf. They are formulated as follows:

|lL. - Rl / W

FR = VL / W

Results

Seed-set and germlnatlon

The capsules of No. 2 and its offspring usually varledAk
more in size and were smaller than those of normal plant.(W-38).
The'capsules of (W-38 x No. 252)F1 were_generallyrbigget than

the reciprocais. Examples of capsﬁles of W-38, selfed progenies
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of No. 2 in the second generation (No.' 252), their F;s

and B.s are shown in Fig. 18.[ In the Bl_géneration, the

1
capsules of the B.s backcrossed with W-38 were bigger than
‘those backcrossed with No. 252. The degree of seed-set

of the capsules closely paralleled with the size of the
capsulés. 'Amdng”therfour.BliCOmbinations, the degree of
seed—set was of the following order (from high seed~set) :
(W—-38 x No. ZSZ)Fl x W-38, (No. 252 er—BB)Fl x W-38, (W-38

x No. ZSZ)Fl g No. 252 and (No. 252 x W—38)Fl ¥ No. 252.

The germinatibn.rate of the latter two qombinations was

also very low, while that of‘the former two cémbinations

was not so low. In addition, selfed progenies of No. 2
frequently produced capsules of variable shape. This suggests
that the lineage of No. 2 possesses some genetic abnormalities

involved in capsule size and seed germination.

Segregation of chimeric individuals in the“Fﬂ and B, generations

A progeny plant of No. 2, No. 2S2-4 was reciprocally

crossed with W-38. Ten F. plants were cytologically analyzed

1
in each Fl combination. Except for one plant from a cross
of W-38 x No. 282, all the Fls were chimeric. The fact, that
No. 281, No. 2S2 and the F.s from crosses with W-38 were

chimeriec seems to indicate that the chimerism is transmissible

or genetic. Thus, to investigate the mode of inheritance of
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No.2: —No.2 cuttings |

No.2S1's (No.2')

No.252's(No.2") —*N0.252-4 X NW.

(ONo.2 x Fi x. NW(3)

Bi F2 Bi

Fig. 16. Diagrammatic represéﬁtétion of the crossing

experiment.
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Fig. 17. Schematic representation showing how the measure-

ments on leaf characters were taken.
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~ |!‘
(0 x Mo, 2)F, x o, 2
(M. € x I/'1 x . (o, 2 x l/l‘ x o, 2

Fig. 18. Capsules of normal Wisconsin No. 38 (W-38), No. 2,

No. 2S2-4, Fls of W-38 x No. 2S2-4 and four Bls.
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Fig. 19.

Photomicrographs showing anomalies of the rooted cuttings

of No. 2: (a) Anaphase bridges observed in mitosis (ca. x800),
(b) Bridges and laggards in anaphase I of meiosis (ca. x1100),
(c) Bridge-like joinings in the pollen dyad stage (ca. x1100),
(d) An example of pollen grains (ca. x180), (e) Bridge-like
structures in the tetrad stage (ca. x800), (f) Polyad (pentad)
formation in the tetrad stage (ca. x800), (g) An aneuploid cell
with 78 chromosomes (ca. x1200) and (h) Chromosomal chimerism

of root-tip cells within a rooted cutting of No. 2 (ca. x250).
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Photomicrogrphas of the normal tobacco plants: (a, c) Metaphase
plates of root-tip cells, exhibiting normal 48 chromosomes

(@,% cati"xii7005s" b ca. x850), (b) Diakinesis configuration of a
PMC, showing 24 bivalent chromosomes (ca. x1200) and (d) An

example of pollen grains (ca. x200).
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+he chimerism, Fls were further selfed and backcrossed with '
each of their parents. Segregation data for the chromosomal
chimerism in the By and Fz_generationsrare presented in Table
'11.] The mode of segregation of F,s and (No. 252 x W-38)F;

x W-38 is fitted for a 3 : 1 and a 1 : 1l segregation, res-
pectively. However, that of (W-38 x No. 252)Fl x W-38 is

not fitted for a 1 : 1 segrgation'ratio. Supposing that

a single (dominant) gene, Ch controls the chimeric character,
all the Bl plants backcrogsed with No. 252 should be chimeric,
although actually some chromosomally stable segregants were

found in the two B, combinations. The cause of an appearance

1
of stable segregants in these combinations is discussed later.
The data in Table 11l{imply that the present chimerism
is controlled by a singie Mendelian gene (and some modifiers)
induced by mutation in tissue culture processes, in which
plant growth regulators are invpred, Even supposing that

a single dominant gene is concérned with the chromosomal
chimerism and that it is located in a certain ggfbearipg.
chromosome (consequently non-chimeric cells) are produced.
If the mode of'inheritance is a‘multi—'o; polygene system,
we cannot explain thé dominant expression of the chimeric
character in the F.s as well as the comparatively clear

1
segregation in the Bl and Fz‘genefations. Another interpretation
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is tha£ the chimerism is caused by mixed events in the stem-
cell line which may undergo normal cell division and in the
mutation-induced altered cell line involved in abnormal cell
division, especially as related to spindle anomalies. The
ordinary procedures of cytogenetics may not be sufficient, to
determine which of the above assumptions is valid for the
present chimerism. |

Leaf characters of the F., and B, generations

Fig. 21 shows three leaves of tobacco plants, one from
normal W-38 and the others from rooted seedlings of No. 2.
It may be noticed in these photégraphs that the two lines
differ_frdm each other with respect to their leaf morphology.
Table lZ_sﬁows the asymmetry index and foliar ratio inla
leaf of tobacco. The data of the line No. 2 were obtained
from séven rooted.plantlets’from the original No. 2. The
largest asymmetry index and the smallest foliax ratio was
detected in the No. 2 line among eight lines tested (Fig. 22):
This indicates that the leaves of No. 2 aﬁe most asymmetrical
and round. A statistical analysis revealed that the difference.
of leaf asymmetry between the lines was significant, howéver,
that of foliar ratio was not (Table 13). In the lines,
(No. 282 x W—38)F2, (W-38 x No. :252)15‘l X W-38 and (No. 282

X W—38)Fl-x No. 252, all the plants were cytologically checked
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Table 12. Instability values of foliar characters in eight
lines. (Data indicate the average + S.E. of seven

leaves in each line).

Line Asymmetry

index (xlOOf‘ } Folia; r;tiq

W-38 2.2 + 1.0 2.48 + 1.02

 No. 2 7.6 + 3.2 1.85 & 0.94

(W-38 x No. 282)F, . 5.5+ 3.2  1.99 + 0.82
(No. 282 x W-38)F, 2.9 + 2.0 2.49 + 1.03
(W-38 x No. 282)F; x W-38 4.7 + 2.2 2.23 + 0.92
(F-38 x NO. 252)F, x No.252 1.8 # 1.0 2.06 + 0.85
(No. 282 %x-W-38)F; x W-38 3.1 + 2.0 2.05 + 0.84
+ 1.4 2.27 + 0.94

(No. 282 x W—38)Fl % No.282 2.7
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Table 13. Analysis of variance on two foliar characters.

Source of Vdf' ' B Meaﬁ'squares

variatiOn o o ) Asymmetry’index[' Foliar rattio
Between lines 7 0.003% 0.25
Within line 48 0.0007 ’ 0.14

(Exrxror)

* Significant at the 5% level.

Table 14. Analysis of variance on two leaf indices between

chimeric and stable tobacco plants.

- Source of ' af ' , Mean squares‘
variation Asymmetry index Foliar ratio
Between lines 1 0.003% 0.358
Within line 99 0.0007 0.228
(Exrror)

* Significant at the 5% level.
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Fig. 21. Leaves of normal (left) and the No. 2 lineage
(middle and right). Note the marked bilateral

asymmetry of leaves of No. 2.
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as to chromosomal chimerism. In these three lines, the

foliar indices were measured for each plant except "ohimeric”
piants or leaf form and extremely growth-retarded ones.

Two examples of intréplant foliar chimerism are shown in Fig.
’234 Analysis of variance on two foliar indices between-bhimeric
" and stable ﬁlants of these lines revealed that bilateral asym-
metry was significapt, whereas foliar ratio was not (Table 14).1
That there was no significant difference in foliar ratio both .
between the normal line and No. 2 and between chimeric and
stable plants is explained by the observations that thé plants
having slender and round leaves were frequently segregated in
the selfed offspring of No. 2 oxr crossed progenies of No. 252

x W-38 (Fig. 24)-\ The present results suggest that chromosomal

chimerism is correlated with bilateral leaf asymmetry.

Discussion

Chromosomal chimerism is not a‘;are phenomenon in higher
plants, mainly in their hybrids. A number of investigators
have reported the phenomena in somatic tissues (Duncan 1945,
Vaarama 1949, Hegwood and Hough 1958, Yang 1965 and others).
and in meiosis (Hollingshead 1932,‘Saqhs 1952, Sarvella 1958,

Omara 1976 and others). As to the chromosomal constitution
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of cultured. tissues, there have been two different types of
results.. One type emphasizes the appearance of aneuploid

cells (Straus 1954; de Torok 1960, Norstog et al. 1969,

Yamane 1975 and others). and the other shows the majority of
callus cells as eudiploid or polyploid (Cooper et al. 1964,
Torrey 1967 Butcher et al. 1975 Kodama 1975 and others).

In terms of the chromosomal constitution of the regenerated
plants from callus cultures, the results oﬁﬂcytolpgiéal obsexva-
tions are classified.into the following two types; the eudi-
ploid or polyploidrconstitution of original regenerates (Mitra
et al. 1960; Blakely and Steward 1964, Venketeswaran and Spiess
1964, Singh et al. 1972, Novak and Vyskot 1975 and others) and
the aneuploid consitution of the regenerates (Tabata et al.
1968, Niizeki and Grant 1971, Melchers and Labib 1974, Smith
et al. 1976 and others) as well as the somatic chromosomal .
chimerism of the regenerates (mainly in the Nicotiapa and
Saccharum7species) (Sacristan and Melchers 1969, Heinz et al.
1969, Heinz and Mee 1971, Collins et al. 1972, Speckman and
Dijk 1972, Ogura 1975a, 1976, Liu and Chen 13976 and others) .
The different results may be due_té nature of the species used,
culture conditions -and other known causes. In many cases, the
solanaceous species (especially Nicotiana), seem to have a .

tendency to become variable or unstable in their chromosomal
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constltution. As stated, arnumber of eytologlcal studies

have been carried out on the chromosomal constitution of tobacco
régenerates; soﬁe of which suggest chroﬁoeomal chimerism in
root- tlp cells, and various types of melOth 1rregular1tles

in the regenerates (Zagorska et al 1974, Ogura 1975a). Ogura
(1976) reported on the chromosomal behavior of the offsprlng

of an or;glnal regenerates (designated No. 2).‘ To the know-
ledge of the author, there have been no reports on‘the mode

of inheritance of chromosomal chimerism. The present study

is theﬂfirst to report the possible existence of a gene(s)
1nvolved in chromosomal chimersim Wthh 1nd1cates that the mode
of 1nher1tance may occur in a 51mp1e Mendelian fashlon in a
regenerate in N. tabacum cv. WlsconSLn No. 38. The chlmerlsm
found in both the mitosis and meiosis of a regenerate (No.-2)
and its offpsrlng is supported by observatlons that (1) root
cuttlngs of No; 2 exhibited chimersim both in m1t051s and
me1051s, (2) the original No. 2 plant was "chimeric" for leaf
shapeh m1x1ng of round and subnormal leaves was found within
the individual, and this trait was transmitted to its offSpring
and segregated in the Bllgeneration when crossed with normal
plants, and (3) almost all the Fys between No. 2 and a normal
Piant were ehimeric‘and in the Fz‘generation, eegregation of

chimerids-vs.”stables‘reasonably fitted a 3 : 1 ratio. 1In the

-91-



B, combinations, however, that of ' (W-38 x No. 282)Fl x W-=38

1
is not fitted for a 1 : 1 segregation ratio. Supposing that
a single (dominant) gene, Ch controls the chimeric character,
-all the Bl plants backcrossed with No. 282 should be chimeric,
although actually some chromosomally stable segregants were
found in the two By combinations. Since uneaéual sepa;ation
of chromosomes in the first and second anaphase, probably due
to mispairing or other causes occurred in meiosis, whether or
not- the Ch-bearing chromosome (if a singel Ch is responsible
for the chimerism) has entered a given cell in both micro-
and megasporogenesis, there is the chance that some gametic
combinations whcich do not possess the‘ggébearing chromosome
are produced. - On this assuption, some stable plants are
-expected{ in the offspring of No. 2.  The obsexrvation of ana-
phase bridges and laggards (Fig. lQbﬂ in the first anaphase,
dyad bridges (Figqg. ch),!bridges in tetrad stage-(Fig. lQé”
and polyad formation (Fig. 19fﬂ in meiosis substatiate this
assumption. Therefore, the appearance of some stable segre-
gants in the Bl_generations backcrossed with No. 282 is ex—‘
plained. However, in spite of these amonalies.dbserved in .-
meiosis, about half the tetradw were nearly normal in appear-
ance .and each monad of each tetrad was nearly egual in size.
This suggests that many meiotic cells undergo nearly normal

division which finally results in the development of mature
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pollen grains, although analysis of the early stages of meiosis
was not carried out in detail. Metaphase configurétions of
PMCs of No. 2 and its rooted cuttings:ﬁere”éhimeric for c¢hro-
mosomal cohstitution, therefore whether these tetrads of nearly
normal appearance and of their normal division manner are
chromosomaliirl équal is Sﬁill not known.

Among the varioué'studies on chrOmoéomal chimerism in
intact higher planté, Somé'suggestéd the existence of a gene
controlling spindle abnormalities which leads to abnormal cell

division in Ribes nigrum (Vaarama 1949), in a variety of common

wheat (Watanabe 1962), in diploid hybrids of Solanum tuberosum

(Mok and Peloquin 1975a, b), and in Lolium perenne (Omara_1976)._
For the célchicine—treated Ribes plants, Vaarama (1949) ascribed
"chromosomal ﬁosaicé" to the altered genic control induced by
the permanent effect of cdlchiéine, Watgnabe (1962) assumed

a gene inducing spindie abnormalities, although he addgd that
detailed sfhdy of thefbrocesses'in the early stages before
diakinesis isxféquired:to determine the certain existence of
such a-géne. ‘MSE'and Peloguin (1975a, b) reported three mecha-
nisms (Sbiﬁdlé abnormalities and two types of premature cyto-
kinesis) of 2n pollen (dipléndroid) formation in diploid potatoes,
and based oh thé resultsrof test crosses and allelism tests,

suggested that the three mechanisms of diplandroid formation
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are controlled by simﬁle ﬁecessive.genes inducéd by mutation.
omara (1976) recently réportéd chromosomal chimerism of PMCs

in diploid fyéfgrésses'due to cytomixiséor the mechanism for
for chromatin passége'from one PMC to an adjacent PMC. How- '
ever, the cause of cyfomixis is still obscure. Based on the
segregation data presented in Table 1 in this study, the
present chrémosomal éhimeriém in a tobacco regenerate and its
offspring was inférpreted by assuming that a simple ddminﬁnt
gene, preéumably induced in the processes of tissue culture,

is responsible for the phenomenon. Otherwise, the chimerism
may be caﬁéed by indipéﬁdent'events ih the normal cell liné

and by a mutation-induced altered éell line in a plant; the
latter béing-invblved in abnormal cell division. -According

to Makino (1957), certain aﬁimal and plant tissues. contain
several cell populations, each with different!chromosome numbers.
Some of these different cell populations could be separated

by callué'formatioh ig vitro, whereby complete plants are
regenerated; ConseQuently, the derived piants would each have
a different chromosome number. This stemline theory could
partly esbidin:the existencelof callus derivatives which differ
geneticélly from the original normal tobacco plants. It should
also be noted that the present chimeric regenerate (No. 2) was

induced in the medium containing a combination of KIN and a
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morphactin, CFM. Chromosomally chimeric regenerates were
sometimes-obtained with a combination of IAA and. KIN or by a
single addition of KIN in the medium, althougﬁ'almost all the
selfed progenies of such regenerates stabilized to a certain
chromosome number (Ogura, unpublished). Morphactins are a

group of compounds originally synthesized in the Research
Laboratories of E. Merck, AG, Darmstadt, Germany. Scﬁpeider
(1964) first described the biological effects of these sub-
stances on plant morphogenesis and reviewed their general
actions on plants (Schneider 1970). Among their[various effects,
particularly those on cell division and chromosomal behavior,
are the reduction of the number of mitoses in onion root-tip
cells. (Denffer et al. 1969), a change in the orientation of

the spindle axis of the dividing cellsiof-pearroot—tips (zZiegler
1970) and partial desynapsis of chromosomes in the first meta-

phase of meiosis in Nicotiana sylvestris plants reared from

CFM-soaked seeds (Ogura,| in prep.). Considering these influ-
ences of morphactins on cell division and chromosomal behavior,
we cannot ignore the effects of CFM on chromosomal chimerism.
Cytogenetically and physiologically nearly normal plantlets
were also regenerated from the medium-containing-CFM and KIN,
therefore the presence of CFM in the medium does not always

seem to be the sole cause of chromosomal chimerism. As to
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1eaf characters, Sakai and Shimamoto (1965) suggested that
the bilatefal leaf asymmmetry of tobacco is under genetic
control. Ip the preseﬁt,study,.thé.bilateral leaf asymmetry
is mainly rélated to chromosomal chimerism. The effects of
morphactins‘on cell division aﬁd leaf morphology, as well as
the cytological analyseé‘of chromosomal constitution of
regenérates derived from cultured tissues should be further

investigated.

Summary

As described in Chapter 5, a chromosomally chimeric line
{(No. 2) was found. A.progeny plant of No. 2, No. é82—4
was reciprocally crossed wiﬁh the normal Wisconsin No. 38
plant (W-38). All the Fls wére chimeric except one plant
in (W-38 x No. 252)Fl combination. Both Fls were further
crossed with each of their parents. On the basis of segre-
gation data in Fzs and four Bls, the mode of inheritance can
be interpreted by assuming that the chimerism is mainly con-
trolled bf a simple Mendelian gene induced during tissue
culture by growth regulators. Inheritance of two foliar

characters, namely bilateral asymmetxy and foliar ratio was

also studied in relation to the chromosomal chimerism. The
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chromosomally unstable No.. 22 line showed larger than the
normal line, however, no significant difference was found on
the difference between chimeric and stable plant plants
peoled from three lines was significant in the bilateral
asymmetry, but not in foliar ratio. The results suggest that
bilateral leaf asymmetry.of tobacco plants is Q¢rrelated'wi£h

the chromosomal chimerism.
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Chaptér 7. DIFFERENTIAL RESPONSES OF NICOTIANA TABACUM I..

AND ITS PUTATIVE PROGENITORS TO DE- AND REDIF-
FERENTIATION
Introduction

Skoog and Miller (1957) demonstrated that pith-derived

calluses of Nicotiana tabacum L. cv. Wisconsisn No. 38 could

be induced to redifferentiate into roots or shoots, depend-
ing on the relative amount of IAA and‘KIN added in the medium.
Similar interactions,of IaAA and various kinds of cytokinins
on growth and organ redifferentiation from_tobaqco pith callus
have also been reported .(Hamzi and‘SkoQg 1964,.Vasi1 ahd
Hildebrandt 1967, Skoog 1970). Kochhar et al. (1970, 1971)
have indicated that several tobacco smoke carcinogens can
exert the morphogenetic effect like the combinations of IAA
and KIN on the pith-derived calluses of haploid tobacco plant,
but not of normal diploid.  Recently, Ogura (1975) has observed
- that some combinations of KIN and CFM result in 100% shoot
redifferentiation in inoculated tobacco calluses.

Yet, few literatures are available on the relationshiﬁs
between the differences of genetic constitution and callus

formation or organ redifferentiation. The involvements of

[
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genomicldifferences‘with'ballus induction in Tritic¢um-Aegilops
group havé been considered (Ogura 1977) . The author here
reports“fhé differential responses of callus induction and

shoot redifferentiation among a cultivar of N. tabacum, its

putative progenitos, N. sylvestris and N. tomentosiformis,
an‘artificially synﬁhesized amphiploid from them, and some

other species of the genus Nic

Materials and Methods

Dedifferentiation (callus induction)

Several tissues and organs taken from Nicotiana tabacum

L. cv. Wisoconsin No. 38 (Ww-38) , g..sylvestris.SPQg. and Comes,

N. tomentosiformis Goodsp., N. tomentosa Ruiz and Pavon,
N. otophora Grieseb.,and'an amphiploid synthesized from

=

. sylvestris and N. tomentosiformis, that was originally

produced by Dr. L. G. Burk (Burk 1973), and_is désignated
as fBurk's_ES",_were aseptiqally explanted on an RM-1964
basal medium (Linsmaier and Skoog 1965) containing three
different concentrations of IAA, KIN and 2,4-D. The media
used for callus induction were as follows:
‘Medium- A: RM-1964 + 3.0 mg/l Ian + 0.2 mg/l'KIN
Mediun B: RM-1964 + 0.1 mg/l IAA

Medium C: RM-1964 + 6.0 mg/1 IAA + 5.0 mg/1 2,4-D



The pH of all the media was adjusted to 5.8 + 0.1 before
autoclaving. The esperiments were acrried out at 25 + lOC

in the dark throughout.

Redifferentiation (shoot formation)

Induced calluses of W-38, Burk's F5and N. sylvestris

were subcultured in the same medium (medium 2a). After abouti

30 days of subculturing, vigdrously‘proliferating calluses

were aseptically cut into small pieces by a scalpel and the
pieces (ca. 200 mg each) were inoculated to test-tubes éon-
taining an RM~-1964 basal medium added with 2.0 mg/l of KIN

and 1.0 mg/l of CFM, as previously described by Ogura (1975b, c).

Induced calluses of N. tomentosiformis and N. otophoran

were directly used for a shoot redifferenfiation experiment,

since the growth of N. tomentosiformsis.calluses originated

from peduncle (Fig. 26ﬂ was very slow, but that of N. otophora
was not so slow. Therefore, only five pieces of N;‘otophora
(ca. 200 mg each) were inoculated to the same shoot regene-

ration medium as used for Burk's FS and N. sylvestris.

Results

Callus induction

Pith discs. or seedling roots of W-38, N. sylvestris
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Fig.

26.

Callus of N. tomentosiformis induced from excised

peduncles (left), N. otophora callus from immature
capsule (middle) and N. tabacum callus of pith origin,
after 60 days of culture (ca. x 1.4). Note the dif-

ference of callus growth among these three species.
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and Burk's Fs.formed calluses after 30 days of culture, when
tissues or seeds were inoculated into medium A. In contrast,

those of N. 'tOment051formls, N. tomentosa and N. otophora,

all of which belong to the section Tomentosae, formed no calluses
'in the same medium. The results are summarized in Table'164'
In medium B, escised tissues or organs of the three species

of the Tomentosae section produced no calluses. = Several organs

or tissues of N. tomentosiformis and N. otophora were also
ésplanted in medium C of high auxin level. BAfter about 40 days

of culture, most tiséues of N. otophora formed calluses; but

only the flower peduncle expiants of'g; tomentosiformis showed
callus formation after about 60 days of culture (Table 17|and
Fig. 26).! Calluses of W-38, Burk's Fg and N. sylvestris (in
medium A) were brownish-white and comparatlvely vigorous and .

unlform growth, those of N. otophora (in medlum C) were dark
brown and grew comparatively vigorously, and those of N. tomen-
tosifbrmisl(in medium C) were light brown and showed the least
growth (Fig:fzs)_\ The data indicate roughly the following

order of easé of‘callus formation: N. tabacum (We38);’Bu:k's

Fo N. sylvestris N. otophora N. tomentosiformis.’ .-

Shoot redifferentiation

Tablejiﬂshows the results of shoot redifferentiation

€Xperiments after about 50 days of culture: W-38 calluses of
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Table 16. Degree of callus formation and callusﬂgrowth in

were taken after about 30 days of culture.

several Nicotiana species in the medium A. Data

. - Organ or ﬁggree of - .. -
Species gg;;ﬁia tissue callus- ciééﬁ;
I C T TTTT T explanted formation -~ . FTOWLR -
tabacum SSTT pith discs ++ ++
Wisconsin No. 38 , roots et ++
sylvestris 55 pith discs + +
roots + +
tomentosiformis TT pith discs -
- roots -
tomentosa TP pith discs -
: roots -
otophora T pith discs -
roots -
rk's F5
. pith discs + +
(N. sylvestris x SS?T roots + +

N. tomentosiformis)

te) Pith discs used are those excised‘from nearly mature plants.
Roots shows those from young seedling roots grown from seeds.

Degree of callus formation: - no- formation, + occasional forma-
tion, 4. frequent formation, ++ consistent formation.

Callus growth:
dégrees.

2103-

+ — ++, weak to vigorous growth in various



Table 17. Callus formation of several different explants from
two Tomentosae species in the medium C, after 60

days of culture.

Species Organ or tissue Degree of

“explanted -~ °°  callus formation

N. toméntoéifdrm‘is_w pith' R . -

stem -
leaf-midvein -

peduncle

I+

flower bud -
anther . -

ifnmature capsule ' -

N. otophora pith
stem
peduncle

anther

+ 1+ + it

immature capsule

Callus formation: -, no formation; +, occasional formation;
+, frequent formation; ++, consistent

formation.
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Table-18. Shoot redifferentiation from callusés of several

" Nicotiana species.

Species  Gomome o, Cliimes Mo Sl
N. tabacum (W-38) SSTT 20 20 100
Burk's Fg SSTT 10 8 80
N. sylvestris SS 10 10 100
N. tomentosiformis TT 5 0
N. otophora TT 10

=105~



both pith and seedling root origin and N. sylvestris calluses

of seedling root origin consistently exhibited the highest

(loo%) shoot redifferentiation rate. Burk's F célluses of

5

pith origin resulted in relatively high shoot formation.

However, both N. tomentosiformis and N. otophora calluses

showed no shoot regeneration. Fig. 27\shows an example of
calluses of several Nicotiana specieé in the shoot rediffer-

entiation medium after 50 days of culture.

Discussion

To the knowledge of the author, this is‘the first attempt

to induce calluses of N. tomentosiformis and N. otophora,

although Collins et al. (1972) obtained haploid plants from
N. otophora by anther culture in very low frequency. The

requirement of high auxin level to induce callus formation in

N. tomentosifo;mis and N. otophora suggests this might be

common to species of the.section Tomentosae,. although suitéble
conditionsrfor callﬁs induction and~subcu1turip§ of the callus
should be fuqfhgrﬁ_ The.preSent‘resultgfshow the médium for
callus induction may be one of the;foi}pwipg“twé types: a
standard tobacbo ﬁedium (medium A) for N. tabacum; a synthesized

amphiploid strain (Burk's FS) and N. sylvestris; and.a medium




Fig.

207/~

Differential responses of four kinds of Nicotiana
calluses to the shoot redifferentiation medium after
50 days of culture. From left to right: Calluses

of N. tomentosiformis, N. otophora, Burk's F5 (an

amphiploid synthesized from N. sylvestris and

N. tomentosiformis) and N. tabacum cv. Wisconsin

NoS 3 B (lCa TR ARl T2y R
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containing a high auxin level of a synthetic auxin, 2,4-D

(medium C) for N. tomentosiformis and N. otophora. . The

results also indicated that peduncle parts are suitable for
callus induction in the present two species of the section
Tomentosae. The results indicate that these Tomentosae plants
having T-genome require higher auxin concentration for callus
formation than cultivated tobacco, ST amphiploid (Burk's“FS)

and N. sylvestris.

As presented in Table 184 céllgsgs of W-38 and N. sylvestris

gave 100% shoot formation in a 50-day culture, and Burk's FS"

callus also gave relatively high shoot formation (80%). How-

ever, both N. tomentosiformis and N. otophora calluses exhibited
no shoot formation. _The éame shoot rediffefentiation_medium
was used for all kinds of the Nicotiana calluses, although the
conditions for callus induction were a-little different for

N. tabacum, N. sylvestris and Burk's F_. and for the two Tomen-

5
tosae species:. The data in Table 16 imply that genetic (and

genomic) factors involved in shoot redifferentiation in N. tabacum

and its synthetics are mainly derived from their S genome donor,

a pngenitor‘of relative of N. sylvestris. The difference in
the results on callus induction, growth and shoot ;ediffereptia—
tion of the callus between N. tabacum W-38 and Burk's F.-

may be due to a difference in their genetic background. Accord-

ing to available evidence, N. tabacum (2n=48, genome formula SSTT),
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is assumed to be amphiploid arising from chromosome doubling

following hybridization between a progenitor of N. sylvestris

(an=24, SS) and an ancestral type similar to, but not identical

with, N." tomentosiformis (2n=24, TT). Genetic studies by

Gerstel (1960) and cytogenetic investigations bthlausen_(1932),
Kostoff (;938)-and Cameron (1965), and biochemical studies

on isozyme patterns by Sheen (1972) and on Fraction I protein
by Kung EE.El- (1975), as well as the production of a fertile
amphipleid by Burk (1973) from in EEEEQ callus culture of the

sterile Fl hybrid between N. sylvestris and N. tomentosiformis,

support this assumption.

_As for dedifferentiation, Tabata and Motoyoshi (1963)
reported that in maize endosperm culture,.fhe endgsperm ex-
plants of only a specific genotype (starchy) formed‘calluses,,
whereas those of other genotypes did nqt. Thehgenetic role
of individual chromosomes or chromosome arms in callus forma-
tion have been reported in anther culture oﬁ.A—genome aneu-
ploid of common wheat‘(Shimada and Makino 1975);C;Cy;oplasm
effeqts ancallus induction from wheat anthe;s have been report-
ed, frpm:stgdies on the cytoplasm substitqtion,lines of'Chinese
Spring wheat (Ogura and Tsunewaki 1974). Recently, Ogura (1977)
has indicated that there exists some genetical differences

between polyploids in wheat on callus induction, suggeSting
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that the feasibility of callus formatlon in wheat seedllng
roots cultured in y&;zg is in the follow1ng order: diploid
(genome formula AA), tetraploid (AABB) and hexaploid (AABBDD).
The present work first showed a possible location of the
gehetié;fadtcrs in a speCified genome for shoot redifferentia-
‘tion in the genus Nicotiana. Froﬁ the data éiven in Tables
14 and 16, the féasibility of callus formatioﬁ seem to para-
1lel with that of shoot rédifferentiation to a cohsiderable
extent. The authbr compared the degree of rooting of cuttingé

between N. tabacum W-38, g; sylvestris and N. tomentosiformis

on a small scale (Ogufa'unpublished) The reéults suggested
that the feasibility of vegetative propagatlon by the rootlng
of shooots from ax1lllary buds or stem tips is not necessarily
related to that of shoot redifferentiation or of callus forma-
tion. It is yet to be established species belonging to the
sectioﬁ\Tomentosae present difficulties in induction of callus
formation and in rediffereﬁtiation into shoots. Here, we con-
sidered the relationships bétween_genomic differences and tissue
culture properties in several Nicotiana species; studies of

this line should be pursued further on a more general scale.

Summaxy

Calluses of N. tabacum, N. sylvestris, E.'toméntosiformis,
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N. otophora and an artificially synthesized amphipioid

between N. sylvestris and N. tomentosiformis (Burk's Fs)
were induced. For induction and subculturing of calluses

of N. tabacum, N. sylvestris amd Burk's F an RM-1964 basal

5'
medium containing 3.0 mg/l of IAA and 0.2 mg/l of KIN as

‘described by Skoog and Miller (1957) was used. In the case

~of callus induction in N. tomentosiformis and N. otophdra,

however, an RM~-1964 medium of far higher auxin ievel as com-
pared with the above-mentioned three species was required.
Induced calluses of these species were inoculated in the
identical shoot redifferentiation medium, which was successful

for 100% shoot redifferentiation in inoculated calluses, at

least in N. tabacum and N. sylvestris. All of N. tabacum and

N. sylvestris calluses inodculated redifferéntiated‘shoots,

whereas N. tomentosiformis and N. otophora calluses resulted
in no shoot formation. The results seem to indicate that
genetic factors involved in shoot redifferentiation in N. tabacum

are localized in the N. sylvestris genome.
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Chapter 8. GENERAL CONCLUSION

Some combination of a morphactin, chlorflurenol-methyl-
ester (CFM) and kinetin (XIN) in appropriate concentrations
exerted more efficient influences on shoot organogenesis from
tobacco callus as comparedfwifh,the,known kinetin-auxin combi-
nationf However, by applying CFM, in combination with KIN,
more teratoma regenerates were obtained than| by a single
application of KIN to the medium. Almost all the plantlets
regenerated by any kind of media exhibited, more or less,
chromosomal chimeras. A plant showed chromosomal chimerism
through three generations and the existence of simple gene(s)
involved in chromosomal chimerismrwas‘subsﬁatiated. The chromo~
somal chimerism was supported by the facts that_cytologiggl
irregularities both in mitosis and meiosis such as-énaphase
bridges were found, and that intraplant chimerism of leaf forms
was observed. There was a significant correlation between
chromosomallchimerismrand foliar bilateral asymmetry. Thus,
the possibility of plant tissue culture as a potential tooi
to obtain variants or mutants was dempnstratéd. - The feasibi-
lity of shoot redifferentiation from calluses were found to
be different among various species of Nicotiana& A probable
location of the genetic factors cont;éllipg regenerative

ability from callus was first specified into a certain genome.
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The findings were‘itemized as follows:
(l) Some combina;ions Qf KIN_and CFM resulted in lOQ%‘shoot
redifferentiation>in inoculated calluses.
(2) CFM acted as a growth retardant in cultured tissues, but
in the presence of KIN, it counteracted with KIN and acted
stimulatory for shoot redifferentiation.
(3) Irrespective of the kinds‘or_combinations of growth regu—r
lators used for shog£ organogenesis, almost all the original
fegenerates exhibited chromosomal chimerism.
(4) After selfing, most of»the regenerates stabilized to
have-a certain chromosomernumbe; (eudiploid, polyploid orx
aneuploid) . |
(5) A lineage of chromosomally chimeric strain through three
generations was obtained from the medium containing 1.0 mg/1
of CFM and 2.0 mg/l of KIN.
(6) Crosses were made reciprocally between this chimeric

strain and normal plants and the F F2 and Bi generations

ll

were studied. Based on the segregation data from B.s and

1
Fzs, the chimeric character was considered to be mainly con-
trolled by a single dominant gene induced by mutation during
tissue culture.

(7) Some foliar characters of No. 2, normal tobacco and their

B;s and F,s were recorded, and based on the data of the bilateral
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asymmetry in the leaf and of the ratio of the latitudinal

to logitudinal length, instability values were calculated.

The results suggested that the magnltude of chromosomal
chlmerlsm and 1nstab11lty of foliar characters were pos1t1vely
correlated.

(8) Chromosemai chimerism paralleled with other cﬁaradters,
such as pollen and seed fertilities; dwarfism, leaf form,
abnormal inflorescence shape etc.

(9) Genetic factor(s) 1nvolved in shoot redlfferentlatlon in
N. tabacum and 1ts synthetlcs (Burk's amphldlplold) ‘are prob-

ably'loeated in their N. syl%estris genome .
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