
CHEMICAL CONTROL OF GROWTH AND BUD FORMATION IN TOBACCO
STEM SEGMENTS AND CALLUS CULTURED IN VITRO 1

Folke Skoog and Cheng Tsui

EARLIER REPORTS (Skoog et al., 1942; Skoog,
1944) have presented evidence for competitive in
hibition of auxin effects by compounds structurally
related to auxin (indoleacetic acid) and have shown
that the formation of buds in tobacco tissue cul
tures can be prevented by addition of indole-3
acetic or naphthalene acetic acids (IAA or NAA)
to the nutrient medium. From these results the con
clusion could be drawn that auxin exerts its effect
on growth through its role as a component of a
"reaction system," and that the type of effect is
dependent on the concentration of auxin, not per se
but in proportion to the concentrations of other
components of this quantitatively limited system.

It became of interest, therefore, to determine
possible components of this system and to study
the effects on growth of varying their concentra
tions. The callus tissue cultures developed by White
(1939), in which prevention of bud formation is a
very sensitive response to added auxin and which
permit long time treatments without complications
from micro-organisms, seemed to be favorable ma
terial for such studies.

Evidence presented by Thimann and Sweeney
(1937), Sweeney and Thimann (1938-1942) and
by Commoner and Thimann (1941) indicated a
definite role of auxin in the respiration of Avena
coleoptiles. Furthermore, data by H. F. Clements
(private communication) demonstrated a correla
tion between phosphate content and ability of lat
eral buds of sugar cane to grow out. Experiments
were therefore set up to test whether increases in
the concentrations of substances such as phosphate
and sugar, which are known to be required in large
amounts for respiration, would affect growth, organ
formation and the sensitivity of these processes to
added auxin in tobacco callus cultures.

The results of such experiments and of their
extension to experiments with adenine and related
compounds will be presented to show (1) that bud
formation in callus tissue and in stem segments of
tobacco cultured in vitro can be induced by chemi
cals added to the medium and (2) that nearly com
plete control of the type of growth which will oc
cur, i.e., the formation of roots, buds or undifferen
tiated growth of tissues can be obtained by the
application of different proportions of auxin and
adenine to the medium.

MATERIALS AND METHoDs.-In the first series of
experiments, carried out from 1941 to 1944, a strain
of White's tobacco Callus (Nicotiana glauca X
N. langsdorfii) kindly supplied by him in 1939 was
used. The work was discontinued in 1944 because
of war duties and the strain was lost. On resump-

1 Received for publication August 3, 1948.
This work was supported in part by the University

Research Committee on funds from the Wisconsin Alumni
Research Foundation.

tion of the work in 1947 several new cultures from
the same original strain were again provided by
Dr. White, but these had become contaminated with
an anaerobic bacterium and are unsuitable for this
work. New Strains of callus have, therefore, been
developed from stem internode segments of N.
tabacum, Wis. # 38 and use has been made 'of the
stem internode segments themselves. The internodes
were eut from the upper portions of plants ca. 2 ft.
tall and growing rapidly in soil in the greenhouse.
They were surface sterilized by swabbing with 70
per cent alcohol followed by immersion for 20 min.
in 0.1 per cent HgCl2 solution. The epidermis was
then removed and pieces cut into 7 mm, long quad
rants which were cultured on nutrient agar in 125
cc. Erlenmeyer flasks. Each segment, therefore, con
tains all tissues present in the stem except the epi
dermis and portions of cortex and pith. All ma
terials were grown on White's basic medium of
the following composition in mg.y], of water:
Ca(NOa)2 100, KNOa 80, MgS04 35, KCI 65,
KH2P04 12.5, KI 0.75, MnS04 4.4, Fe2(S04)3
2.5, ZnS04 1.5, HaBOa 1.6, and sucrose 20000. In
experiments carried out 1941-1944 only glycine
(2 mg./L) and thiamin chloride (0.1 mg.j/L) were
used as accessory nutrients. In the experiments
1947-1948 nicotinic acid (0.5 mg./I.) and pyri
doxin (0.5 mg.yl.) were used in addition to the
above. Fifty cc. of medium was used per 125 cc.
flask.

The pH of all cultures was adjusted with HCI
or NaOH to initial values of about 5.0. Pyrex glass
ware and pyrex redistilled water were used through
out. Solid media contained 0.7 per cent agar. Usu
ally two pieces of tissue were placed in each flask,
but in a few experiments either one or three pieces
were used. Other details of the culture methods
were the same as described (Skoog, 1944). The
cultures were kept at room temperature in cabinets
without artificial illumination but exposed to very
weak diffuse light. Data will be presented for only.
a few experiments, but general conclusions are
drawn from the experience with over 4000 cultures.

RESULTS.-Bud formation in callus tissue cul
tures.-Tobacco callus tissues when cultured sub
merged in liquid media generally grow as undif
ferentiated callus for a few weeks and then many
pieces produce numerous small buds. The addition
of IAA or NAA completely prevents the formation
of buds. This is true even with such low concentra
tions as do not decrease the rate of growth in fresh
or dry ·weight.

Effect of increased phosphate and sucrose levels.
-Experiments were carried out with increased
amounts of KH2P04 and sucrose. In order to main
tain iron in available form the Fe2 (S04'h content
was increased together with the phosphate. The
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TABLE 1. Effect of indoleacetic acid, and changes in concentrations of KH2P04, Fe2(S04h and sucrose on growth
and bud formation in tobacco callus in vitro. Initial pH adjusted to 5.0. Cultures started 12/22/41.

Control 4Fe4P 4Fe8P 4Fe8P2S
Indoleacetic acid mg.Zl,

Date Measurements 0 1.0 0 1.0 0 1.0 0 1.0

No. of cultures 17 17 17 18 18 17 17 16

12/24/41 Mean cross-section { 2.7 2.3 2.3 2.4 2.4 2.6 9.5 9.4
iJ/ 5/49 areas in mm.2 30.6 10.7 33.4 12.1 26.0 13.5 14.9 13.7
3/19/42 40.9 27.8 51.9 30.4 38.1 39.4 44.4 33.6

3/19/42 Mean fresh weights
in mg.zcallus 54 49 65 49 47 49 50 49

3/19/4z Mean dry weights
in mg.ycallus 3.4 2.6 4.1 2.6 2.9 3.1 3.1 3.1

z/ 5/4z No. of cultures 9 0 7 3 7 3 9 6
3/19/42 forming buds 9 0 8 3 8 9 10 9
3/19/42 % cultures forming

buds 53% 0% 47% 17% 45% 53% 53% 56%

4 Fe = Fe2(S04h, 10 mg.z'l., 4 P and 8 P = KH2P04 50 and 100 mg./I.; and 2 S = sucrose 40 g'/I.

results of many such experiments were not always tically excluded by its failure to act when it alone
conclusive but in general tended to show that the was added in increased amounts.
higher the phosphate and sugar contents of the Effects of adenosine.-Positive effects of the
medium the higher the concentrations of auxin re- above type suggested that phosphate esters or or
quired for prevention of bud formation and for ganic complexes containing adenine and phosphate
inhibition of callus growth. A clear cut example of might be involved. Adenine derivatives containing
this effect is demonstrated by the results of one phosphates could not be readily obtained. Experi
experiment summarized in table 1. It may be seen ments were, therefore, first started with adenosine
that in the standard medium the presence of 1 (obtained from Schwarz Co., N. Y.). Only two ex
mg.II. IAA completely prevented bud formation periments were complete when the work was dis
and caused a marked decrease in growth rate. With continued. The results of the first one, summarized
increasing phosphate content this effect became in table 2, show (1) that the number of callus pieces
less, so that with eight times the normal phosphate forming buds increased with the concentration of
content, either with or without the double amount adenosine and (2) that 2.0 mg.II. adenosine plus
of sucrose, the inhibition by IAA was completely additional phosphate, etc., was as effective as 50
counteracted. In some other experiments which in- mg./l. adenosine supplied alone. On the other hand,
eluded series of cultures with increased sucrose it may be seen that only the lower concentrations
alone, or with lower concentrations of additional of adenosine may have caused increased growth and
phosphate, the additive effects of sucrose and phos- that the higher concentrations were inhibitory.
phate were more pronounced. The possibility that In the second experiment combinations of adeno
Fe2(S04)gmightbeacontributingagentwasprac- sine and NAA were used. No bud formation was

TABU: 2. Effect of adenosine on growth and bud formation of tobacco callus cultures. White's basic medium %
strength. Cultures started 9/22/43.

Adenosine cone. in mg'/I.
Date Measurements 0 0.5 2.0 10.0 50.0 2.0'

No. of cultures 52 33 37 40 36 38

10/ 6/43 Mean cross-section { 4.39 3.82 4.03 3.64 3.76 3.08areas
11/24/43 in mm.2 23.z 23.5 2z.6 20.1 19.9 13.8
1/ 1/44 49.4 5z.5 51.8 49.6 44.9 30.2

1/ 1/44 Mean fresh weight in mg. 45.4 48.4 4z.6 34.5 28.5 21.6
Mean dry weight in mg. 4.9 4.5 4.1 3.4 2.8 2.4

10/ 6/43 No. 'of cultures forming { 0 0 0 0 0 0
11/24/43 buds 1 1 3 4 4 6
1/ 1/44 2 2 2 6 7 6

1/ 1/4,4 Per cent of cultures form-
ing buds 4% 6% 5% 15% 20% 16%

This series received increased concentrations of the following components of the basic medium KH2P04 5 times
(69.5 mg./l.); Fe2(S04)a 3 times (7.5 mg./I.) and sucrose twice (40 g./I.).
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callus and one or two rudimentary buds. Such buds
appear after 8 or more weeks and fail to grow
into shoots.

Larger pieces of the type used in the experi
ments to follow (i.e., quadrants 7 mm, long, radius
of ca. 5 mm. and average fresh weight of ca. 150
mg.) generally produce callus which begins to ap
pear within a few days in the cambial region on
the basipetal surfaces (fig. 2,3, #1). After periods
of from 4-8 weeks a few pieces may produce one
or a few roots from the callus and one or two buds
usually from the lateral or apical cut surfaces.
These buds presumably arise from proliferation of
cells in the cambium or adjacent regions. The roots
continue to grow into branched systems throughout
the agar medium. The buds, on the other hand, are
incapable of continued growth unless roots develop
either from their basal parts or from the callus
immediately adjoining the buds. Following such
root formation the buds invariably start rapid elon
gation and apparently become capable of develop
ing into mature plants. Continuous growth of this
type must require either vascular or other effective
transport connections between root and bud, be
cause roots which develop at a distance from buds
but on the same segment are completely without
effect on shoot growth. No exception has been ob
served to the above behaviors of several hundred
buds without roots and eleven buds with roots in
control and treated plants. In the absence of root
formation the apical meristem eventually termi
nates. In fact, in three cases single leaves have been
produced. Presumably, these did not arise from
independent, isolated leaf primordia but rather
represent extreme cases of early termination of the
apical meristem.

Very large stem segments, two or more times
larger than the above, show the same general be
havior but quantitatively larger effects lind earlier
appearance of organs.

20

Number
of buds
formed

Number of
calli form
ingbuds

e

Number
of calli

observed

2

Concentrations of
adenine sulfate

CONC. ADENOSINE IN MG/L

Effects of adenine sulfate.-The effect of adenine
sulfate on bud formation in callus has been tested
only with pieces obtained in the first transfer from
stem segments. However, the results summarized
in table 3 so closely conform to those obtained with
adenosine on 5-year old tissue cultures, that there
can be no doubt of their significance.

Growth and organ formation in stem fragments.
-On control medium.-Internode segments of to
bacco placed on the control agar medium may re
main alive for periods of several months. Their
ability to grow depends on their size. Small pieces
3 X 3 X 2 mm. rarely produce measurable growth
either of callus or organs unless placed in contact
with growing callus itssue or supplied with auxin.
However, occasional pieces may produce a small

TABLE 3. The effect' of adenine sulfate on bud formation
of tobacco calli" obtained in first transfer (on 6/18)
from stem internode segments previously cultured
for 29 days. Oultures started in liquid media 6/18148.
Measurements 7/21/48.

Fig. 1. Effect of concentration ef adenosine on the
growth of callus tissues with and without addition of
0.~5 mg.Zl, NAA.
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obtained in either control or treated cultures, but
it may be seen from the curves in fig. 1 that adeno
sine counteracted the inhibitory effect on growth
of 0.25 mg./I. N AA and 'Vice 'Versa.

o (control) ~7

2.5 mg.yl, 30
5 mg.yl, 30
10 mg./I. ~1

a No root formation occurred.

o
4
6
7

o
4

10
14

Fig. ~. Effect of NAA and adenine sulfate on the
growth and organ formation of stem internode segments
of tobacco. Age of cultures 43 days. From left to right;
control; NAA, 0.08 mg./I.; adenine sulfate, 40 mg./I.; and
NAA, Q.O~ mg'/I. and adenine sulfate, 40 mg./I. Scale
in inches.
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Fig. 3. Same as fig. 9. 1, controls; 9, 3, and 4, 0.09, 0.08
and 0.39 mg./I. N AA respectively; 5, adenine sulfate,
40 mg.jI.; 6, N AA, 0.09 mg.Zl, and adenine sulfate, 40
mg.Zl. Scale in inches.
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extent of root formation was decreased as compared
with that in controls but was not eliminated.

The main observed effect of adenine was the
induction of the formation of adventitious buds. The
time of emergence was markedly hastened and the
number of buds formed per segment increased with
the concentration at least up to 40 mg./l. in agar

Effects of alpha-naphthalene acetic acid.-The
addition of NAA to the medium resulted in marked
cell enlargement in all tissues. With low concentra
tions the basipetal callus was greatly enlarged (fig.
3, #2) and with higher concentrations prolifera
tion of cells occurred from all parts of the' segment.
With the highest concentration used (0.32 mg./l.)
the pith grew more rapidly than other parts.

Sub-cultures have been made from the callus and
pith to' media of low NAA content. The former
seem to be established as callus tissue cultures (four
passages) and grow without added NAA. The pith
sub-cultures grow more slowly and to date have
been carried through three transfers. These results,
therefore; .confirm the work of Gautheret (1942;
Raoul and' Gautheret, 1947) and further indicate
the possibility of subculturing tissues derived from
pith alone.

Root formation was hastened and greatly in
creased over that in controls. The number of roots
formed per cutting increased with the concentra
tion applied, but the best development of the roots
formed occurred with the medium concentration
(0.08 mg./l.). With higher concentrations the roots
failed to penetrate the agar medium and often
swelled and reverted to masses of callus tissue.
Except in this latter respect the results are similar medium. Data for the latter concentration are in
to those generally obtained in the treatment of eluded in table 4. Good effects have also beenob
cuttings for root formation. served in other experiments with as low as 2 mg.y],

Bud formation was completely inhibited by all concentrations. The induction of bud formation by
concentrations in the range from 0.02 to 0.32 mg./l. adenine has been obtained in a pH range from 4 to
However, after periods of 3 or more months some 7; the lower value being most favorable. These re
bud formation may occur in cultures with the low- sults are as striking and consistent as have been
est concentrations of added N AA. obtained for the demonstration of root formation

Effects of adenine sulfate.-In the presence of with auxins.
adenine sulfate the tissues underwent some cell Effects of combinations of naphthaleneacetic
enlargement and some proliferation. However, the acid and adenine sulfate.-With combinations of
tendency to form callus in the cambial region of the two substances very marked cell enlargement
the basipetal surface was markedly reduced. The and proliferation of the tissues occurred, particu-

TABLE 4. Effects of adenine sulfate and naphthaleneacetic acid on organ formation of tobacco stem internode seg-
ments. Oulture« started on agar media 5/31/48.

Date

6/94/48

7121/48

6/94/48

7/91/48

Treatments

1 9 3 4
Adenine Ad. sulf.40
sulfate NAA mg./I. NAA

Measurements Control 40mg./I. O.OBmg./1. 0.09 mg./I.

Number of segments 26 90 94 18

Number of segments forming buds 0 14 0 0
Per cent forming buds 0 70% 0 0
Total number of buds 0 19 0 0

Number of segments forming buds 5 19 0 0
Per cent segments forming buds 19% 95% 0 0
Total number of buds 9 86 0 0
Number of buds/segment 0.3 4.3 0 0

Number of segments forming roots 0 0 5 0
Total number of roots 0 0 5 0

Number of segments forming roots 0 9 13 9
Total number of roots 0 3 17 9
Number of roots/segment 0 0.15 0.71 0.11

Increase
over

controls
9,3,4

00,0,0.

14,__,__
500%, __ ,__
77,__,__
4,__,__

0,5,0
0,5,0

2,13,9
3,17,9
0.9,0.7,0.1
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larly in the pith (fig. 2, 3, #6). Growth was fairly
uniform over the entire segment and basipetal cal
lus formation was markedly reduced.

As may be seen from table 4 root formation is
markedly less than in corresponding treatments
with the same concentrations of NAA alone. Bud
formation has been entirely absent in all treatments
tested so far. Presumably with higher ratios of
adenine to NAA bud formation would occur, espe
cially if the phosphate level were raised.

DISCUSSION AND CONCLUSIONs.-The above re
sults demonstrate that bud formation in tobacco
tissues may be chemically induced. Adenine or its
derivatives appear to be as "specific" for this as
compounds of the auxin group are for root forma
tion. Clearly, however, sugar and phosphate levels
and possibly other nutrients as well as pH are inti
mately concerned in both types of regeneration.
The effects of adenine and auxin on both growth
and organ formation must be interpreted in quanti
tative rather than qualitative terms.

Relatively high auxin contents lead to cell pro
liferation and root formation, relatively high ade
nine contents lead to bud formation, whereas more
nearly balanced amounts of both compounds seem
to favor cell proliferation without organ formation.
It appears, therefore, as if both compounds enter
into the same reaction system. Whether these are
in a single complex (similar to that between adenine
and nicotinic acid amide of cozymase) in equilibri
um with free components of both types, or whether
they act as separate components in the same proc
ess, is still to be determined. In either case it ap
pears that both are required together for growth
and the particular type of growth which occurs
depends on their relative concentrations.

The question now arises whether these compounds
also determine the type of growth and regenera
tion which occur under normal conditions. Quanti
tative analysis of nutrients present in the tissues
under different conditions of growth, now in prog
ress, should give information on this point. A priori
it is clear that indoleacetic rather than naphthalene
acetic acid would be expected to occur normally,
and some compounds structurally related to adenine
rather than adenine itself may be primarily con
cerned. However, the literature on the effects' of
homologues of IAA and also of adenine and other

.components of enzyme systems would indicate this
to be a problem of detail rather than principle.
Preliminary tests, now in progress, indicate that
the results reported here for tobacco may hold
generally at least for a large number of species.

While the treatments used suffice for the formation
of buds, further development into plants is de
pendent on the presence of roots (compare Went,
1938; Went and Bonner, 1943). The roots, there
fore, under the conditions of these experiments
appear to be essential not for the formation but for
the continuous growth of buds. With the plant
material and methods now at hand it becomes pos
sible to determine whether the function of the roots
is to synthesize an essential component for growth
from the nutrients present in the medium or whether
the function is merely to insure the availability for
growth of nutrients already present.

It is well known (Bonner et al., 1939; Bonner
and Haagen-Smit, 1939) that adenine increases
the growth in area of isolated leaf tissue. However,
it is clear from the growth of stem fragments after
treatment with adenine alone and in combination
with N AA, that the role of the former compound
is not limited to an effect on leaf growth. No de
tailed measurements have been made, but no obvi
ous increase in leaf size of adenine treated cultures
has been observed. For the above reasons it does
not seem likely that an effect of adenine on leaf
growth alone could be a major factor in the for
mation of buds reported here.

SUMMARY

Callus and stem internode segments of tobacco
have been cultured in White's nutrient medium with
and without addition of adenine, adenosine, alpha
naphthaleneacetic acid, increased phosphate and
sucrose supplied singly and in mixtures. Under the
conditions of the experiments adenine induces bud
formation in both callus and stem internode tissues.
NAA stimulates callus growth and root formation
in stem segments, but it inhibits bud formation.
Combinations of adenine and N AA greatly stimu
late cell proliferation and enlargement of all tis
sues, particularly of the pith, but do not cause or
gan formation. Additional phosphate and sucrose
enhance bud formation and tend to counteract the
inhibiting effects of NAA on growth and organ
formation in callus cultures. The results, therefore,
demonstrate chemical control of organ formation
and the type of growth of tissues within the limits
of the experimental conditions. Relations between
adenine and auxin in their effects on growth are
discussed.
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ship Boards.

The Fellowship programs are supported by the
Rockefeller Foundation, the Radio Corporation of
America, Merck and Company, the Carnegie Cor
poration, and the Atomic Energy Commission, and
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toral research by U. S. citizens (in one case, Cana
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be pursued in the physical, biological, agricultural
and basic medical sciences, including Engineering,
Anthropology and Psychology. One program pro
vides special training in the social sciences for per-

sons with doctorates in the natural sciences, or
training in the natural sciences for persons with
doctorates in the social sciences.

The basic stipends for the predoctoral fellow
ships range from $1500 to $2400 per year; the
basic stipends for the postdoctoral fellowships
range from $2500 to $5000 per year. The stipend
in each case will be determined by the appropriate
Board, with consideration given to the amount of
training, marital status, number of dependents, etc.
All programs provide for necessary tuition and
fees in addition to the stipend.

Applications and all required papers should be
submitted during the month of January, 1949. For
application blanks and full information, address
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2101 Constitution Avenue, Washington 25, D. C.
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Vol. 4, No. 10
Vol. 7, Nos. 1, 2, 3, 4

Vol. 16, Nos. 1, 2, 3
Vol. 17, Nos. 1, 2, 3
Vol. 21, Nos. 1, 2
Vol. 27, No.1
Vol. 33, Nos. 2, 3, 4

All correspondence concerning the above should
be addressed to the American Journal of Botany,
Department of Botany, University of Maryland,
College Park, Maryland.


