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Abstract

IAA (indoleacetic acid) is known to induce cell enlarge-
ment without cell division in tobacco pith explants grown on
an agar medium without added cytokinin. The very long lag
period before IAA (2 x 10'* M) stimulates growth, about 3
days, can be useful to study the metabolic changes which
lead to the promotion of growth. When the disks are trans-
ferred to a medium without IAA after 2 days or less of
treatment with IAA, the IAA does not stimulate growth.
Disks transferred after 3 days, subsequently show an auxin
response, almost as great as those given IAA continuously.
At 5 X lO""* M, 5-fluorodeoxyuridine (FUDR), which inhibits
DNA synthesis by blocking formation of thymidylate, com-
pletely suppresses the IAA-induced growth if it is added to-
gether with the IAA or 1 day later. When the FUDR is
given 2 days after the IAA, there is a small increment of
auxin-induced growth, and an even greater amount if added
after 3 days. The period when exogenous auxin must be pre-
sent to stimulate growth corresponds to the period of FUDR
sensitivity. The FUDR inhibition is prevented by thymidine
but not by uridine. Other inhibitors of DNA synthesis,
hydroxyurea and fluorouracil, also inhibit auxin-induced
growth. Thus DNA synthesis seems to be required for auxin
induction of ceil enlargement in tobacco pith explants. In
contrast, FUDR does not inhibit auxin-induced growth in
corn coleoptile and artichoke tuber sections.

Introduction
Nuclear DNA synthesis Is known to occur in many

nondividing, differentiating cells including enlarging
cells (7, 9, 15, 30, 33, 34, 35); however, the role of this
DNA synthesis (endoreduplication) in development is
not yet known. In tobacco pith explants, auxin induces
both cell enlargement and an increase in nuclear DNA
without cell division (9, 19, 34). This study employs
inhibitors of DNA synthesis to show that it is required
for auxin induction of cell enlargement in tobacco pith
disks. The DNA synthesis appears to be necessary for

the induction of cell enlargement and not to sustain the
growth once it starts.

Materials and Methods
Tobacco plants (Nicotiana tabacum cv. Wisconsin 38)

were grown in the Matthaei Botanical Gardens at the
University of Michigan. The plants were cut back to
about 30 cm from the soil or to within 15 cm from the
primary stem one or more times and the stems which
grew from lateral buds were used. The stems were taken
toward the end of their elongation phase but before the
flowers opened.

Precautions were taken to obtain axenic pith sections,
and all manipulations were performed in a sterile trans-
fer chamber. Only the third through the sixth internodes
from the tip were used in these experiments. This corre-
sponds roughly to the region which responds geotropic-
ally. After the leaves were removed the stems were
divided into smaller pieces about 6 to 8 cm; the outer
layers were peeled off from the stem sections; these seg-
ments were swabbed with 70 "/o ethanol and plugs were
obtained by boring through the stem with a cork borer
(diameter about 0.7 cm). All the disks which were mea-
sured at any one incubation time were taken from the
same internodal region of a single stem. The plugs of
pith were cut into 1 mm-thick sections (average fresh
weight 32 mg) and were distributed on petri plates con-
taining Newcomb's basal medium (25), 2 "/o sucrose,
0.7 "/o agar with 2 x 10 ' Af IAA (from a stock solution
adjusted to pH 5.5 with NaOH) and other additives
when specified. These were sterilized by autoclaving, but
the 5-fluorodeoxyuridine (FUDR), 5-fluorouracil, hydro-
xyurea, actinomycin D, 8-azaguanine and colchicine
(from K and K Laboratories, Inc.) were sterilized by
filtration and added to the agar medium before it had
solidified. Petri plates with the disks were incubated in
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Table 1. Effect of uridine and thymidine on FUDR inhibition
of IAA-induced growth in tobacco pith explants.

Figure 1. Auxin-induced growth in tobacco pith disks. Effect
of FUDR added at various times after auxin. Curves: (1) IAA
(2x10-5 M), (2) IAA + FUDR (5 x lO"* M) at 3 days, (3)
IAA + FUDR at 2 days, (4) IAA + FUDR, (5) H2O. Ordinate:
Increase in fresh weight.

the dark at 24°C. In transfer experiments from IAA to
water, the disks were cultured in medium with IAA
and then at different time intervals were transferred to a
medium with H2O, sucrose and agar only. Gare was
taken to prevent the transfer of bits of agar with the
disks. Growth was measured as the increase in the fresh
weight of the tobacco pith. The disks were blotted gently
to remove any surface water and weighed quickly.

The experiments with corn coleoptile sections and aged
artichoke tuber disks were carried out as described earlier
(28, 29).

Results

The auxin-induced growth responses observed here
with tobacco pith disks are very similar to those reported
by Newcomb (25) except that the percentage increase in
fresh weight is somewhat larger in these experiments
(Figure 1). The lag time before the auxin effect on
growth becomes evident is about 3 days. After this lag
the tissues grow rapidly for 2 to 3 days; then, for un-
known reasons, the fresh weight often starts to decline.
Not all of the cells in the disks respond equally to the
auxin; almost all of the enlargement occurs in cells in
the upper surface of the disks, and these cells become so
large that they are easily visible to the unaided eye.
Since there was some seasonal variation in the kinetics
of the response to auxin, the time course studies shown
here were all done from November through January.

At 5 X 10-* M, FUDR, an inhibitor of DNA synthesis,
added with IAA completely suppresses IAA-induced cell
enlargement in tobacco pith explants, reducing it to the
level of the water control (Figure 1).

Tobacco pith disks incubated in IAA for 2 days and
then transferred to a medium with IAA and FUDR show
a tendency to escape from the inhibitory effects of FUDR

Treatment
Increase in

fresh weight
after 5 days, "/o

H2O
IAA (2x10-5 M)
IAA + thymidine (10-» M)
IAA + uridine (10-» M) . . .
IAA + FUDR (5x10-1 M)
IAA + FUDR + thymidine .
IAA + FUDR + uridine . . .

47
113
113
80
33
102
32

(Figure 1). After 4 days of treatment with IAA (in-
cluding 2 days of exposure to FUDR), these explants
reach a fresh weight about halfway between the water
controls and those treated with auxin alone. Pith explants
which were allowed to grow in IAA for 3 days before
treatment with FUDR are even less inhibited by the
FUDR and the growth continues through the fifth day.
Transfers made at 1 day (not given in Figure 1) show no
tendency to escape from FUDR inhibition.

FUDR inhibition of IAA-induced growth is largely
prevented by thymidine at 10-'' M. While thymidine
raises the growth in presence of FUDR towards the IAA
controls (Table 1), thymidine alone causes no promotion
of IAA-induced growth. Uridine on the other hand does
not alleviate the FUDR inhibition; in fact it even inhibits
growth slightly.

Table 2 shows the effect of some other inhibitors of
DNA synthesis on growth of the tobacco disks. Hydro-

Table 2. Inhibition of auxin-induced growth in tobacco pith
explants by hydroxyurea, 5-fluorouracil, 8-azaguanine and
actinomycin D.

Treatment
Increase in fresh

weight after 5 days, "/o

H->O
lAA(2x 10-5 ^ )
IAA + hydroxyurea (lO"' M)
H-.O
IA'A
IAA i 5-fluorouracil (5 x 10-' M) . . .
IAA+ „ {\Q-^M)
H->O
IAA
IAA + actinomycin D (10 mg/l)
IAA + „ (1 mg/l)
IAA + ,, (0.1 mg/l) . . . .
H2O
IAA
IAA + 8-azaguanine (7x10- ' '^ )
IAA+ „ (3x10-" 3/) . . . .
IAA + ,, (10-" M)
IAA + „ (10-5 M)

9
84
50

71
156
61
90
32

207
45
76

137
46

132
36
46
72

116
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Table 3. Lack of inhibition by FUDR of lAA-induced growth
in corn coleoptile sections and aged artichoke tuber disks.

Treatment

Increase in fresh weight, "/it

Corn coleoptile ^ j artichoke disks
sections

4 h 8 h 20 h 5 h 10 h I 20 h 50 h

H2O 4 11
FUDR (10-» M) 5 13
IAA (10 mg/l) . . 19 41
IAA + FUDR . . 1 7 37

32 3.3 4.8 5.3 5.9
35 — — — —
91 2.4 5.6 11.1 36.6
87 2.3 5.3 12.0 36.1

xyurea at 10 ^ M produces a 45 */o reduction in the IAA-
induced response. 5-Fluorouracil at 5 x 10"̂  A/ prevents
the IAA-induced growth completely, but 10"''' M sup-
presses this growth by 78 "/o. Thus fluorouracil is con-
siderably less effective than FUDR where 5 x 10"'' Af or
less can suppress auxin-induced growth completely.

Actinomycin D, an inhibitor of DNA-dependent RNA
synthesis, inhibits auxin-induced cell enlargement in
tobacco pith tissue just as it does in a wide variety of
other tissues (22, 28, 29). In this tissue unlike most
others, actinomycin D is able to produce complete in-
hibition of the auxin-induced growth and this occurs at
only 10 mg/l, a relatively low concentration (Table 2).
Even 0.1 mg/l produces a 40 "/o inhibition of the growth
induced by IAA. 8-Azaguanine, an analog of the nucleic
acid base guanine (21, 22, 28, 29), also inhibits the
auxin-induced growth of the disks with inhibition de-
creasing from 100 '/o at 3 x 10"* A/ to 27 "/o at 10"^ M.

Figure 2. Auxin-induced growth in tobacco pith disks. Effect
of removal of the exogenous auxin supply at various times.
Curves: (1) IAA, (2) IAA to H2O at 3 days, (3) HgO, (4)
IAA to H2O at 2 days. IAA 2x10-'* M. Ordinate: Increase
in fresh weight.

Tobacco pith tissue is more sensitive to actinomycin and
azaguanine than most plant tissues (see 22, 28, 29).

Colchicine, an inhibitor of cell division (11), does noc
affect the auxin induction of growth when applied ar
0.2 "/o, a concentration which is much higher than those
used to inhibit cell division in other plant tissues (11,
15); however, 1 "/o does inhibit growth completely. One
**/o colchicine also completely suppresses auxin-induced
corn coleoptile growth (change in fresh weight, measured
over a shorter period, 20 hours).

Our results with tobacco pith are contrasted with corn
coleoptile sections and aged artichoke tissue (Table 3).
FUDR at IO"" M shows no effect on the IAA-induced
growth response in the latter two tissues. Similarly
hydroxyurea, even at 0.05 M, did not inhibit the growth
of the corn coleoptile sections. The lack of FUDR in-
hibition of IAA-induced cell enlargement in these and
other tissues (4, p. 465 in 22) suggests that there may be
something unusual about the auxin-induction of cell
expansion in tobacco pith disks.

Tobacco pith disks incubated in IAA for 2 days and
then transferred to a medium without IAA normally
fail to show any IAA-induced growth response (Fig-
ure 2). In one experiment, however, these disks started
to grow after 5 days, a lag phase of more than 5 days.
If the pith sections are allowed to incubate in IAA for
3 days and then transferred to water, growth of the
transferred explants continues till 6 days.

Discussion
This study aims to determine whether or not DNA

synthesis is a prerequisite for auxin-induced cell enlarge-
ment in tobacco pith explants. Earlier studies using the
DNA synthesis inhibitor FUDR on a variety of tissues
indicate that usually auxin-induced cell enlargement and
often cell enlargement in tissues which may not be
regulated by auxin do not require DNA synthesis (4, 13,
22, 28). Furthermore, fluorouracil, which also blocks
DNA synthesis, does not affect cell expansion in many
tissues (see 22). Similarly, cell expansion occurs in seed-
lings from seeds given massive doses of y radiation

-(doses reported to suppress DNA but not RNA syn-
thesis), and although these "gamma plantlets" never
reach the size of normal plants (due to suppression of cell
division), their constituent cells reach the normal or
even greater size (16).

Our experiments demonstrate that FUDR inhibits the
auxin-induced cell enlargement in tobacco pith disks.
FUDR is well known as a selective inhibitor of DNA
synthesis in plants and other organisms; its action de-
pends upon causing thymidylic acid deficiency by block-
ing thymidylate synthetase (5, 27). The specificity of
FUDR action on the tobacco pith explants is substan-
tiated by the prevention of FUDR effect with thymidine
and not uridine, nevertheless its effect on DNA synthesis
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may lead to an inhibition of RNA synthesis (5, 13, 37)
and even synthesis of some enzymes (13, 32).

This requirement for DNA synthesis adds special inter-
est to the earlier work of Silberger and Skoog (34), who
showed that auxin induces an increase in DNA content
along with growth in tobacco pith. It should be noted,
however, that they observed the promotion of DNA
accumulation could be generated by concentrations of
IAA too low to effect growth, thus the stimulation of
DNA synthesis does not necessarily result in growth.

The next question is does the observed requirement for
DNA synthesis continue throughout the lag and cell
enlargement period or is there an escape from this re-
quirement? Our data based on addition of the FUDR at
various times after the IAA show that there is at least a
partial escape from FUDR inhibition after 2 days and
even more after 3 days. FUDR added even one day after
the IAA still produces complete inhibition of growth.
Thus it appears that the required DNA synthesis may
not even have started during the first day and may be
completed by 3 days. Since the incubation times used
were very long, it is unlikely that slowness in penetra-
tion is responsible for the failure of FUDR to produce a
complete suppression of auxin-induced growth when
added 2 or more days after the auxin. Furthermore, the
fact that the tobacco pith disks are strongly inhibited
by a concentration of actinomycin D (0.1 mg/l) which
has relatively little effect on most other tissues (see 22,
28, 29), indicates that there is no unusual barrier to
penetration since even actinomycin D, a relatively large
molecule (molecular weight 1255), enters the disks
readily.

Silberger and Skoog (34) reported that auxin had
started to increase the DNA per disk by the end of the
second day of treatment and this increase reached a
maximum by the fourth day. Because their lag phase was
longer than ours, their results can not be directly extra-
polated to ours. In their experiments the auxin-induced
increase in DNA was completed about the time when
disks showed a growth response. Likewise in our experi-
ments, the sensitivity of growth to FUDR was almost
completely gone about the time the growth response had
started.

Other inhibitors of DNA synthesis, namely hydroxy-
urea (23) and fluorouracil (5, 21, 22), also bear out the
necessity for DNA synthesis in auxin-induced growth of
tobacco pith.

In addition it was found that the auxin did not have
to be present in the incubation medium continuously. The
escape from this requirement occurred around 3 days.
Thus this tissue does not require a contmuous external
supply of auxin to maintain growth; instead, the exoge-
nous auxin needed only for the induction process. A
similar escape from the requirement for exogenous auxin
has been noted earlier in aged artichoke tubers (28).
Some other hormonal responses, for example the effect

of aldosterone on the short-circuit current in toad blad-
ders (10) do not require continuous presentation of the
hormone; however, some others do (8, 12).

As mentioned above auxin-induced cell enlargement in
many plant tissues does not require DNA synthesis. In
oat coleoptiles (4), soybean and pea stems (13, 17), corn
coleoptiles and aged artichoke tuber disks (Table 3),
FUDR does not inhibit the auxin-promoted growth. This
difference in the FUDR sensitivity of the different tissues
may reflect an important difference in the metabolic re-
quirements for growth; however, it is possible that even
coleoptiles require some special DNA synthesis to set the
stage for cell expansion, but this could occur much
earlier, long before the elongation phase begins. Arti-
choke tuber disks provide an example; here FUDR in-
hibits auxin-induced growth when added before (20) but
not after the aging period (Table 3). Interestingly, the
nuclei of artichoke tuber disks do not increase signifi-
cantly in DNA content during the aging period (1).
Furthermore, even in oat coleoptiles where some cells
undergo postmitotic DNA synthesis, the cells which have
a 2C DNA content apparently grow as well as those
with more (33). Thus it appears that even where DNA
synthesis is required, the necessary portion may be rela-
tively small, and the massive postmitotic DNA synthesis
in enlarging cells may not be required for the expansion.

Nitsan and Lang (26, 27) and Bopp and Bopp-
Hassenkamp (3, 4) have shown that FUDR can reduce
gibberellic acid-induced cell enlargement in lentil epi-
cotyls and stems of Kalanchoe daigremontiana plantlets
respectively. Atsmon and Dagani (2) have also reported
that FUDR suppresses both gibberellin- and auxin-
induced elongation in cucumber hypocotyls. At least in
the case of lentil epicotyls, it was later noted that cell
division may be a prerequisite for the gibberellin-induced
cell enlargement (see p. 465 in 22). Indeed, cell division
(and/or DNA synthesis) is also necessary for gibberellin
but not cytokinin promotion of cell enlargement in leaf
disks (see p. 401 in 18). It is, nonetheless, of interest that
these cells must pass through mitosis (and probably at
least one round of DNA synthesis) in order to be
programmed for expansion in response to GA. This
phenomenon, a requirement for cell division or DNA
synthesis in order to be reprogrammed, may also be
important in developmental processes other than cell
expansion, for example induction of floral apex devel-
opment (36) and wound xylem differentiation (15).

We believe that mitosis does not contribute to the
growth of the tobacco tissue used in this study. In the
first place, Jablonski and Skoog (19) have reported that
no detectable cell division occurs under these conditions
(even if minerals and vitamins are included in the medi-
um). Secondly, while it is true that colchicine, an in-
hibitor of mitosis, does affect the auxin-induced cell
enlargement in tobacco explants, it does so only at con-
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centrations much higher than those which normally in-
hibit cell division in plant tissues (11, 15), thus this in-
hibition is possibly due to an impurity in the colchicine
or some other type of action by colchicine such as in-
hibition of nucleic acid synthesis (14). This suggestion is
strongly supported by our observation that the same
concentration of colchicine (1 */o) also produces complete
inhibition of IAA-induced growth (increase in fresh
weight) in corn coleoptile sections.

The observation that DNA synthesis is required for
auxin-induction of cell enlargement in tobacco pith disks
raises questions about why DNA synthesis should be re-
quired anyhow in nondividing cells. Perhaps certain
genes must be multiplied to give many copies in order
to provide an adequate amount of template for RNA
synthesis or needed mitochondrial synthesis is blocked
through an effect on mitochondrial DNA replication by
the inhibitors or certain genes may be expressed (or de-
repressed) only during the period when they are being
replicated. The genes which would be amplified accord-
ing to the first possibility could even be ribosoma! genes
(7, 31) since cell expansion in tobacco pith explants has
been shown to be correlated with a large increase in
cellular RNA which is most likely ribosomal RNA (34).
Although auxin produces a large stimulatory effect on
respiration in the pith tisue even before it affects growth
(25), the second explanation cited seems the least likely.
At least in artichoke tuber disks, it is possible to inhibit
the auxin-induced increase in Oj uptake without re-
ducing growth (28),- however, this may not apply to the
tobacco pith. The third possibility is given some support
by the observation that the nitrite metabolizing enzymes
in Chlorella are most effectively induced by nitrite
during the period of DNA synthesis (24).

In any case postmitotic DNA synthesis or endoredu-
plication has been observed in many differentiating cells
and it would be of interest to learn which aspects of cell
differentiation require this DNA synthesis and why this
dependency exists.
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