
EFFECTS OF GIBBERELLIN, KINETIN, THIOUREA, AND PHOTOMORPHOGENIC
RADIATION ON MITOTIC ACTIVITY IN DORMANT LETTUCE SEED'

ALAN H. HABER AND HELEN J. LUIPPOLD

BioYoGv DIVISION, OAK RIDGE NATIONAL LABORATORY 2, OAK RIDGE, TENNESSEE

Lettuce seed germination can be stimulated, prob-
ably by distinct mechanisms, by any of the three
widely studied morphogenic agents: gibberellin, kine-
tin, or red light (11). It has been shown that cellular
expansion is both necessary and sufficient and that
cell division is neither necessary nor sufficient for
the initiation of lettuce seed germination (8). Thus
it is now possible to study the effects of germination-
stimulating agents on mitotic activity in embryos un-
complicated by germination and growth from expan-
sion. In this paper, mitotic activity as it is affected
by gibberellic acid (GA), kinetin, and light, as well
as by thiourea, which also stimulates germination of
lettuce seed (28), is studied.

MATERIALS AND METHODS

Seeds (achenes) of lettuce (Lactuca sativa L., var.

New York) were sown on filter papers moistened with
appropriate solutions at pH 5.7 as previously described
(8). Unless othervise indicated, the Petri dishes
were placed in closed copper sterilization cans that
were submerged in a constant-temperature water bath.
The seeds were thus in continuous darkness. Seeds
given light treatments were similarly sown in dishes
set upon a Cold-Cel truck plate with refrigeration
coils through which water was circulated from a 50
gal, constant-temperature water bath. The tempera-
ture within the Petri dishes was thus maintained at
approximately 31.5° C under the light filters here-
after described. The dishes were enclosed in wooden
frames with windows consisting of light filters through
which light shone from above. The light source

was a multiple water-cooled refluxing lamp unit (33).
Seven 1 50-watt incandescent reflector flood bulbs
shone down through 6 cm of water. The red-light
filter system was a Corning No. 2403 polished filter
and a Plexiglas filter containing a 2 cm thick layer
of CUSO4 * 5H20 (50 g per liter) plus 0.5 % H2SO4.
The far-red filter system wvas a Corning No. 7-69
molded filter and a similar Plexiglas filter containing
a layer of water 2 cm thick. The red filter system
transmits light from 625 to 680 my, with a peak near

650 mi. The far-red filter system (which has a total
of 8 cm of water, including the water in the light
source) transmits radiation from 710 to 1,150 mAi,

1 Received November 5, 1959.
2 Operated by Union Carbide Corporation for the

U. S. Atomic Energy Commission.

with a peak near 820 mA. Transmission at 740 mu is
58 % that of the peak transmission. Transmission
spectra of the individual components can be found in
the following sources: Filters Nos. 2403 and 7-697
color filters catalog available from Corning Glass
Works, Optical Sales Department, Corning, N. Y.;
copper sulfate solution from Withrow and Price (34),
and water from Curcio and Petty (3). The seeds
received 1 and 57 microwatts/mm2 of radiant energy
under the red and the far-red filter systems, respec-
tively. These light treatments were given continu-
ously from the beginning of imbibition.

The criterion of germination was visual detection
of radicle protrusion. Radicles (1-2 mm) from non-
germinated seeds were excised and prepared as de-
scribed previously (8). The apical 0.5 mm was ex-
amined for mitotic activity. An entire dish of seeds
was sampled at one time for germination percentages
and mitotic activity in nongerminated seeds. Once
sampled, the dish was removed from the experiment.

Respiratory rates were determined by placing 50
seeds in 1.2 ml of solution in the main compartment
of Warburg flasks. We placed 0.2 ml of 20 % KOH
and a fluted piece of filter paper in the center well to
measure oxygen consumption by the direct method
(32).

The term "germination" is used here in the physio-
logic sense of Toole et al (30): ". . . the start of
germination depends upon coupling of respiration to
growth." Accordingly, seeds that undergo mitotic
activity without expansion of the embryo are not
designated as germinated. When an embryo under-
goes visible expansion (apart from water imbibition)
the seeds would be designated as germinated, even if
mitosis had not yet begun.

RESULTS

EFFECTS OF GA, KINETIN, AND THIOUREA ON
MIITOSIS AT 370 C: To be meaningful, studies on
germination and on mitosis in nongerminated seeds
should be conducted under identical experimental
conditions. Also, there should be no bias from sam-
pling dissimilar populations of nongerminated seeds.
We have found these conditions can be satisfied for
studies with kinetin and thiourea by incubating the
seeds at 37° C in darkness. Both kinetin and thiourea
stimulate germination under these conditions (fig 1).
The inability of GA to stimulate germination confirms
an earlier observation that GA is ineffective in break-
ing thermodormancy of lettuce seed (11). After 1
day, however, none of the seeds had germinated in any
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TABLE I
EFFECTS OF GERMINATION-STIMULATING CHEMICALS ON MITOTIC ACTIVITY IN NONGERMINATED

SEEDS AFTER 1 DAY AT 370 C IN DARKNESS

No. OF No. OF RADICLES
MITOTIC FIGS CONTROL GA* KINETIN* THIOUREA*

0 63 64 45 64

1 1 ... 9 1
2 1 ... 5 ...

3 ... ... 1

4 ... 1 1

5 ... ... 1

6 ... ... 1

7 ... ... 1

8 ...

9 ...

10 ... ... 1

>10 ...

Total No. radicles examined 65 65 65 65
Total No. mitotic figures

observed 3 4 54 1
Radicles with one or more

mitotic figures (%) 3.1** 1.5 30.8** 1.5.
* Concentrations given in figure 1.
** Difference significant at level of P = 10-4.

of the treatments. Consequently, seeds could be
sampled at this time from all treatments for examina-
tion of mitotic activity uncomplicated by growth from
expansion. After 2 days, none of the seeds had ger-
minated in water or GA, and the germination per-
centages in kinetin and thiourea were only 0.8 and
5 %, respectively. Thus, after 2 days, these non-
germinated seeds could be sampled from the different
chemical treatments with very little sampling bias re-
sulting from the germination. After incubation for
either 1 or 2 days, 65 radicles were excised from the
nongerminated seeds in each treatment for examina-
tion of mitotic activity (tables I, II). For each
chemical treatment, the distribution of mitotic figures
among the radicles deviated from randomness, with
a very great discrepancy between the observed number
of radicles having no mitotic figures and the number
expected from the Poisson distribution having the
same mean number of mitotic figures per radicle.
These comparisons, which are given only for the water
controls in table II, confirm previous results dis-
cussed elsewhere (8). For our present purpose, this
particular aspect of the deviation from randomness
permits the application of contingency tests of the sig-
nificance of differences (26) in mitotic activity be-
tween treatments by comparing the numbers of radi-
cles having one or more mitotic figures detected.

It is apparent that mitotic activity is greater in
kinetin than in water in the nongerminated seeds after
either 1 or 2 days at 37° C in darkness. The kinetin

treatment resulted not only in increased mitosis but
also in increased cell division inasmuch as no binucle-
ate cells were observed.

GA had no effect on mitotic activity after either
1 or 2 days. After 2 days mitotic activity was in-
hibited by thiourea. Since thiourea inhibits mitotic
activity in this experiment even though it stimulates
germination, we conclude that thiourea is an inhibitor
of mitosis in these seeds where mitosis is uncompli-
cated by growth by expansion. Before concluding
definitely that kinetin is a true cell-division factor
and that GA can stimulate germination without direct-
ly stimulating mitosis, it is necessary to rule out the
alternative explanations considered in each of the
following three subsections.

STUDIES OF ACTION OF KINETIN AT HIGH TEM-
PERATURE: Sufficiently high temperatures can in-
hibit germination (2) or mitosis in nongerminated
seeds (8). Accordingly, the actions of kinetin on
mitosis (tables I and II) and germination (fig 1) in
seeds at superoptimal temperatures could conceivably
result from a general protection against high-tempera-
ture effects; if so, then the kinetin effects would not
necessarily result from more-direct actions upon
either germination or mitosis. This possibility has
been tested in two types of experiments. First, we
gave seeds various high-temperature treatments de-
signed to prevent subsequent germination under con-
tinuous white light at 260 C. The results of one ex-
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TABLE II
EFFECTS OF GERMINATION-STIMULATING CHEMICALS ON MITOTIC ACTIVITY IN

NONGERMINATED SEEDS AFTER 2 DAYS AT 370 C IN DARKNESS

No. OF

GA*
38

3
2

4
1

1

3

2

1
2

I

*I

1

1

1

I
II

RADICLES

KINETIN*

9

3
4
5
4
4

2
2
2
2
3

2
1
2

3

1
1
1

1
1

1
11

2

THIOUREA*

61

2

1

I

*. .

POISSON
DISTRIBUTION

(REFERS TO CONTROL)

0.5

2.4
5.9
9.6

11.7
11.4

9.3
6.4
3.9
2.1
1.0

0.5
0.2
0.1

'ti-JU 1 . . .

51-60 ... 1 2 ...

61-70 ...... ...

71-80 ... ... 1
81-90

91-100 ....1..
>100 ...

Total No. of
radicles
examined 65 65 65 65 65

Total No. of
mitotic figures
observed 317 351 1,028 13 317

Radicles with
1 or more
mitotic figures
mitO) 41.5A 41.5B 86.2B 6.2A

* Concentrations given in figure 1.
A. B Pairs of figures with the same symbols significantly different from each other, P = 10-4. The kinetin data

are compared with the GA data rather than with the control data to avoid using the same observations for two
different tests of significance. See table I for comparison between kinetin and control treatments.

No. OF
MITOTIC
FIGURES

0

1
2
3
4
5

6
7
8
9
10

11
12
13
14
15

16
17
18
19
20

21-22
23-24
25-26
27-28
29-30
31-35
36-40
Al cnl

CONTROL

38

4
2

1
4

1
1

2

1
1
I1

...

1
1
1
1

1
1

..
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FIG. 1 (TOP). Effects of GA, kinetin, and thiourea
on germination at 37° C in darkness. 0, Water controls;
O, 3 X 10-4/MGA; *, 1-5M kinetin; and /,
3 X 10-2 M thiourea. Each point represents the germi-
nation per/entageof an independent sample of 120 seeds.

FIG. 2 (BottomX). Effects of GA and light on germi-
nation at 31.5° C. 0, Far-red; *, red; and [C, far-red
+ 3 X 10-4 M GA. Each point represents the germi-
nation percentage of an independent sample of 88 to 94
seeds.

periment are given in table III. Seeds germinated
directly gave 95 % germination, whereas seeds first
kept 6 hours at 45° C gave only 21% germination
under the same conditions of continuous lighting at
26° C. Incubation in various concentrations of kine-
tin during the 6 hours at 45° C, however, did not sig-
nificantly protect against the deleterious effect of
the high-temperature treatment. These data suggest
that kinetin does not generally increase tolerance of
the seeds to high-temperature -stress. Consequently,
its effects on increasing mitotic activity in nonger-
minated seeds at 37° C should be regarded as a true
acceleration of mitosis. Similarly, the effect of kine-

tin on germination at superoptimal temperatures
should be regarded as a true breaking of thermodor-
mancy rather than a protection of the germination
mechanism against heat damage. A similar conclu-
sion is also suggested by studies of the respiratory
rates of seeds at 370 C in water or in kinetin. As
shown in table IV, the respiratory rate per seed, which
is a general indication of over-all metabolic activity,
is unaffected by kinetin treatments which stimulate
germination. Although all experiments were per-
formed with the same batch of seeds, those cited in
tables III and IV were done about 9 and 11 months,
respectively, before the other experiments cited in this
paper. The somewhat better germination rate of the
kinetin-treated seeds (table IV compared with that
shown in fig 1) may possibly be related to this and
to other differences of experimental method necessi-
tated by the manometric techniques.

SYNERGISTIC ACTION OF GA WITH EITHER KINE-
TIN OR THIOUREA AT HIGH TEMPERATURE: The re-
sults given in tables I and II might suggest that GA
generally has no effect on mitosis in seeds when such
mitosis occurs without growth by expansion. Since
treatment with GA alone also fails to allow any ger-
mination at this temperature (fig 1), the possibility
remains that GA loses all its activity at the high tem-

perature. Accordingly, the data in tables I and II
in themselves do not permit the conclusion that GA
has no direct effect on mitotic activity under those
conditions for which it might still be active with re-

spect to germination. The experiment summarized
in table V confirms the ineffectiveness of GA alone
to stimulate germination at high temperature. How-
ever, GA does retain the capacity to stimulate germi-
nation in the presence of either kinetin or thiourea.

TABLE III
EFFECT OF KINETIN ON HIGH-TEMPERATURE-INACTIVATION

OF LETTUCE SEED GERMINATION

KINETIN MOLARITY SUBSEQUENT
H45ORCAT DURING HIGH-TEMP No. SEEDS GERMINATION

TREATMENT* AT 260 C**

(%)
0 ... 240 95.4
6 0 579 21.2
6 3 x 10-6 264 26.1
6 10-5 272 26.5
6 3 x 10-5 134 13.4
6 10-4 285 21.4

* Batches of approximately 130 to 140 seeds were sown
on one piece of filter paper moistened with 5 ml of appro-
priate solution in the bottom of 250 ml Erlenmeyer flasks.
The opening of the flask was covered with Parafilm, and
the main body of the flask was submerged in a 450 C
water bath.

** After exactly 6 hours, seeds were washed out of
each flask into a cheesecloth bag and repeatedly washed
with distilled water. The seeds were then transferred
to 9 cm Petri dishes containing one piece of filter paper
moistened with 3.5 ml of water. Germination percent-
ages were determined after 3 days at 260 C under con-
tinuous white light of 15 ft-c.
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TABLE IV
EFFECT OF KINETIN ON RESPIRATION AND

GERMINATION AT 370 C

TIME* QO (MICROLITERs/50 SEEDS**)
(HOURS) WATER CONTROLS 5 X 10-5 M KINETIN

3-4 36.4 38.8
39.7 37.5
32.4 36.0
35.2 39.8

average 35.9 average 38.0

4-5 36.4 42.2
33.1 35.9
38.9 37.6
46.4 35.2

average 38.7 average 37.7

5-6 36.4 38.8
34.7 39.1
38.9 40.9
32.0 35.2

average 35.5 average 38.5

6-7 38.0 43.9
41.3 45.6
42.1 45.8
49.6 41.3

average 42.8 average 44.2

Germination
(%) *** 0.0 32.5

* Time from beginning of imbibition in Warburg flasks
at 370 C.

** Each entry represents a single flask containing 50
seeds.

*** Percentages refer to germination after 2 days for
the 200 seeds in each treatment. Germination in kinetin
had begun by 24 hours in this experiment.

At the very high temperature GA is effective under

conditions (i.e., in the presence of either kinetin or

thiourea) where some germination is possible in its
absence. This is in contrast to the data of table II
which show that GA did not affect the mitotic activity
in the nongerminating seeds. These considerations
therefore favor the conclusion that the failure of GA
to affect mitotic activity at 370 C (tables I and II)
cannot be related to its incapacity to stimulate germi-
nation at 370 C. If so, we should expect GA to have
no effect on mitosis in nongerminated seeds under
conditions for which treatment with GA alone does
significantly stimulate germination. The results of
the next subsection will indicate that this is correct.

EFFECTS OF GA AND PHOTOMORPHOGENIC RADIA-
TION ON MITOSIS AT 31.5 C: A temperature of
31.50 C permits experiments with GA and light an-

alogous to those with kinetin and thiourea described
in the first subsection and summarized in figure 1 and

tables I and II. As can be seen from figure 2, ger-

mination in water is negligible at 31.5° C under con-

tinuous far-red light. However, treatment with GA
stimulates germination under the same conditions of
temperature and far-red lighting. Similarly, con-

tinuous exposure to red light permits germination of
seeds in water. We examined 50 radicles from non-

germinated seeds after 1, 2, or 3 days for each of the
three treatments: red, far-red, or far-red plus GA (see
table VI). In each of the three treatments, con-

tingency tests showed there was no significant differ-
ence in the occurrence of radicles having one or more

mitotic figures detected after 1, 2, or 3 days. Con-
sequently, the data for each of the three time periods
are combined within any one treatment at the bottom
of table VI. There are no significant differences
in mitotic activity that can be attributed to treatment
with GA or to the different light conditions. These

results show that GA has no direct effect on mitotic

activity even at a temperature where it stimulates
germination. Similarly, red and far-red light treat-

ments, which have such different effects on germina-
tion, do not give significantly different results on

mitotic activity in nongerminated seeds. After only
1 day under far-red light at 31.50 C, seeds in 10-5 M

kinetin or 3 X 10-2 M thiourea gave 28 and 12 %
germination, respectively.

DISCUSSION

VALIDITY OF CONCLUSIONS DRAWN FROM OB-

SERVATION OF MITOTIC FIGURES: In general, conclu-

sions on the effect of any given treatment on mitosis

that are drawn from numbers of mitotic figures ob-

served may be open to any of the following criticisms:

A. Detection of increased numbers of mitotic figures
for a given treatment may not necessarily result from

a stimulation of greater numbers of cells to undergo
mitosis but rather from an effect on the time course

TABLE V
SYNERGISTIC AcTIoN OF GA WITH EITHER KINETIN OR

THIOUREA ON GERMINATION AT 37.50 C

SUPPLEMENT* No. SEEDS GERMINATION**
(%)

None 195*** 0.0
GA 183*** 0.0

Kinetin
Kinetin + GA

Thiourea
Thiourea + GA

453t
464t
4651
462t

8.2A

19.4A

2.8B

13.6B

* Concentrations as in figure 1.
** After 3 days at 37.5° C in darkness.
*** From two dishes of approximately 90 to 100 seeds

each.
f From five dishes of approximately 90 to 100 seeds

each.
A, B Pairs of figures with the same symbols significantly

different from each other, P = 10-4.

490



HABER AND LUIPPOLD-MITOSIS IN DORMANT LETTUCE SEEI)

of the mitotic cycle. B. Increased numbers of mi-
totic figures may not result from a given treatment,
but may rather result from biological variability in
which some organisms sampled have either a vigor-
ous extent of cell division or are undergoing a wave
of cell division at the time of fixation. C. Treat-
ments with growth-regulating agents that seem to
affect the mitotic ratio may do so by altering the
growth pattern of the tissue so that cells examined
after different treatments may not have come from
equivalent or comparable morphological regions. The
conclusions presented here are not invalidated by the
first two criticisms since the pattern of deviation from

randomness in the detection of mitotic figures permits
the application of contingency tests on the basis of
radicles having some mitosis vs. no detected mitosis.
Moreover, the large numbers of individual radicles
examined tend to minimize the second criticism if the
total numbers of mitotic figures observed among all
radicles examined in one given treatment are con-
sidered. The third criticism does not apply because
all radicles examined were excisecl from nongermi-
nated seeds; consequently, no total enlargement had
occurred. Moreover, the data are not expressed as
mitotic ratios but as numbers of mitotic figures de-
tected per radicle.

TABLE VI
EFFECTS OF LIGHT AND GA ON MITOTIC ACrIVITY IN NONGERMINATED SEEDS AT 31.50 C

NUMBERS OF RADICLES

FAR-RED +
No. OF TREATMENT -. RED FAR-RED 3 x 104 M GA
MITOTIC
FIGURES DAYS-_ 1 2 3 1 2 3 1 2 3

0 21 35 34 29 34 32 36 34 35
1

2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22

23
24
25

26
>26

Total No. of radicles
examined

Total No. of
mitotic figures
observed

Radicles with 1 or
more mitotic figures
(%)

7
5
6
2

1

2

6
1
2
2

2
1

5

2

1

10
3
4
1
1

2
1
1
2

1

1

1

6
4

1*. .

. . .

1

.. .

1
* *1

2

2
2
3

.. .

4
1
3
2

2. . .

3

4

2
1
3
2
2

7
2
1

1

1

1

1

1

11

1

1

2 .. ... ... ... .....
1 ... ... ...1 ...

...... ... ~ ~~~1... ... ..

...... ... ... ~... ... 1

...... ... ~~~... 1 ... ...

...... ... ~~~~... ... I.
... ... 1 ~ ~... .. .. ..

1

...

I 1

50. 50. 50. ... ... ... ... 1.05
*
*- . * .... .. .. ... . . . . . . . . . ..

50 50 50 50 50 50 50 50 50

308 255 276

30.0
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FURTHER EVIDENCE THAT CELL DIVISION AND

CELL EXPANSION ARE INITIATED BY DIFFERENT

MECHANISMIS DURING GERMINATION: We previous-

ly concluded that cell division and cell expansion were

initiated by different mechanisms during germination

(8). If this is so, we may predict that there should

be no necessary and general relation between the

activity of any particular treatment on germination
and its activity on mitosis in the absence of germina-
tion. Of the four germination-stimulating agents

studied in this paper, only kinetin also stimulated
mitosis in nongerminated seeds; GA or red light had

no effect on such mitosis, and thiourea inhibited it.

Thus these results amply confirm that cell division
and the initiation of germination by cell expansion
are controlled by different mechanisms during germi-
nation.

WHAT IS DORMANCY? Table IV shows that the
effect of kinetin on breaking thermodormancy was un-

accompanied by any readily dliscernable difference in
oxygen consumption. In similar studies on the dor-
mancy resulting from y-irradiation of lettuce seed, it
was found that GA or kinetin (which produced 15-
fold or 20-fold increases in germination percentages,

resp., compared to water controls) gave no difference
in oxygen consumption per seed until root growth was

visible (9). Similarly, although white light gave a

28-fold greater germination percentage of Grand
Rapids lettuce seeds than far-red light, the fixation
of C14 from externally supplied radioactive bicarbo-
nate into the alcohol- and water-soluble fraction was

not significantly different under the two light condi-
tions (12). Although other investigators have re-

ported some changes in oxygen consumption per seed
resulting from light treatments known to affect dor-
mancy (5, 13, 15), our results suggest that the break-
ing of dormancy is not generally related to gross

metabolic alterations until after root growth has be-
gun. Long before growth begins, lettuce seeds couple
energy to endergonic metabolic processes (12). Ac-
cordingly, it is not surprising that the metabolism of
dornmant seeds can be sufficient to sustain mitotic
activity and that such activity can be modified by
some growth-regulating chemicals (e.g., kinetin or

thiourea). It would therefore seem that dormancy
in seeds is not generally related either to a significant
depression of over-all metabolism or to a block pre-

venting cellular division. Because the term "dor-
mancy" connotes a relatively inactive mietabolism and
a cessation of all processes concomitant to growth, it
may be an inappropriate term for describing the phy-
siologic state of seeds prevented from germinating
by withholding morphogenic stimuli (e.g. red light,
GA, etc.) under otherwise favorable conditions.
These considerations lead to the conclusion that the
definitive characteristic of dormancy in seeds is a

subtle block that specifically prevents the initiation
of cellular expansion. If thiourea generally inhibits
mitosis (see p. 493), then the breaking of dormancy in

potato tubers by thiourea (4) must similarly be re-

lated to an initial stimulation of growth by cellular

expansion andl not to cell division. Thus the defini-
tive characteristic of dormancy in seeds may possibly
be the definitive characteristic of dormancy in general.

GIBBERELLIN AND MITOSIS: \Vhereas previous
studies showed that the action of GA in breaking let-
tuce seed dormancy must be attributed to an activa-
tion of cell expansion (8), our present findings further
suggest that GA does not generally influence growth
by directly affecting mitotic activity. It should be
remembered that the mitotic activity studied here
occurred in the radicle, the first organ to grow during
lettuce seed germination. Gamma-irradiated wheat
can provide a system for growth studies complemen-
tary to those studied here, i.e., growth can occur by
cellular expansion in the absence of any cell division
(10). In such a system, GA was found to give
typical effects on seedling growth (10). Considera-
tions of growth as a function of radiation dose further
suggested that the increased growth induced by GA
in unirradiated young wheat seedlings can be attribu-
ted largely or entirely to a direct effect on cell ex-

pansion rather than a direct effect on cell division
(10). Thus the experiments performed on the two

complementary systems (lettuce seeds in which cell
division occurs in the absence of growth by cell ex-

pansion and irradiated wheat in which seedling growth
by cell expansion occurs in the absence of cell divi-
sion) suggest a single consistent theory. The growth-
stimulatory effects of GA are caused solelv by a direct
effect on cellular expansion; thus the apparent effects
on cell division are results, and not causes, of such
growth stimulation (see ref. 10 for additional discus-
sion and literature citations).

SYNERGISTIC ACTIONS INVOLVING GA ON SEED
GERMINATION: Synergistic actions on lettuce seed
gernmination from combinations of GA and kinetin
(or kinetin analogues) have been reported (11, 23,
24). However, no such synergistic effect has been
reported for combinations of gibberellin and thiourea,
which is demonstrated here (table V). Inasmuch as

kinetin and thiourea have such different over-all
effects on lettuce seeds (as evidenced by their opposite
effects on mitotic activity in nongerminated seeds),
the fact that GA can give synergistic effects with
either compound tends to weaken the suggestion of
Skinner et al that gibberellin and 6- (substituted)
purines "are closely related in their biochemical func-
tions" (24). The present considerations agree with
studies that showed that the actions of GA and kine-
tin on lettuce seed germination are separable and
distinct (11).

ACTION OF KINETIN: Since the discovery of
kinetin and its activity in cell division (18), it has
been found to produce diverse effects. other than
promotion of cell division, in several systems (see
ref. 27 for review). Its effect on leaf disk expansion
has been attributed to cell enlargement (6, 16). Its
activity in stimulating lettuce seed germination must
also be attributed to cell expansion (8). Kinetin can

break dormancy resulting from y-irradiation under
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conditions where the initiation of mitosis lags several
days behind the initiation of germination by cell ex-

pansion (8, 9). Consequently, this initial stimulation
of germination in y-irradiated seeds cannot possibly
be related to cell division since there is no division at

the time. Since kinetin has been shown to promote
cell expansion in several instances, an increased cell
number resulting from kinetin treatment (7,19) does
not in itself imply a primary action on cell division.
Since the stimulation of cell division in nongerminated
seeds occurs without over-all expansion, our studies
show that kinetin can indeed act as an accelerator of
cell division. That this stimulation of cell division can

not be attributed to the stimulatory effect of kinetin
on germination follows from the failure of the other
germination-stimulators (GA, thiourea, red- light) to
similarly stimulate cell division in nongerminated
seeds. This demonstration of a true stimulation of
cell division by kinetin is in accord with the work
of Skoog and his associates. These workers found
that, in the presence of indoleacetic acid, kinetin treat-
ment of tobacco pith resulted in clusters of very small
cells (25). The action of kinetin in the nongermi-
nated seeds differs from its action in tobacco pith in
that no exogenous auxin is necessary for activity.

EFFECTS OF LIGHT: In the classic studies by the
Beltsville workers (2), red and far-red light were

applied to seeds as short pulses instead of the continu-
ous light treatments used in the present studies. Since
we found no difference in the mitotic activity result-
ing from continuous red or far-red light treatments,
there should have been no differences in mitotic ac-

tivity from light treatments of short duration. WVe
chose continuous light treatment to obtain the great
differences in germination percentages (fig 2), in
contrast to which the lack of effect on mitosis (table
VI) is all the more striking.

That the over-all effect of light on seeds differs
from the over-all effects of either kinetin or thiourea
is indicated by the fact that light apparently has no

effect on mitotic activity whereas kinetin or thiourea
do have. The effects of red light and kinetin on the
initiation of germination proper are mediated by dif-
ferent mechanisms (11, 17). Although apparently
neither red light nor GA influence mitosis in non-

germinated seeds, we do not wish to imply that the
effects of these two agents on germination are there-
fore closely related. We have previously shown that
under certain conditions where lettuce seeds are un-

able to respond to GA they can respond to red light
(11). Conversely, under certain conditions where
the response to light was poor, there was a very strong
response to GA (9).

From considerations analogous to those presented
in the subsection on gibberellin and mitosis, it might
be suggested that the effects of light on cell division
during seedling growth (29) may result from more

direct actions on growth by cell expansion.

EFFECTS OF THIOUREA: Although thiourea must
stimulate germination via cellular expansion, it none-

theless inhibits cell division in nongerniinated seeds.
It also greatly inhibits mitotic activity in protruded
roots (2-4 mm long) of lettuce under conditions where
both treated and untreated seeds have fully germinated
(Haber and Luippold, unpub.) Treatment of lettuce
seeds with thiourea after y-irradiation increased pro-
duction of chromosomal aberrations in the root tips
after germination (9). Thus thiourea has (at least)
two different effects on the nuclear level: mitotic in-
hibition and (potentiation of) chromosome breakage.
Inhibition of mitosis may explain the drastic inhibitory
and lethal effects of thiourea on seedling growth (9,
21, 28); on inhibiting or greatly retarding cleavage
of eggs and arrest of growth at the earliest develop-
mental stages in echinoderms (1, 22); and on in-
hibition of regeneration in planarians (14). It may
also be possible that mitotic inhibition may be related
to the activity of thiourea as a goitrogenic drug,
especially since goiters are characterized by a greater
extent of cellular hypertrophy than cellular prolifera-
tion (31).

It is most interesting that thiourea, which inhibits
growth [including that of lettuce seedlings (9,28)]
as well as mitosis in nongerminated lettuce seeds,
should stimulate the initial cellular expansion in break-
ing dormancy of lettuce seeds and potato tubers (4).
This might be partly explained by postulating that
the growth-inhibitory action of thiourea can be at-
tributed solely to inhibition of cell division. If so,
then it should be relatively ineffective as a growth
inhibitor in systems where mitotic activity does not
significantly contribute to over-all growth as, for
example, in the initial growth by cell expansion in the
breaking of dormancy. In this connection, it is inter-
esting to note that Parry found a synergistic action of
thiourea and indoleacetic acid on the growth of Avenia
sativa L. seedlings (20). There was, moreover, a

slight positive effect of thiourea in the absence of ap-
plied indoleacetic acid (20). This might suggest
that thiourea stimulates cellular expansion in certain
special oases apart from its action in breaking dor-
mancy.

SUMMARY
The effects of several germination-stimulating

agents on mitotic activity in radicles of nongerminated
lettuce seeds have been studied using conditions near

the upper limits of temperatures permitting germina-
tion. Under appropriate conditions where gibberellin,
kinetin, thiourea, and red (as compared with far-red)
light could stimulate germination, only kinetin stim-
ulated mitotic activity. Kinetin can be considered a
true cell division factor in nongerminated lettuce seeds,
Neither gibberellin nor red light had any significant
effect on mitotic activity under conditions where they
were later active in stimulating germination. The
conditions under which thiourea inhibited mitosis
were the same as those under which it later stimulated
germination. The results are discussed in relation
to seed germination, the general problem of dormancy,
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and the actions of the germination-stimulating agents

on other aspects of growtlh and development.
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