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Several workers have shown that gibberellic acid
(GA,) promotes the germination of seeds which or-
dinarily require light (6, 10, 13, 14, 16, 17, 23, 28, 30).
This phenomenon raises several fundamental ques-
tions as to the mechanism of light-controlled germina-
tion: A: Does light simply act by releasing a gib-
berellin in the seed, B: Does the GA, substitute for
light by bringing about chemically a reaction which
is normally photochemical, or C: Does the GA, bring
about some quite other type of growth process which
independently leads to germination? The following
experiments are an attempt to provide answers to these
questions.

MATERIALS AND METHODS

The seeds used for germination studies were those
of Lactuca sativa L. var. Grand Rapids (Breck’s Co.,
Boston, Mass.). For some of the gibberellin extrac-
tion work the seeds were supplied by Pieters Wheeler
Seed Co., Gilroy, Cal. Since germination in the dark
was found to be gradually induced even in dry seeds,
when stored at room temperature and humidity (cf.
5), special precautions were taken as to the time of
purchase of the seeds and their storage. Seeds pur-
chased at the end of January, 1959, and kept in the
cold room at 4° C thereafter, showed less than 59
germination in darkness. These were used for all
quantitative experiments. They were taken out of
the cold room as needed, allowing the shortest possible
time of exposure to room temperature and humidity.

The ordinary method in which seeds are placed on
wet blotter or filter paper gave markedly fluctuating
results. For this reason the present work was car-
ried out by shaking the seeds in solution without
filter paper. Throughout the periods of imbibition
and germination, the seeds were placed in 5 cm Petri
dishes with the solution, and gently shaken on a ro-
tating shaker in the dark at 25° C. Three milliliters
of solution was added to each Petri dish, when 100
seeds were used, and 2 ml when 50 seeds or less were
used. With this method, the seeds are treated with a
precisely measured volume of water, thoroughly wet-
ted and aerated: correspondingly the results have
been much more uniform, although the overall aver-
ages. especially for the first 2 hours, are not much
changed by the filter paper.

For the introduction of solutions by injection, 25
seeds whose fruit-coats had been removed were im-
bibed for 15 minutes on double layers of wet filter
paper wrapped around two sheets of slide glass placed
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in a 9 cm Petri dish, and the solution was injected
from the cotyledon end with a fine needle (Vita 30,
Vita Needle Co., Needham, Mass.) in between the
endosperm and the embryo. The endosperm layer
(the innermost covering of the seed) separated from
the embryo and swelled due to the liquid injected.
The criterion of success in injection was that the
liquid should penetrate as far as the radicle tip of the
seed. According to this criterion, the reliability of
the technique was more than 80 %. To complete
this procedure on 25 seeds required 7 to 10 minutes.
Injection was carried out at 4° C under the green
safe-lamp, and the seeds were then transferred to
darkness at 25° C for germination.

Gibberellic acid (GA;) was used as a stock 100
ppm solution in distilled water, and dilutions were
prepared from this just before use.

The red light source was a 100 watt incandescent
lamp filtered through a Corning Signal Red glass filter
(50 % transmission at 630 me), and the source for
far-red light was a General Electric 150 watt reflector
flood lamp filtered through the Corning glass filter
No. 7-69 (2600) (50 % transmission at 742 mg).
Both these filters are of the steep cut-off type. An
interference filter with peak transmission at 735 mp
was also employed for a few experiments, but because
of its small size was found inconvenient to use. The
lamps were placed 25 cm above the level of the seeds.
Necessary manipulations which required light were
carried out under a green safe-lamp (20 watt white
fluorescent lamp wrapped by double layers each of
yellow and green cellophanes). In a few cases the
germination occurred in an atypical manner: these
are denoted by numbers in parentheses in the tables.

REstLTS

I. NormaL CoURSE OF GERMINATION. Pre-
liminary experiments were carried out to find the
amount of moisture which must be absorbed to allow
germination under the conditions employed. For
this purpose the fresh weight of the seeds was de-
termined at various periods after the beginning of im-
bibition at 25° C. One group of seeds was induced
to germinate with 2 minutes exposure to red light at
1.5 hours after the beginning of dark imbibition, and
the other groups were kept in darkness throughout.
For comparison with the imbibition data, the extent
of germination which had been induced by 1 minute
irradiation with red light at various times after the
beginning of imbibition was also determined. The
results are shown in figure 1: each reading was the
average of two runs.

Curves A and B show that light does not stimulate
the uptake of water by the seeds, but shortly after
visible germination begins a marked increase in
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F16. 1. Percent increase of fresh weight (A and B)
during the course of imbibition and germination. A:
Seeds induced to germinate with 2 minutes red light at
1.5 hours after the beginning of imbibition. B: Seeds
kept in darkness. C: Effect of 1 minute irradiation with
red light, given at indicated times, on germination ex-
amined 48 hours after the light treatment.

weight occurs; this parallels the elongation of the seed-
ling (cf. fig 4). Although 1 minute of exposure to
the red light is not sufficient to induce full germina-
tion at any period of imbibition, it is clear that the
seeds are most sensitive, showing a single peak, at
about 14 hours from the beginning of imbibition,
when water uptake is still taking place actively and
the water content of the seeds has reached about 40 9%
of their original weight (figure 1C). This observa-
tion indicates that seeds need not be in the fully turgid
state for maximum germination to be induced.

As is well known, exposure of the seeds to far-red
light inhibits germination (2,4,8,9). However,
Borthwick et al (2) showed that seeds which had been
induced to germinate by red light escaped the inhibi-
tory effect of far-red irradiation, if the far-red was
given a sufficiently long time after red irradiation.
Figure 2 shows a detailed study of this effect. The
seeds were exposed for 2 minutes to red light after
1.5 hours (Curve A) or 8 hours (Curve B) from the
beginning of dark imbibition, then given 2 minutes
far-red light at various intervals after the red treat-
ment. An average of two readings is plotted in this
figure.

The curves of figures 2A and 2B agree fairly well
in general shape, except that figure 2B tends to show
a longer lag period, slower rate of escape, and Jess
germination at the maximum level. After the first
sign of root penetration, the curves reach the plateau,
i.e., complete escape from far-red inhibition (see
arrows). In comparison with figure 2, Borthwick
et al found that the initial lag period continued up to
3 hours and their seeds became gradually less sensi-
tive up to about 15 hours (fig 9 of ref 2). The
markedly slower timing is probably due to differences
in the experimental method as discussed below. How-
ever, their curve essentially coincides in its shape with
those reported here.

As shown in figure 1C, at 1.5 hours after dark
imbibition the seeds are in a state of maximum sen-
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sitivity and by 8 hours they have become much less
responsive to red light. Some fluctuations in the
data of figure 2B may reflect the gradual decrease in
sensitivity due to the long imbibition period, which
by the end of the experiment totals 24 hours.

II. EFfFEcT oF GIBBERELLIC Acip. That lettuce
seeds are as responsive to GA; in the dark® as has
been reported in the literature (6,10, 13,14,17) is
shown in figure 3, which includes data of two experi-
ments. In one case the concentration of GA, needed
for 50 % germination in the dark is approximately
28 ppm and maximum germination is obtained at 60
ppm; in the second experiment 50 % germination was
produced by 20 ppm and 100 % at between 50 and
100 ppm. In both cases controls in water gave less
than 1 % germination.

When the seeds are shaken with the solution, only
a small amount of GA,; may be taken up, so that the
actual sensitivity is doubtless higher than that shown
above. For this reason the action of GA, was also
tested by direct injection into the seeds. The method
of injection has been described above. In table I the
results of three series of experiments are summarized.
Unfortunately with this method many control seeds
(injected with water) germinate, but the results are
still fairly clear; maximum germination can be ob-
tained with a concentration as low as 1 ppm. This
point will be referred to in section V below.

It is well known that GA,; has a marked effect on
elongation of shoots (see 3,26). However, Evenari
et al (6), who made measurements of the hypocotyls
and roots of lettuce seedlings 72 hours from the start
of soaking, concluded that GA, had no effect on the

3 Minimum green light was used briefly for the manip-
ulations.
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growth of hypocotyls or roots. Their data, never-
theless, do actually show an increase of 10 to 20 %
in the length of the hypocotyls. The timing of their
measurements, furthermore, may have been late
enough so that these two parts of the seeds had al-
ready reached maximum growth. Since a possible
mechanism of GA; action on the germination of let-
tuce seeds is that it promotes the initial rate of growth
of these parts, this point seemed worthy of reinvesti-
gation. For this purpose, 50 seeds were soaked in
GA, solution (100 ppm) in darkness for various
periods of time between 12 and 48 hours, then the
lengths of hypocotyls and roots of all germinated seed-
lings were measured. As control, a group of seeds
were allowed to imbibe in the dark in water, then
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given 2 minutes exposure to red light at 1.5 hours after
dark imbibition, and measured as above. The results
are shown in figure 4.

The first sign of visible germination of both light-
induced and GA;-treated seeds takes place after almost
the same period of dark imbibition, or the GA;-treated
seeds may be a little later, i.e., about nine hours from
the beginning of soaking. It is, however, difficult
to measure the length of the elongated radicles just
after their emergence. The rates of growth of hypo-
cotyls and roots of treated and control seeds appear
not to differ much at first. In both organs the gib-
berellin treatments show appreciable increase in
growth rate only after 16 hours from the first sign
of visible germination, i.e., 25 hours after the begin-
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560

TaBLE I

EFFect oF GIBBERELLIN IN VARIOUS CONCENTRATIONS
WHEN INJECTED INTO GRAND RAPIDS LETTUCE SEED*

Conc oF % GERMINATION

GA,

(pPM) Expr 1 Exper 2 Exer 3
0 26 4+ (2) 36 24
0.1 40 4+ (4) 28 + (4)
0.3 32 4+ (8)
1.0 84 + (6) 98 66 4+ (6)
10 .. 94 4+ (6) ..

30 98 + (2)

* Each reading the average of 50 seeds. )
Numbers given in brackets represent atypical germi-

nation.

ning of soaking (fig 4). Thus it seems difficult to
ascribe the germination caused by GA; to any pro-
motion of the initial growth of emerging hypocotyls
and roots.

This conclusion was confirmed by using the modi-
fied procedure described in section III, in which 50
seeds were treated only for 2 hours with GA, solution
(100 ppm) after 1.5 hours of water presoaking in
darkness, and then rinsed three times in water. Thus
the external GA, was removed long before visible
germination began. After 50 hours from the begin-
ning of soaking, the lengths of hypocotyls were: in
red light treated 5.1 mm (s.d., 1.62) and in GA,
treated 4.7 mm (s.d., 1.50), while the lengths of the
roots were 21.6 mm (s.d., 4.10) and 23.3 mm (s.d.,
5.06), respectively. It is evident that the differences
between the two groups are not statistically significant
(t = 1.27 for hypocotyl and t = 1.82 for roots, hence
P< 0.05 for both) and therefore that the gibberellin,
when applied only before the time of visible germina-
tion, does not increase the elongation of the seedling.

It may be added that at no period after the begin-
ning of water imbibition did GA; (100 ppm) increase
the uptake of the solution by the seeds, prior to visible
germination, above that by the water controls.

It has been shown that seeds whose endosperm
coverings have been removed are perfectly capable
of elongating their radicles in the dark (1,11). The
responsiveness of the seed to light is thus determined
by the integrity of the endosperm layer: this phe-
nomenon makes possible a clear separation between
the true germination process and simple elongation
of the radicle (11). The above data, therefore, sug-
gest that the action of GA; on seed germination, like
that of red light, is exerted on the true germination
process, rather than by promoting the growth of the
radicle. Furthermore, the data also offer evidence
that GA; so applied does not persist in the seed after
germination (cf. below).

III. TiME RELATIONS OF AcTION OF GA,. Ac-
cording to Borthwick et al (2), when seeds are in-
duced to germinate by red light, a previous imbibition
in water of about 12 hours is needed for the light to
have its maximum effect (fig 1 of ref 2). In our own
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experiments, however, the corresponding time, as
shown in figure 1, is only about 14 hours. The
optimum time for treatment with GA, was therefore
investigated. Evenari et al (6) have concluded that
10 hours’ soaking in gibberellin solution (2.9 X
107*M = 10 ppm), followed by transfer to water,
gave more complete germination than soaking
throughout the period in the gibberellin solution.
In their experiments, however, both the quality of the
seeds and the experimental method were somewhat
different from those employed in our study.

A hundred seeds were first soaked in darkness in
3 ml of distilled water for various periods of time be-
tween 0 and 12 hours, then quickly dried on filter
paper, and transferred to GA, solution, 100 ppm, for
specified periods between 15 minutes and 8 hours.
The drying and transfer to GA, solution necessitated
exposure to the green safe-light for 4 to 5 minutes.
After each period of soaking in GA,, the seeds were
immediately washed three times with distilled water
and quickly blotted dry between filter papers.

Care was taken not to press or roll the seeds, as
this might have promoted germination. The seeds
were then placed in Petri dishes, each containing 3
ml of distilled water, and allowed to germinate.
Forty-eight hours after transfer of the seeds to GA,
solution, the germination was examined. Groups of
seeds were prepared as controls in the same manner
as indicated above, except that they were transferred
for 1.5 hours to distilled water instead of GA; solu-
tion. The results (fig 5) show in general that the
later the gibberellin is applied the less effective it is,
i.e., the longer the seeds must be soaked in it to achieve
the same effect. However, in the first 2 hours the
trend is in the opposite direction, the gibberellin being
more effective than if applied at the start. The curves
for 0.5 and 2 hours, and those for 1 and 1.5 hours,
overlap; evidently the most effective time to treat
with GA; lies between 1 and 1.5 hours. At this time
50 9% germination can be achieved by soaking in the
solution for 20 minutes.

In order to show this more clearly, the necessary
exposure time to GA, required to induce 50 9% germi-
nation is plotted against the duration of presoaking
in water before exposure to GA, (fig 6). The great-
est sensitivity for the induction of germination by the
gibberellin occurs after about 114 hours of presoak-
ing in water. For comparison, curve C of figure 1.
which shows the percentage germination with 1
minute of red light exposure after various periods of
soaking, is plotted alongside in figure 6. As pointed
out already, the seeds are most sensitive to red light
after about 174 hours of imbibition in darkness. Thus
GA, and red light are both at their most effective
stage after exactly the same time from the beginning
of the dark imbibition of water.

In a repeat of this experiment the results showed
essentially the same pattern of curves and timing.
The only difference was that the percentage of ger-
mination obtained was a little lower in every case.
i.e., the slopes of the curves of figure 5 were a little
less.
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TasBLE 11

ErFecTs oF FAR-RED LIGHT ON GERMINATION OF GRAND
RApIDS LETTUCE SEEDS, As FUNCTION OF
TREATMENT WITH RED LIGHT OR
witH GA, (100 ppMm)

TREATMENT % GERMINATION
Red (2 min) 92
Far-red (5 min) 1
Red (2 min), then far-red (5 min) 0
Far-red (5 min), then red (2 min) 91
GA,; (2 hrs) 93
Far-red (5 min), then GA, (2 hrs) 93
GA, (2 hrs), then far-red (5 min) 93
Water, dark control 2

IV. INTERACTION BETWEEN GIBBERELLIN AND

Far-rRep LiGHT. It could be concluded from the
above that the action of GA; is to substitute for red
light. If this were true, its effect should be reversible
by far-red, as is the effect of red light. However,
previous reports indicate either that this is not the
case (13,17), that it is only partially reversible (6,
14), or in one case (10) that it is indeed reversible.
However, in this last case, the seeds were held at
22° C for 12 hours and then transferred to 37°C; the
germination was low and the effect of GA; was par-
tially reversed by red light also. Thus, it is not easy
to draw a firm conclusion from all these data because
the extent of germination in the dark varies so great-
ly between the seeds and the procedures used by dif-
ferent workers. In order to re-examine the effect
of far-red on germination caused by gibberellin, the
following two experiments were carried out using the
same technique as described above; i.e., the seeds
were treated only for a short time with GA, (100
ppm) and not throughout the period of imbibition and
germination.

In the first experiment, seeds were exposed to
GA; for 2 hours after 1.5 hours of presoaking in
water, (the optimum time, as shown in fig 6) then
washed three times with water, and transferred to
water. A generous dosage of far-red light (5 min)
was given immediately before or after the exposure
to GA,. Table II shows the results, each reading
being the average of 200 seeds. It is clear that, al-
though the GA, treatment is capable of inducing ger-
mination to the full extent, its effect is not reversed
at all by far-red light. This finding is further
strengthened by the fact that in the same experiments,
under the same conditions, the action of red light is
fully reversed.

Haber and Tolbert (10), however, showed that
the GA, effect was completely reversed by far-red ir-
radiation for 20 minutes, although, as stated above,
their experimental methods were different from ours.
It seemed nevertheless possible that the results in
table IT were obtained because the exposure to far-red
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light was too short in comparison with the long treat-
ment with GA;. Therefore in a second experiment
the seeds were treated with GA, for a sufficient period
to bring about only 50 % germination (30 min or 1.5
hrs according to the length of pre-soaking time in
water) and far-red light was given immediately be-
fore or after the GA; treatment for 10 or 50 minutes
(the latter being given as five 10-min exposures evenly
spread through the 1.5 hr period). The results,
shown in table III, indicate that when far-red light
was given before the GA, treatment, the light reduced
germination by 37 to 38 %, and when given after the
GAg4 by 20 %. In a third set of experiments five 10-
minute exposures to far-red light were again given
immediately before or after the GA, treatment (30
min after 1.5 hrs of presoaking in water), and the
results showed essentially the same pattern as above;
i.e., far-red treatment reduced germination by 63 %
when given before and only by 31 % when given after
GA,. It may therefore be concluded that far-red
light is capable of desensitizing the seeds to the GA,
treatment but not of reversing completely the GA,
action, even when given for 50 minutes. Normally
1 minute of far-red under our conditions is sufficient
for complete reversal of the germination caused by
red light.

These results show that far-red, especially in large
dosages, reduces the sensitivity of seeds to the sub-
sequent action of gibberellin. It is indeed actually
more effective in reducing the germination if it is

TasLe ITI
Errects ofF FAR-RED LIGHT oN GERMINATION OF GRAND
Rarips LETTuce SeEps TreaTED WITH GA, (100 PPM).
GA, TREATMENT ADJUSTED IN TiymiNG To BRING
ABoUT 50 9, GERMINATION

% INHIBITION
TREATMENT GERMINA- OF GERMINA-
TION TION ¢,
Far-red (10 min) 1
GA; (30 min) 45
Far-red (10 min), then GA,
(30 min) 28 38
GA, (30 min), then far-red
(10 min) 36 20
Far-red (50 min)! 1
GA, (1.5 hrs)? 46
Far-red (50 min)?, then GA,
(1.5 hrs)?2 29 + (1) 37
Dark, water control 04+ (1)

Seeds were given GA, or far-red treatment at 1.5
hours after the beginning of soaking unless otherwise
mentioned.

1 Far-red light was given as five 10-minutes exposures
during 1.5 hour period after 1.5 hours of dark presoaking
in water.

2 GA, was given after 3 hours from the beginning of
dark imbibition for 1.5 hours.

( ) indicates atypical germination.
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given before the GA, treatment than when given
after. It is clear, however, that far-red does not in
any real sense reverse the action of the gibberellin.
The answer to the problem posed at the outset of
this section is therefore that gibberellin does not
simply substitute for red light.

V. ATTEMPTS TO IDENTIFY A GIBBERELLIN-LIKE
SUBSTANCE As PropUCT OF PHOTOREACTION. An
alternative approach to the problem of the interrela-
tionship between the effects of gibberellin and of red
light is to determine if gibberellin is produced by the
photo-reaction as the end-product of the process. In
this case the external application of GA, would simply
promote the germination irreversibly. It is now well
established that gibberellin-like substances occur in
higher plants (18,19, 20, 21, 22, 24, 25,27,29) and
both GA; and GA; have actually been isolated from
higher plant material (18,27,29). Although these
findings are not necessarily connected with the action
of light, they obviously increase the probability of a
photoproduction of gibberellin.

From the results presented in table I, calculations
were made before experimentation as to the maximum
vield of gibberellin-like substances which should be
expected in the extracts if red light acts by releasing
such material in the seed. Since about 0.002 ml of a
1 ppm solution of GA; causes maximal germination,
then, allowing for only 20 9% recovery in the extracts,
10 gm seeds should be required to yield 4 rg gibberel-
lin. If we further consider that the gibberellin acts
only at a specific locus, and only 20 % of that injected
reaches this locus, then the expected yield would drop
further to 0.8 #g. Even such an amount is large in
comparison with the known responses of test plants.
Therefore, 10 gm seeds were extracted with acetone-
water (24) for 10 hours at 34° C 2 or 8 hours after
the light treatment (10 min exposure to white light at
1.5 hrs after the beginning of dark imbibition), and
the dried extract was extracted with 1 ml of water
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(including 0.05 % Tween 20), of which 0.1 and 0.5
ml were applied to dwarf-1 mutants of corn. As con-
trols, dry seeds and dark-imbibed seeds were also ex-
tracted in the same manner. In none of the extracts,
however, could the presence of gibberellin-like sub-
stances be detected. The bioassay responds clearly to
0.001 rg. of GA, (24). Furthermore, paper chroma-
tography was carried out on a strip of Whatman No.
1 filter paper, but no indication of any spot fluorescing
in ultraviolet light after treatment with concentrated
sulfuric acid was shown with two solvent systems em-
ployed.

In the meantime, extraction of a gibberellin-like
substance from dry lettuce seeds was reported (A.
Lang. Personal communication of unpublished work
by S. Blumenthal-Goldschmidt and A Lang.) (20).
A second series of experiments were, therefore, con-
ducted using 500 gm of seeds. The seeds were given
10 minutes of white light at 1.5 hours after the be-
ginning of dark imbibition (the optimum time, as
shown in fig 1), and 2 hours later were extracted with
acetone-water (1:1), and the extract fractionated
with ethyl acetate (29). Dry seeds and dark-imbibed
seeds were extracted in the same way, and the extracts
of all three were again tested on the dwarf-1 mutant.
The final dried residue of the ethyl acetate reextract
was dissolved in 10 ml of distilled water (containing
0.05 9% Tween 80), and 0.1 ml of this was used for
assay. The lengths of the leaf-sheaths are given in
table IV. The total elongation of the first leaf during
the 7 days was : dwarf control 2.0 cm, dry seeds 2.8 cm,
dark imbibed 2.0 cm, light treated 2.9 cm. The data
show a small positive reaction in the assay, but the
amount was not increased by light treatment over that
present in the dry seed.

According to Neely (21) the best values for cali-
bration of the test are given by adding together the
lengths of the two leaf sheaths; these data are given
in the last column of the table. It may be deduced

TABLE IV

Finarl LExGTHS (cM) oF 1st AND 28D, LEAF SHEATHS oF DwARF-1 CoRrN,
TreaTED WITH EXTRACT FROM LETTUCE SEEDS, AND OF CONTROLS *

AMT. APPLIED

1st LEAF

2ND LEAF

SoLuTION PER D-1 PLANT SHEATH SHEATH Sum
Extract from 1,000 gm dry
seeds in 10 ml 0.1 ml 3.25¢m 3.10em 6.35¢m
Extract from 500 gm
dark-imbibed seeds
in 10 ml 0.1 ml 1.90 2.35 425
Extract from 500 gm
light-induced seeds
in 10 ml 0.1 ml 2.10 2.35 4.45
( 0.0001 pg 2.10 2.53 4.63
GA, (Crystalline) { 0.001 aug 2.60 3.30 5.90
) [ 001 g 3.83 487 8.70
0.05 9. Tween-80 water 0.1 ml 1.90 243 4.33
Tall sibling plants 5.97 8.05 14.02

* Time of measurement, for first leaf sheath 7 days, for second leaf sheath 10 days, after treatment.

Nutrient

solution XL 36, white light 1450 ft-c, 25° C. Each figure the mean of two or three plants.
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from this calibration that 10 gm seeds yield only about
0.003 ng. (dry seeds) or 0.0002 pg. (light-induced
seeds) instead of the calculated 0.8 ug.

Since the test solution might have contained in-
jurious materials or growth inhibitors, it was thought
that the growth promotion of the test plants might
have been depressed. An attempt, therefore, was
made to remove any inhibitor present by paper chro-
matography in a solvent (x-butanol: glacial acetic
acid: water = 95:5:30) which separated the GA,
spot (Rf = 0.80-0.81) from the rest. A section of
paper chromatogram between Rf = 0.7 and Rf = 1.0
was reextracted with acetone-water (1:1), the dried
residue dissolved in Tween 80 as above, and again
bioassayed. The very small yield of the extracted
gibberellin-like substance from the control seeds was
again not increased, but even somewhat decreased, by
the light treatment.

The method employed by West and Phinney (29)
leads to the isolation of GA; (Bean Factor II), to
which dwarf-3 or -5 corn is more sensitive than
dwarf-1. Furthermore, A. Lang (Personal com-
munication of unpublished work by S. Blumenthal-
Goldschmidt and A. Lang.) has informed us that the
material extracted from dry lettuce seeds behaves
rather like GA;. Therefore a third series of experi-
ments was carried out using dwarf-5 corn seedlings as
assay plants. Lettuce seeds (30 gm) were extracted
four times with acetone-water (1:1) as above.
After condensing each extract to about 2.5 ml, about
20% of it was paper-chromatographed with
n-butanol : glacial acetic acid: water 95:5:30
and the chromatograms cut into five equal sections ac-
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cording to the Rf value. Each section was eluted
with 1:1 acetone-water four times, the eluate dried
completely, taken up into 1 ml water, and 0.1 ml of
this bioassayed by applying 0.04 ml between the
coleoptile and the first leaf, and 0.06 ml inside the un-
folding first leaf, within a 12 hour period. Figure 7
shows the growth of the first and second leaves, and
table V gives the final lengths of the leaf sheaths.
These data show a definite growth promotion; the
highest value at Rf = 0.8 — 1.0, slight activity at Rf
= 0.6 — 0.8, and none at lower Rfs. However, again
the light treatment clearly produced no increase in the
amount of extracted gibberellin.

The calibration with a sample of pure GA; (ob-
tained from Dr. J. MacMillan of Imperial Chemical
Indus.) indicates that the maximum amount extracted
(i.e., from the dark-imbibed seeds) corresponds to
0.002 rg of GA;; there are, therefore, 0.03 rg per 10
gm seeds. This compares well with Murakami’s fig-
ure (21) of 0.025 ug per 10 gm. Tt is about ten times
as much as was shown in table I'V using dwarf-1 corn.
The amount is clearly not increased, but even de-
creased, by the light treatment.

From these results it is confirmed that Grand
Rapids lettuce seeds contain a small amount of gib-
berellin-like substance whose biological activity is
more like that of GA; than GA,, but that the amount
of the substance in the extracts is not increased by
light treatment. This repeated failure to demonstrate
any increase in the amount of the gibberellin-like sub-
stance in the seeds after exposure to light makes it
improbable that light can act by releasing a gibberellin
within the seed. -

TaBLE V

FinaL LEngTHS (cM) OF 1sT AND 2ND LLEAF SHEATHS OF DwARF-5 CoRrN,
TreaTED WiTH EXTRACT FROM LETTUCE SEEDS, AND OF CONTROL¥*

. RF AMT APPLIED/ 1st LEAF 2ND LEAF
SOLUTION VALUE D-5 PLANT SHEATH SHEATH Sum
0.0-0.2 0.1 ml 1.85¢m 2.15¢m 4.00cm
Extract from 30 gm 0.2-0.4 0.1 ml 1.75 2.00 3.75
dark-imbibed seeds 0.4-0.6 0.1 ml 1.80 1.90 3.70
in 1 ml 0.6-0.8 0.1 ml 2.00 255 455
0.8-1.0 0.1 ml 3.15 3.25 6.40
0.0-0.2 0.1 ml 1.75 2.15 3.90
Extract from 30 gm 0.2-0.4 0.1 ml 1.85 2.15 4.00
!ight-induced seeds 0.4-0.6 0.1 ml 1.85 1.95 3.80
in 1 ml 05-0.8 0.1 ml 1.95 2.60 4.55
0.8-1.0 0.1 ml 2.50 2.55 5.05
0.00001 ug 2.05 1.85 3.90
. 0.0001 ug 2.55 2.40 4.95
GA; (crystalline) 0001 ug 2.70 2.95 5.65
0.01 g 3.40 4.20 7.60
0.05 9, Tween-
80 water 0.1 ml 1.93 2.13 4.06
Tall sibling plants 457 6.20 10.77

*Nutrient solution XL 36, white light 1450 ft-c, 25° C.

Each figure the mean of two or three plants.
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\ T T T T Y Y maximum germination was obtained when the seeds
3 - were exposed after 16 minutes at 22° C or 30 minutes
S o q at 26° C, while with shorter periods of irradiation the
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Fi6. 7. Bioassay of extracts from light-treated and
dark-imbibed seeds (30 gm each) using dwarf-5 corn
seedling. Zones of chromatogram of Rf = 0.6 to 0.8
and 0.8 to 1.0 eluted with acetone-water (1:1), and 10 9,
of each eluate applied to individual plants. (Zones of
lower Rf not shown, because they caused no growth
promotion.) —[]—[]—, tall sibling plant; — X —X—,
dwarf-5 control treated with Tween-80 water ; —O—(O—,
eluate (Rf = 0.8-1.0) from light-treated seeds;
—@—@—, eluate (Rf = 0.8-1.0) from dark-imbibed
seeds; —A—A—, eluate (Rf = 0.6-0.8) from light-
treated seeds; —\/—\/—, eluate (Rf = 0.6-0.8) from

dark-imbibed seeds. Above: growth of the first leaf.
Below: growth of the second leaf.
Discussion

IarporRTANCE OF FurLr WaTer SterLy. It has

been known for some time that lettuce seeds vary in
their sensitivity to red and far-red light according to
the preceding period of dark imbibition. Borthwick
et al (2) reported that in their system the germination
reached a near-maximum value when Grand Rapids
seeds were exposed at from 12 to 20 hours after the
beginning of imbibition. Evenari and Neumann (4)
reported that with 500 ft-c-minutes irradiation the

maximum was reached only after 8 hours’ imbibition.
Flint (8), using the Big Boston variety and 600 ft-c-
minutes’ illumination found maximum germination
(90.5 %) when the illumination came after soaking
100 minutes at 25° C. Neither of the above time
schedules for var. Grand Rapids agrees with the re-
sults presented in this paper, in which the highest
sensitivity to red light falls at about 14 hours. The
discrepancies may in part be due to the different
amounts of water available to the seeds. In pre-
liminary experiments in which moist filter paper was
used as wetting medium, the time relations at the start
were similar to figure 1C, but divergent later. Figure
8 shows a typical result with double layers of filter
paper and 1 ml of distilled water in 5 cm Petri dishes;
the largest change from figure 1C is at 4 and 8 hours,
where the presence of GA, maintains the germination
at high levels.

The presence of filter paper also changes the ef-
fectiveness of far-red in the presence of GA,, for in
figure 8 far-red light appears partially to reverse the
GA, effect. In this experiment exposure was only
for 1 minute, while in table II, with 5 minutes ex-
posure to the same light, but without filter paper,
there was no reversal. Even 50 minutes exposure
(table IIT) gave much less reversal than in figure 8.
It is possible that GA, becomes adsorbed on the paper
so that the amount entering the seeds is reduced, but
subsequently it is slowly released, giving the seeds a
delayed treatment. The method used in the present
experiments, without filter paper, thus has several ad-
vantages.

WATER UPTAKE AND SENSITIVITY OF SEED. [t is
extremely interesting that maximum germination re-
sulted from exactly the same duration of water im-
bibition prior to the treatments, whether the ger-
mination was caused by red light or by GA, (fig 6).
A similar finding has recently been reported by
Yamaki et al (30) for light-sensitive tobacco seeds.
This observation indicates that the metabolism of the
lettuce seed is most ready for induction when its water
content reaches about 40 9. At this time saturation
with water is still far from complete. However, some
experiments in which the seed was separated into
fruit-coat, cotyledons, and hypocotyl + root. indicate
that the curves of figures 1A and 1B mainly represent
the behavior of the cotyledons, and the hypocotyl +
root unit in fact reaches its maximum water content
before the 2nd hour. The maximum sensitivity of the
seed to red light may, therefore, be attained as soon
as the uptake of water by the hypocotyl + root region
has been completed. Presumably the water uptake
makes the seeds ready for the induction of germination
by initiating their metabolism.

A PossiBLE MEcHANISM OF GA, ACTION ON
Lertuce SEED GERMINATION. The light sensitivity
of the seed evidently depends upon the integrity of the
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Fic. 8. Effect of 1 minute red (solid lines) or 1
minute far-red (dotted lines) after various periods of
presoaking on germination of lettuce seeds imbibed in 1
ml of GA, solution (100 ppm) or water in presence of
double layers of filter paper.

endosperm layer, the innermost covering of the seed,
since it disappears when this is removed (1,11).
But the photosensitive site resides in the hypocotyl
region, where active elongation takes place (11,12).
The actual elongation of the radicle of seeds in which
the endosperm no longer restricts germination ap-
pears not to be appreciably influenced by light (11).
Klein and Preiss (15) have shown too that the photo-
sensitivity of the seeds does not change even when
they are turned over in the interval between red and
far-red irradiation.

These facts suggest that the postulated pigment
system is in the hypocotyl, rather than in the endo-
sperm, and that on red light treatment this pigment
activates one or more chemical reactions which lead to
breaking the mechanically restricting endosperm
layer.

That GA; so closely mimics the effect of red light
in its action and timing strongly suggests that it acts
at the same site as red light, namely in the embryonic
hypocotyl. Yamaki et al (30) reported that sub-
stances which induce germination of tobacco seeds in
darkness diffuse out from leaf discs which have been
illuminated with red light, and that one of these sub-
stances has the same Rf value as that of the gibberel-
lins on chromatograms developed with several dif-
erent solvent systems. Although this observation
strongly suggests that a gibberellin is produced in
tobacco seeds by red light, our extractions have failed
repeatedly to demonstrate that even a trace of gib-
berellin is produced by light treatment of lettuce seeds.
This applies both to GA; and to GA;. One must con-
clude, therefore, that it is most improbable that light
induces germination of lettuce seeds by liberating a
gibberellin. Haber and Tolbert (10) have come to a
similar conclusion.
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The most reasonable explanation of the action of
gibberellic acid, therefore, is that it somehow initiates,
independently of light, one of the series of chemical
reactions leading to germination, thus producing the
same final product for breaking the mechanical re-
striction of the endosperm layer. This would account
both for the non-reversibility of gibberellin action by
far-red and for the identity of timing of its effect with
that of red light. Thus, of the three possible alterna-
tives listed in the Introduction, the second one appears
nearest to the truth.

SUMMARY

I. The effect of gibberellic acid (GA;) on the
germination of Grand Rapids lettuce seeds has been
compared with the action of red light, in the hope of
elucidating the mode of action of these factors.

II. The work was carried out by shaking the
seeds directly with a GA, solution or water through-
out the period of imbibition and germination. This
method was found to yield more uniform and more
repeatable results than the ordinary one using moist
filter paper.

III. During the course of imbibition, the seeds
gradually become sensitive to red light, and reach
their maximum sensitivity 174 hours after the begin-
ning of imbibition, when water uptake is still not com-
plete ; thereafter the sensitivity to red light gradually
decreases.

IV. In seeds which have been induced to ger-
minate by red light, the inhibitory effect of far-red
light gradually decreases with increasing time interval
between red and far-red treatments. Far-red light
no longer inhibits the germination process after the
first sign of visible germination occurs (8-9 hrs after
red light treatment at 25° C).

V. GA; at 60 ppm induces maximal germination;
germination is almost linearly proportional to con-
centration below this level. However, if the solution
is injected directly into the seed, concentrations as low
as 1 ppm are fully effective.

VI. The action of GA, is not to control the initial
rate of growth of the hypocotyl and the root, since
this rate is increased only at about 16 hours after the
first sign of visible germination.

VII. The time of greatest sensitivity for the in-
duction of germination by gibberellin occurs after
about 114 hours of presoaking in water; this timing
is identical with the most sensitive period of the seeds
to red light.

VIII. Far-red light does not inhibit the germina-
tion of seeds which have been treated with GA, so as
to produce 90 % germination. If the time of GA,
treatment is adjusted to give only 50 % germination,
and the far-red exposure increased, then far-red does
partially inhibit, but this inhibition is exerted to the
same extent whether the exposure is made before or
after the GA, is applied. Thus, heavy doses of far-
red desensitize the seeds to gibberellin.

IX. Repeated attempts to detect a gibberellin as
the end-product of the action of light in the seeds
failed completely, whether the assay was for GA; or
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GAj;. Small amounts of gibberellin were detected in
the seeds, but the quantity was not increased by a
light dosage sufficient to cause maximum germina-
tion.

X. It is deduced that GA; acts by initiating one
of the chemical reactions which result from the light
reaction, so that its end product is the same as that
produced by light.
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