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Applied gibberellic acid specifically reverses the
light inhibition of etiolated stem growth in certain
species (4, 5). It therefore appears reasonable to
suggest that light regulates stem elongation in these
plants through some effect (or effects) on the gib-
berellin metabolism of the plant. Results presented
in the present paper provide further support for this
hypothesis. The effect of light on the gibberellin
metabolism might be medliatedl through 1 of 3 general
mechanisms. First, light may decrease the synthesis
of endogenous gibberellin; or, second, it may cause
the destruction (or diversion) of the natural gibberel-
lin. Finally, light might make the tissue less respon-
sive to a given amlount of gibberellin. The results
presented in the present paper make possible a partial
resolution of these alternatives.

MXETHODS AND MIATERIALS

Morse's Progress # 9 (Ferry-Morse Seed Co.,
Los Angeles), a strongly dwlvarfed variety of Pisum11
sativufmn was used for these experiments. The seeds
were germinated and grown in vermiculite in plastic
cups and continuously subirrigated with deionizecd
water. The plants w,ere grown in a darkroom main-
tained at 25 + 10 C and a green safelight was used
for watering and experimental manipulations. All
plants were treatedl with gibberellin solutions (as a
4 ,ul alcoholic drop) while in the (lark. Immediately
after treatment those plaints which were to be irradi-
ated were transferred to continuous red light (150
ergs-cm-2*sec-. Otlher radiation treatmlenits are
clescribe(l in the particular experiment. A ban(d of
red radiation was obtained by filtering the radia-
tion from pink 40-watt G.E. fluorescent tubes through
0.01-inch red cellulose acetate. Far-red radiation
was obtained by filtering the radiation from 300-watt
incandescent bulbs through Corning red-purple ultra-
filters and 0.01-inch red cellulose acetate. The energy
w\vas 450 ergs-cmn-2sec-1 standardizecl at 730 myL.
The total height of the plants from the soil level to
the stem apex was measured in all cases. All experi-
ments reported were repeated 2 or more times with
substantially the same results.

1 Received December 11, 1958.
2 Report of work supported in part by the Herman

Frasch Foundation.
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ExPERIMENTAL RESULTS
To determine the time-course of growth following

a single irradiation, 6-day-old dwarf pea seedlings
wvere exposed to re(d ra(liation (2,000 ergs cinv- 2-
sec-1) for various lengths of time and the height of
the plants was measured daily. The results of a
typical experiment are illustrated in figure 1. It may
be seen that even 10-minutes of irradiation results in
a marked inhibition of growth. It is noteworthy that
the growth inhibition by light continues for a period
of several days. After 4 to 5 days the growth rate
of the irradiated plants returns to the dark-grown
rate, but the growth rate never exceeds that of the
dark-grown plants. The same time-relation appears
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FIG. 1. Time-course of growx.th of dwarf pea seed-
lings following a single or continuous high intensity (2,-
000 ergs . cm-2 . sec-') red irradiation. The duration
of the irradiation is indicated on the growth curves.
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to hold for the longer irradiations. Continuous ir-
radiation results in a linear rate of growth much
slower than the dark controls.

Far-red radiation will completely reverse the ef-
fects of brief red irradiation of the dwarf pea (table
I). Plants were exposed to 15 minutes of red radia-
tion (2,000 ergs-cm-2-sec-1) followed, in the
cases indicated, by far-red radiation for 30 minutes.
The time interval between the 2 irradiations was
approximately 10 minutes. It is clear that these
plants respond to red and far-red radiation, in terms
of total growth, in a manner identical to the response
of individual internodes of other species (2, 3).

In order to establish more critically the nature of
the interaction between light and gibberellin, quanti-
tative experiments were run comparing the response
of the plants to added gibberellin in light and darkness.

Gibberellic acid treatment will prevent inhibition
of pea stem growth by radiation (in both dwarf and
tall varieties) and it will also reverse the dwarf
character in peas as well as other species (1, 4, 8).
These facts make it possible to compare directly the
gibberellin sensitivity of irradiated dwarf plants with
those grown in darkness. The results of a typical
experiment are illustrated in figure 2 a. The inhibi-
tion as a result of irradiation is obvious at low doses
or no gibberellin treatment. At saturating doses of
gibberellin the plants attain the same maximum growth
whether irradiated or grown in dlarkness.

In order to compare directly the response of ir-
radiated plants with those maintained in darkness,
growth promotion has been calculated as the percent
of growth at a saturating dose of gibberellin. The
grouped results of 4 separate experiments are illus-
trated in figure 2 b. In 2 of these experiments gib-
berellic acid (Eli Lilly and Co.) was used and in the
other 2 gibberellin A (Merck and Co., Inc.) was used.
No significant difference betwveen the response to gib-
berellic acid and to gibberellin A was ever observed.

At saturating doses of gibberellin the irra(liated
and non-irradiated plants are found to be of equal
height, while without gibberellin irradliation markedly
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FIG. 2a (top). The height of red ir
dark-grown dwarf pea seedlings 4 days af
with gibberellic acid at the doses indicated.
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FIG. 2b (bottomn). The effect of gibberellin on
growth in light (open circles) and darkness (closed
circles). The abscissa represents the promotion of growth
in each case as a percentage of the response to a saturating
gibberellin treatment. Average of 4 separate experiments.

TABLE I

TIME-COURSE OF GROWTH OF DWARF PEA SEEDLINGS FOLLOWING A SINGLE IRRADIATION
AS INDICATED BY THE TREATMENT *

DAYS AFTER TREATMENT

TOTAL
TREATMENT 0 1 2 3 4 GROWTH

height of planits (cm)
Dark 4.0 ± 0.3 6.5 ± 0.3 10.6 ± 0.4 14.2 ± 0.3 17.4 + 0.3 13.4
Red (15 min)** 4.1 ± 0.2 6.5 + 0.2 9.9 ± 0.4 12.8 ± 0.4 15.6 ± 0.4 11.5
Red + far-red (30 min) 4.1 ± 0.3 6.0 ± 0.2 10.8 ± 0.3 14.1 ± 0.2 17.4 ± 0.3 13.3
Far-red (30 min)t 4.0 ± 0.2 6.4 + 0.3 10.8 ± 0.4 14.3 ± 0.3 17.4 ± 0.2 13.4
Red (24 hr) t 4.1 ± 0.2 5.7 ± 0.3 7.5 ± 0.2 10.2 ± 0.2 12.3 ± 0.4 8.2

* Also indicated is the standard deviation of the mean. The dark-grown seedlings were treated at the age of
6 days.

** Intensity 2,000 ergs - cm-2 * sec-.
t Intensity 450 ergs . cm-2sec- l .

t Intensity 150 ergs - cm2 sec - 1.
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inhibits growth. At intermediate doses of gibberellin,
the height of the irradiated plants is less than in
darkness (see fig 2 a), but the promotions of growth
are equal fractions of maximum growth promotion.

DISCUSSION
The results illustrated here indicate that the ef-

fective natural gibberellin is reduced as a result of
irradiation. Successive increments of added gib-
berellin, then, give response curves in the 2 conditions
(dark vs. irradiated) which approach a common
maxinmum value.

If radiation was, in fact, acting on some growth
process other than the gibberellin system, or if the
radiation acted to reduce the number of active sites
for gibberellin action, the growth at saturating doses
of gibberellin could not be equal. Furthermore, if
radiation acted to interfere with gibberellin action
(e.g., causing a competition for active sites or reduc-
ing the affinity for active sites) then saturation would
not occur at the same gibberellin dose, as is shown to
occur. Irradliation results in an approximatelyr 70 %
reduction in growth rate under the conditions used
here. If the radiation were acting, e.g., by reducing
the affinity for gibberellin, then a 50 % reduction in
growth rate might result from a 50 % reduction in
affinity for the gibberellin, and 2 times as much gib-
berellin would have to be applied to reach maximum
growth. The data are probably not sufficiently ac-
curate to detect such a difference with certaintv.
However, it should be noted that the observed devia-
tions from the theoretical results are, especially at
low doses, in the opposite direction from that ex-
pected for an effect on affinity.

Evidence supporting the general view that it is
the concentration of gibberellin which is affected by
the radiation, rather than its action at the site of
growth conmes from the work of Idle (3). He has
found that irradiation of the tip (in Vicia faba) is
even more effective in the inhibition of growth than
irradiation of the growing region. Furthermore,
the effectiveness of irradiation of the tip persists far
longer. Gibberellin has been shown to be prodtuced in
the stem tip of the pea seedling (6).

These results provide further evidence that irradia-
tion reduces stem growth through a reduction in the
level of the natural gibberellin of the plant. This is
true for Pisumt sativuinm and presumably for other
species but in other cases, e.g., Phaseolus (6), the
situation is clearly more complex.

In a paper published in 1941, Went reported the
results of experiments in which dwarf peas were
irradiated briefly with orange light (9). The time-
course of growth was not followed, but the average
length of each internode as well as total height was
determined at the end of the experiment. The results
showed that little or no inhibition of stem growth
occurred as a result of a single brief irradiation, but
the radiation did cause a substantial change in the
relative lengths of the various internodes. General-
ly, that internode which was elongating at the time

of irradiation was shorter and the internodes laid
down subsequently were longer than in the dark
control.

Went's results are subject to 2 different interpre-
tations which could not be resolved at that time. It
might be that the light causes a temporary reduction
in growth which is later compensated by an increase
in the growth rate. This would be reflected in the
length of the various internodes. These same experi-
mental results would be observed if the irradiation
temporarily stimulated node formation but had no
effect on stem elongation. The results presented in
the present paper make it clear that this 2nd inter-
pretation is the correct one. The response of these
plants is, then, analogous to that of Phascoluts vldgaris,
in this respect (e.g., (2, 3, 6)).

The present author has suggested in an earlier
paper (4) that the endogenous gibberellin might be
reversibly inactivated by light. This idea was pro-
posedl as the result of the 1st interpretation of Went's
results in which it wvas assumed that brief irra(liations
resulted in a temporary decrease in growtlh rate fol-
lowed by an increase to restore the original height.
There is no longer a question of a reversible inactiva-
tion of the natural gibberellin. It appears clear that
the natural gibberellin is either destroyed (or di-
verted) or its synthesis is inhibited in response to
visible radiation.

It may be suggested that the effect of radiation is
probably on gibberellin synthesis. This is indicated
by the duration of the response of the plant to brief
irradiations. The results reported here show that
the effects of a single brief irradiation last as long as
4 or 5 days. Since the steady-state concentration of
natural gibberellin in the plant is almost certainly
very low (consider the extraction experiments which
have been reported, and the fact that these experi-
mental plants are gibberellin-limited dwarfs) it would
appear highly unlikely that the long term effects ob-
served could be due to a photo-destruction of the gib-
berellin present at any one time. Destruction of the
gibberellin as a result of irradiation could only be
envisaged if the radiation resulted in the establish-
ment of a gibberellin-destroying system which would
continue long after the radiation had been removed.
This latter possibility cannot, of course, be ruled out.

It may be concluded that visible radliation affects
stem growth in such plants as Pisum by reducing the
natural gibberellin level, either by causing the forma-
tion of a gibberellin-destroying system or by retard-
ing the synthetic processes which result in the forma-
tion of gibberellin.

It has been shown here that the red: far-red pig-
ment system is effective in the inhibition of stem
growth in this plant. The low intensities utilized
for continuous irradiation presumably preclude par-
ticipation by the "high intensity" pigment system of
Mohr (7). Whether growth inhibition as a result of
continuous low intensity irradiations is due exclusive-
ly to the red: far-red pigment system is not estab-
lished. However, it is known that gibberellic acid
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may prevent stem growtlh inhibition as a result of
1)oth low and high initensity continuous irradiation in
this species (1, 4).

SUMMIARY
Exposure of a dwarf pea (Morse's Progress # 9)

to a single brief irradiation with red light results in
an inhibition of growth whiich persists for several
days. After 4 or 5 days the plants resume growth at
the dark-grown rate. Far-redl irradiation will negate
the red effect.

The effect of a series of gibberellin (loses on the
growth responses of irra(liated or dark-grown peas
has been determined. In the absence of applied gib-
berellin the growth of irradiated plants is inhibited
compared to that in darkness. At saturating (loses
of gibberellin the irradiated andl dlark-grown plants
are the same height. The proportionate responses of
irradiated andl dark-grown plants are equal at e(jual
doses of gibberellin.

It is concluded that visible radiation probably in-
hibits stem growth in this species througlh an effect
on the level of endogenous gibberellin.

The author wishes to thank Eli Lilly and Co. for
samples of gibberellic acid, and Mferck and Co. Inc.
for samples of both gibberellic acidl and gibberellin A.

The technical assistance of Miss Virginia Gott-
schall contributed substantially to this work.
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Inhibition of stem growth is a general response
of etiolated plants to irradiation, but the mechanism
of radiation action is still little understood. We know
the action spectra for both the low energy (2, 12) and
a high energy (8) inhibition of stem elongation. The
effective pigments are, however, not yet identified.
It has also been shown that the application of gib-
berellic acid will specifically reverse both low intensity
and high intensity radiation inhibition in certain
species (4, 6, 11). It was felt that a more detailed
description of stem inhibition by visible radiation and
its reversal by gibberellic acid in a single species
might provide a background for a more complete and
general understanding of these phenomena.

MATERIALS AND METHODS

Seedls of Pisunt satizuws, varietv Alaska (Ferry-

Received December 11, 1958.
2 This investigation was supported in part h}y the

Herman Frasch Foundation.

Morse Seed Co., Los Angeles) were soaked in deion-
ized water for 4 to 5 hours in darkness, then planted
in vermiculite in plastic cups. The seedlings were
grown in a dark room maintained at 25 ± 0.5 C.
The pots were continuously subirrigated with deion-
ized water. For the experiments reported here 5
uniform plants were selected per pot and at least 2
pots of plants were used for each experimental treat-
ment. The experimental treatments were usually
starte(l when the seedlings were 4 (lays old, 3 to 4 cm
above the vermiculite level.

The sources of radiation were the same as those
previously described, i.e., colored fluorescent tubes
filtered through colored cellulose acetate. Mleasure-
ment of radiation intensity was withl a calibrated
photo-cell, also previously described (6). In the
experiments reported here the red and blue radiation
were never used simultaneously in the same room.
The temperature under the lights was maintained at
25 ± 0.50 C, measured with a mercury thermometer.
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