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ABSTRACT

General characteristics of light-induced germination of Oenothera
biennis L. seeds were investipted at 24°C. During dark imbibition, seeds
reached maximal respiration in 7 hours and maximal water content and
photosensitivity in 24 hours. After dark imbibition of 24 hours, seeds
required a long exposure (>36 hours) to red or white light for maximal
germination. Two photoperiods (12 and 2 hours) separated by a period
of darkness of 10 to 16 hours pve near maximal germination. For the
two photoperiod regime, the first light potentiates a reversible phyto-
chrome response by the second light. A 35°C treatment for 2 to 3 hours
in the dark immediately prior or subsequent to 8 hours of light caused a
higher percentage of germination. A 2 hour treatment at 35°C also
potentiates a reversible phytochrome response. Halved seeds germinated
at 100% in light or darkness indicating that the light requirement of the
seeds is lost in the halving procedure. After-ripened seeds required less
light and germinated more rapidly and at higher percentages than seeds
tested shortly after maturation.

Seed germination of Oenothera biennis L. (evening primrose)
has been shown to be stimulated by light, alternating tempera-
tures, and nitrate (1, 7-10, 18). Short-day light regimes were
reported to be more stimulatory than continuous light (11) and
photoinduced germination is stimulated by acid scarification (7),
but not by gibberellic acid, kinetin, or coumarin (11). Oenothera
germination is promoted by after-ripening (11) and the germi-
nation responses of different genetic strains have been shown to
depend on the storage conditions of the harvested seeds (20).
The seeds can remain viable for up to 80 years (16).
The light requirement of Oenothera seeds is more complex

than that of highly photosensitive seeds, such as Grand Rapids
lettuce, because Oenothera seeds require long or periodic expo-
sure to light. The physiological nature of the stimulation of
germination by such light treatments is not yet clearly understood
(2, 5). The series of experiments described in this paper were
initiated to investigate the general characteristics of photoin-
duced germination of Oenothera.

MATERIALS AND METHODS

The seeds of a single genetic strain of Oenothera biennis L.
were supplied by Dr. Erich Steiner ofthe University of Michigan,
who originally collected the plant in Litchfield, MI. Plants were
grown in the Matthaei Botanical Gardens of the University of
Michigan and seeds were propagated by controlled self-pollina-
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tion. The seeds were collected in the first week of October 1983
and stored at room temperature and humidity. In initial experi-
ments, it was found that the light-response of seeds was not
affected by position within individual fruit capsules nor by
capsule position on the plant. Thus, all seeds were removed from
their capsules and stored together. The majority of experiments
reported in this paper were performed shortly after harvest (late
November-early December) and 5 to 6 months after harvest
(March-April); some experiments were also conducted with seeds
8 to 9 months after harvest (June and July). The seeds used
shortly after harvest are designated in this chapter as early winter
seeds, those used 5 to 6 months after harvest as spring seeds, and
those used 8 to 9 months after harvest as summer seeds.
For germination studies, 50 seeds were evenly spread on two

sheets of filter paper in a 5.5 cm plastic Petri dish, wetted in the
dark with 2.0 ml of distilled water, irradiated for various periods
with two Sylvania cool-white fluorescent lamps placed 15 cm
above the Petri dish (energy fluence rate = (4.5 ± 0.6) x 105
ergs cm 2 s'), and then returned to darkness for germination.
Using the terminology of Ikuma and Thimann (13), the dark
imbibition period before exposure to light is referred to as the
preinduction period, the period of exposure to light as the
photoinduction period, and the dark incubation period after
photoinduction as the postinduction period. As indicated in the
text of this paper, the length of each period was varied in initial
experiments, but was fixed after the length for maximal germi-
nation was determined.
For experiments in which seeds were cut in half, they were

halved perpendicular to the axis of later growth. This procedure
separated the embryonic axis plus a small portion of the cotyle-
dons from the majority of the cotyledons. Because of the small
size of the seeds, it was difficult to identify the half seed which
contained the embryonic axis. Thus, both halves from 50 seeds
were soaked in water. Only the half which contained the axis
germinated.
Germination is defined as the emergence of the embryonic

axis through the seed coat. When the cotyledonary end emerged
before the axis, it was termed atypical germination (12). The
standard incubation temperature used in these experiments was
24C. When seeds were temporarily incubated at 35°C, they were
transferred in a dark box to a 35C incubator. Measurements
with a thermocouple indicated that the temperature of the seeds
equilibrated with the incubator within 5 min after transfer.
For measurement of water uptake, 100 seeds were weighed

(39.7 mg, SE = 1.7 mg) and incubated for a given period on two
layers of filter paper in a 5.5 cm Petri dish wetted with 2.0 ml of
distilled water. The seeds were removed from the Petri dish,
blotted between two sheets of dry filter paper to remove external
water, and then weighed. The increase in weight due to water
uptake was expressed as percent of the initial weight of the dry
seeds.
The rate of02 uptake was determined with an oxygen electrode
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(No. 4004, Yellow Springs Instruments Co., Yellow Springs,
OH) which was connected to a home-made circuit box (4) and a
Heath-Schlumberger recorder (model SR-255B). After 100 dry
seeds were weighed, they were incubated in a Petri dish as above
for a given period of dark preinduction, dried between two sheets
of filter paper, and then placed in a lucite cuvette of 6.0 ml
capacity. The cuvette was filled with distilled water containing a
drop of Tween 20 to help wet the seed coat. The suspension was
stirred and maintained at 25°C by passing thermostatted water
through the jacket of the cuvette. The 02 concentration in the
air-saturated water was considered to be 240 ,M.

Light transmission through the seed coat was measured with a
Bausch and Lomb spectrophotometer connected to a Keithly
Instrument microvolt meter. First, a single seed was cut in half
and the embryo was removed. The coat of half the seed was then
placed over a 0.5 mm hole which was drilled in a 5 cm square,
1 mm thick piece of aluminum which was painted with several
coats of flat black paint. A drop of water was placed on top of
the seed coat so that it adhered to the aluminum. The aluminum
square, with the seed coat attached, was then attached directly
to the surface of a Zeis photomultiplier and light transmission
was determined. The seed coat was kept moist throughout the
measurement period. The results reported are an average ofthree
different seed coats.

All experiments reported herein were repeated at least twice.
Unless otherwise stated, all measurements were made in dupli-
cate and average values are reported. Standard errors were uni-
formly below 5%. All necessary manipulations were performed
under dim green light (<80 ergs. cm2_ s-'). Seeds were normally
exposed to this light for less than 1 min, but 36 h of exposure to
it did not stimulate germination above the dark controls. Red
light was obtained by passing Sylvania cool-white fluorescent
light through one sheet each of red and amber plexiglas (<0.1%
transmission below 580 nm, 50% transmission at 610 nm; energy
fluence rate = (6.8 ± 0.4) x I04 ergs cm-2 - s-'). Far-red light was
obtained by filtering General Electric incandescent tungsten light
through 5 cm of water and a red Plexiglas and two layers of dark
green acetate sheets (<0.1% transmission below 680 nm; energy
fluence rate = (2.2 ± 0.3) x I04 ergs-cm2 s-'). The energy
fluence rate was measured with a Yellow Springs Radiometer
(model 65).

RESULTS
General Characteristics of Photoinduction. During the prein-

duction period, photosensitive seeds take up water, become
metabolically active, and develop sensitivity to light (2, 13). Thus,
the patterns of water uptake, increase in respiration, and devel-
opment of photosensitivity in Oenothera seeds during the prein-
duction period were examined (Fig. 1). Water uptake reaches a
maximal value of 24% of the initial dry seed weight after about
24 h of soaking, with half-maximal uptake in about 5 h. The
time-course of water uptake is the same in the dark as in
fluorescent light (Fig. 1A). The respiration rate of early winter
seeds increases during imbibition and reaches a maximal value
of 0.38 nmol O2* min' . mg-' dry seed in 7 h; this fate is main-
tained for more than 36 h in the dark (Fig. 1B). The respiratory
rate reaches a maximum when the seeds are half-imbibed.
Oenothera seeds germinate to low percentages (about 10% for
early winter seeds and about 30% for spring seeds) in response
to 12 h of white light. Grand Rapids lettuce seeds germinate to
100% with less than 1 min of exposure to the fluorescent light
used in these studies (data not shown). Both types of Oenothera
seeds reach maximal photosensitivity after about 24 h of dark
soaking (Fig. IC). Also, for both types of seeds a long period of
dark soaking acts to reduce photosensitivity. For subsequent
experiments, the standard preinduction period was set at 24 h,
the time at which water content, respiration, and photosensitivity
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FIG. 1. Characteristic changes during preinduction. A, Increase in

fresh weight; B, increase in respiration; C, change in photosensitivity.
Early winter seeds were soaked in darkness (0) or in white fluorescent
light (0). Spring seeds (A) were soaked in darkness. In this and subsequent
figures of this paper, inset diagrams show experimental protocols and the
x in each diagram is plotted on the abscissa.

are maximal.
Absorbance and reflectance of light by the seed coat affect the

amount of light which reaches the embryonic axis. Thus, the
light transmission spectrum through a seed coat was determined.
The results (Fig. 2) show that light transmission is very low in
the blue, green, and orange part of the spectrum with a gradual
increase in transmission in the red and maximal transmission in
the far-red region. Although the amount of light which reaches
the embryonic axis cannot be quantitatively determined from
these results alone, this transmission spectrum suggests that the
amount of red light which reaches the embryonic axis is signifi-
cantly reduced by the seed coat. Absorbance of light by the seed
coat also makes spectrophotometric determination of phyto-
chrome extremely difficult in these seeds.
The fluence-response relationship of Oenothera was next stud-

ied by dark soaking seeds for 24 h and then exposing them to
white light for varying times. The experiments were performed
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FIG. 3. Fluence response curves for white fluorescent light and red
light. Spring seeds (A) or early winter seeds (0) were exposed to white
light. Early winter seeds (0) were exposed to red light.

with early winter and spring seeds. The results in Figure 3 indicate
that: (a) early winter seeds require 48 h of light to germinate to
a maximum of about 63%, whereas spring seeds germinate to a
maximum of 85% after 36 h of light; (b) the response of early
winter seeds to red light is the same as to white fluorescent light,
even though the energy fluence rates are vastly different (see
"Materials and Methods"); and (c) the fluence-response curves

appear to be biphasic for both types of seeds, with a small
stimulation of germination caused by up to 12 h of light and a
second stimulation of germination caused by longer exposures
to light. Both the first and the second phases of the fluence curve
are influenced by after-ripening. Summer seeds showed a fluence-
response curve nearly identical to that of spring seeds (data not
shown).

Next, the time-course ofgermination of early winter and spring
seeds were examined by using the standard dark preinduction
period of24 h and a photoinduction period of48 h. Germination
was scored periodically after the start of irradiation. The results
show that spring seeds germinate more rapidly and to a greater
extent than early winter seeds (Fig. 4). The time from the start
of photoinduction to 50% germination is about 70 h for early
winter seeds and about 40 h for spring seeds.
When spring seeds were cut in half and soaked in light or in

darkness, all half seeds germinated atypically within 2 d, whereas
the germination of intact seeds was all typical and less than 100%
(data not shown). This indicates that the embryonic axes of
Oenothera seeds are capable of growing without irradiation, and
that the light requirement of the seeds is lost in the halving
procedure.

FIG. 4. Time course ofgermination for early winter seeds (0) and for
spring seeds (0).

The results thus far presented for Oenothera indicate a general
similarity of its preinduction and postinduction periods to those
of other photosensitive seeds (2, 5, 13) in that (a) respiration,
water content, and photosensitivity increase during dark prein-
duction and (b) seeds only require light for germination if the
seed coat is intact. However, Oenothera seeds are unlike lettuce
and many other highly photosensitive seeds in that they require
prolonged exposure to light for maximal percentage of germi-
nation.

Effect of Periodic Light and Temperature. The requirement
for a long exposure to light for maximal percent germination
raised the possibility that Oenothera seeds may be stimulated by
periodic exposure to light (2, 5, 1 1). To examine this possibility,
seeds were exposed to two light periods (12 and 2 h) which were
separated by an intervening dark period, the length ofwhich was
varied. Figure 5A shows the results for spring seeds. With no

intervening darkness, i.e. with a single photoperiod of 14 h,
germination is about 25%, but it increases to a maximum of 60
to 63% with an intervening dark period of 10 to 16 h, then
declines slowly and linearly for longer intervening dark periods.
The same data are plotted in Figure SB, together with the data
for continuous illumination in Figure 3. In this figure, the
abscissa shows the hours between the start and the end of the
light treatment for the single and the two light regimes. When
the intervening dark period is 0 to 10 h for the two-light regime,
the percentage of germination is practically identical with that of
seeds given continuous light for 12 to 24 h.
When the duration of the second irradiation was varied, with

the first photoperiod and the intervening dark period fixed at 12
and 10 h, respectively, germination increased dramatically during
the first 2 h of the second exposure to light (Fig. 6A). This
dramatic increase was followed by a slow and linear increase in
germination as the intervening dark period increased to 20 h.
The same data are plotted in Figure 6B with the data for
continuous irradiation shown in Figure 3. As in Figure 5A, the
abscissa shows the time between the start and the end of irradia-
tion for each treatment. The portion of the curve in Figure 6A
in which there is a slow linear rise agrees quite well with the
response to continuous irradiation of 24 h and longer.

Photoinduced seed germination of many species is often stim-
ulated by short treatments at an elevated temperature (21, 23).
Thus, spring seeds were treated at 35°C for varying lengths of
time immediately before or after 8 h of light. The preinduction
period was fixed at 27 h in these experiments. The results (Fig.
7) show that 2 to 3 h of incubation at 35°C, given either before
or after light exposure, stimulates germination but the stimula-
tory effect declines as the length of the incubation period exceeds
3 h. In the next experiment, seeds were incubated at 35°C for 3
h immediately before or after varying times of exposure to light
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FIG. 5. Effect on percent germination of the length of an intervening
dark period between two photoperiods of 12 and 2 h, using spring seeds.
A, Percent germination as a function of the length of the intervening
dark period; B, comparison of the data for two photoperiods (A) with
that for a single photoperiod (A) shown in Figure 2. The time between
the beginning and the end of light treatment is plotted on the abscissa.

and the results were compared with 24°C controls (Fig. 8). The
maximal germination obtained after 36 h of light is about 85%
for all three treatments. However, when seeds are exposed to
light for less than 12 h, incubation at 35°C stimulates germination
markedly above the control, particularly when seeds are incu-
bated immediately before light.
About 60 to 65% germination occurs when seeds are given a

short period of light after 12 h of light plus 10 h of darkness (Fig.
6) or a short period of light immediately after a brief 35°C
incubation (Fig. 8). About 35% germination occurs when seeds
are given a short period of light immediately before a brief 35°C
incubation (Fig. 8). Since phytochrome is often implicated in
plant responses to brief light exposures (2, 3, 5), the possible
involvement of phytochrome in Oenothera germination was
directly tested with red and far-red light for these potentiating
treatments. Table I shows the results of these experiments for
summer seeds. Although the difference between the red and far-
red light treatments is not as great as that of lettuce or other
highly photosensitive seeds, the data clearly show the stimulation
ofgermination by red light and the reversal of the red light effect
by far-red light. For each treatment, far-red light alone or red
light followed by far-red light results in a percentage of germi-
nation about equal to that of the dark controls. The difference
in percent germination between red and far-red treatments is
about 35% for treatment A (12 h light followed by 10 h darkness)
and treatment B (2 h dark incubation at 35°C immediately before
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All data are for spring seeds.
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FIG. 8. Comparison of the fluence response curve

which were incubated for 3 h at 35°C immediately b
(A) photoinduction with that of seeds not incubated
preinduction period was set at 27 h.

Table I. Effects of12 h ofLighlt and ofIncubation
Potentiation ofa Reversible Phytochrome Response in

Experimental protocols for the three potentiating trea
in the diagrams below, with germination percentagi
irradiation with red and far-red light (R/FR in the d
the table. Each entry shows the mean and standard e:

cates. The percent germination of seeds which receiv
treatment alone without being irradiated with red c
presented under the treatment 'Darkness.'
H20

L R/FR
24 h, 24°C 10 h, 24°C 4 Day

A. I---------------1 12 h ---------- - - - -

R/FR
24 h, 24°C ...AB. I----------------- -_

2 h, 35°C

24 h, 24°C
C. I-H----------_-H

R/FR

4 days, 24%

4 days, 24%

Germination
Light Treatment

Treatment A Treatment B

Darkness 35.5 ± 2.9 17.5 ± 1.8
Red 67.0 ± 2.6 55.5 ± 3.8
Far-red 29.5 ± 2.5 22.5 ± 1.5
Red -far-red 31.5 ± 4.0 17.5 ± 3.7

red or far-red irradiation). The difference is ab
seeds are incubated at 35°C immediately after in
ment C). All differences between the red and far
ments are statistically significant (P < 0.01). In
of light followed by 10 h of darkness or a brie
35°C can elicit a reversible phytochrome responE
of the seeds.

DISCUSSION

Oenothera seeds become more photosensitive (
and germinate more rapidly (Fig. 4) after a briel
at room temperature and humidity. This after-ri
to be nearly complete by 5 months after seed I
comparison with Grand Rapids lettuce seeds

Oenothera seeds are still weakly photosensitive in that they
require about 36 h of irradiation for maximal germination.

-! The initial dark preinduction period is a preparatory phase of
germination in Oenothera as in the seeds of other species (2, 13).
During preinduction, seeds take up water, increase in respiration,

GERM and develop photosensitivity (Fig. 1). As with lettuce (13) and
DAYS other seeds (2), the photosensitivity of Oenothera seeds declines
24 c- 5 as the preinduction period becomes long (Fig. IC), although the

GERM time-course is much slower in Oenothera. In Oenothera, there is
4 DAYs 4 also an increase and subsequent decline of photosensitivity dur-
- ,C H ing the intervening dark period when seeds are given two light

GERM exposures (Fig. SA). Thus, Oenothera seeds increase in photosen-
DAYS 4 sitivity during the dark preinduction period and as a consequence
24 of exposure to light. In contrast, lettuce and other highly photo-

sensitive seeds take up water, increase in respiration, and fully
96 develop photosensitivity all during the preinduction period.

The photoinduction period is also complex in Oenothera seeds.
First. much longer exposure to light is necessary for maximal

s for spring seeds germination of these seeds (Fig. 3) in comparison to highly

tefore (A)or after photosensitive seeds. Second, the fluence-response curve of
at 35 C (A\). The Oenothera appears to be biphasic (Fig. 3); a small percentage of

seeds germinate with less than 12 h of light, while the majority
at 35'C on the of seeds require a much longer exposure to light. The biphasic
Oenothera Seeds nature ofthe fluence-response curve is more pronounced in seeds
Qtmenothrer seeds shortly after collection than in after-ripened seeds (Fig. 3). It is
tments are shown also more pronounced in seeds briefly incubated at 35'C imme-

es resulting from diately before or after irradiation than in those maintained at
[iagrams) given in 24°C throughout (Fig. 8). Biphasic fluence-response curves have
rror of four repli- been reported for several other species (5). Third, the amount of
red a potentiation light needed to induce a given percentage of germination de-
r far-red light is creases if the photoperiod is interrupted by an intervening dark

Germ. period (Fig. 6B; also Ref. 11). Fourth, photosensitivity increases
Germ, and then decreases as the length of the intervening dark period

s, 24'C is extended (Fig. SA). Fifth, while phytochrome is involved in
- - - - the photoinduced germination of Oenothera seeds, the treat-

ments used here brought about a reversible phytochrome re-
sponse in only 20 to 35% of the seeds (Table I).

Interestingly, photosensitivity increases during the first 10 h of
the dark period that separates two periods of irradiation (Fig.
5A) and the increase is similar to what occurs during continuous
exposure to light (Fig. SB). This indicates that the physiological
processes which occur during those 10 h of darkness are not
limited by the availability of light. The red/far-red reversibility
of the second light period indicates that phytochrome is involved
in Oenothera germination (Table I). However, since only 20 to

Treatment C 35% of the seeds exhibit a reversible phytochrome response
(Table I), it appears that in the treatments used here, many of

23.5 ± 2.0 the seeds have escaped from photoreversibility.
43.0 ± 2.1 While phytochrome is obviously involved in Oenothera ger-
17.0 ± 2.1 mination, the light response is clearly much different from that
22.0 ± 3.2 of Grand Rapids lettuce. Although the seed coat of Oenothera

would be expected to significantly diminish the amount of red
)out 20% when light which reaches the embryonic axis (Fig. 2), the requirement
radiation (treat- ofthese seeds for prolonged light exposures cannot be interpreted
r-red light treat- simply in terms of the optical properties of the seed coat. Exper-
summary, 12 h imental treatments which potentiate a reversible phytochrome
f incubation at response (Table I) are likely to be closely associated with the
se in 20 to 35% phytochrome system or with the reactions in which phytochrome

participates.
Responses to light as observed in Oenothera seeds have also

been reported in the seeds of other species. For example, Chen-
opodium album seeds increase in photosensitivity during a dark

(Figs. IC and 3) period which intervenes between two light periods (15) and the
f storage period seeds of many other species require several exposures to light for
ipening appears germination (2, 14, 17, 24).
harvest (11). In In Oenothera (Fig. 8; Table I) and in many other species (21-
s, after-ripened 23), a brief incubation at an elevated temperature dramatically
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increases photosensitivity. Unlike other species which are stim-
ulated by heat treatments of a few minutes (2, 21), Oenothera
seeds require 2 to 3 h ofhigh temperature incubation for maximal
increase in photosensitivity (Fig. 7). Prolonged high temperature
incubation inhibits germination of Oenothera (Fig. 7) and other
species (2, 6, 13, 21). When Oenothera seeds are irradiated before
a high temperature incubation they germinate to a lower per-
centage than when irradiated after a high temperature incubation
(Fig. 8; Table I). The lower percentage of germination of seeds
irradiated before 35C incubation may be caused by some of the
phytochrome in the far-red absorbing form which is formed in
these seeds undergoing thermal reversion to phytochrome in the
red absorbing form when they are subsequently incubated at
350C.
The postinduction period is terminated by protrusion of the

embryonic axis through the seed coat. In Oenothera seeds which
were cut in half, the axes grow in light and in darkness. The axis
outgrowth of half-seeds is 100% within 2 d, whereas intact seeds
germinate to 81% by 3 to 4 d after the beginning of photoinduc-
tion (Fig. 4). The inhibition of axis elongation in the presence of
the seed coat may be overcome by weakening the mechanical
restriction of the coat (12) or by the axis gaining a germination
potential (19). How such an effect is induced by light and the
mechanism of treatments that enhance photosensitivity in
Oenothera remain to be explained. The following paper examines
the photoinduction period of Oenothera germination.
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