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The major absorption change attributed to the
photooxidation of cytochrome, a negative peak at
420 m,u, was the predominant change in Porphy-
ridium. A smaller positive peak at 450 mu, asso-
ciated with cytochrome, was also observed. A posi-
tive change at 395 m,u, attributed to cytochrome, de-
cayed with a significantly shorter half-life than that
at 420 mi,. A tentative explanation was advanced.

Several lines of evidence were presented for the
similarity of the 520 m,u absorption change observed
in Porphyridium to the 515 m,u change in Chlorella.
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Conditions Determining Effects of Far-Red and Red Irradiations on
Flowering Response of Pharbitis nil1

H. Fredericq 2
U. S. Department of Agriculture, Agricultural Research Service, Beltsville, Maryland

Flowering of Pharbitis nil Chois. (Ipomoea nil
L. Roth.) seedlings occurs in short photoperiods but
is inhibited by far red at the end of the photoperiod
(7, 10). Dependence of this response on conditions
during the photoperiod was appreciated but had not
been examined. The purpose here was to investigate
the conditions during the photoperiod that influence
flowering and to examine the nature of phytochrome
action both immediately after the photoperiod and at
various later times in the dark period.

Materials and Methods

Seed of P. nil for these experiments was from a
supply used by Nakayama et al. (7). The seeds were
macerated for about 40 minutes in concentrated sul-
furic acid, then rinsed overnight in water, sown in
wet perlite the next morning, and placed in an incu-
bator at 27.50 in darkness. Forty-eight hours later
the seedlings were transplanted to Knop's solution
containing microelements and ferric citrate.

For the 1962 experiments they were precultivated
' Received Feb. 14, 1964.
2 Permanent address: Laboratory of Plant Physiology,

Ledeganckstraat, 39, Ghent, Belgium.

under continuous light for 2Y2 days in the greenhouse.
The natural light was supplemented at night with
incandescent-filament light, following the procedure
of Nakayama et al. (7). For the 1963 experiments,
to which the tables of this paper refer, the preculti-
vation was done in a growth room with daily cycles of
10 hours of fluorescent light (1,000 ft-c) and 14 hours
of incandescent light (80 ft-c). With these modifi-
cations seedling growth and chlorophyll formation
were improved. The precultivation under continuous
light was separated from the first inductive cycle by
a short night of 7 hours. After 3 inductive cycles
the seedlings were returned to the greenhouse, where
they received continuous light until the flowering
response was measured.

The average number of flower buds per plant and
the number of plants bearing terminal buds, which
are formed only under optimal conditions of induc-
tion, were recorded. There were 9, 12, or 18 plants
per treatment. Control plants grown under continu-
ous light after germination in the dark all remained
strictly vegetative. Temperatures during the induc-
tive cycles were 250 during the photoperiods and 220
during the nights.

The far-red radiation was obtained by filtering
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the light of four 1 50-w incandescent flood lamps
through 5 cm of water and through 2 layers each of
red and dark-blue cellophane. The irradiance was
20 /,w/cm2/mgs at 740 m,u (tables I-V) and 40 ,uw
(tables VI-VII). Four layers of blue cellophane
instead of two were used for the latter. The higher
energies used in the experiments of tables VI and VII
were obtained by decreasing the distance between the
plants and the radiation source. The red radiation
was about 60 /sw/cm2/m/s at 660 mru. It was obtained
by filtering light from standard cool-white fluorescent
lamps through 2 layers of red cellophane.

Experimental Results

Far Red at the Beginning of Dark Periods of
Various Lengths. Results of a typical experiment
(table I) show flowering of control plants to be
completely induced with formation of a typical ter-
minal bud on photoperiods of 2 to 10 hours. Four
minutes of far red at the beginning of the dark
period completely suppressed flowering induced by a
2-hour photoperiod but was less effective for longer
photoperiods. The inhibition was reversed by red.
Higher far-red irradiances applied after 8-hour photo-
periods were also ineffective. Flowering was pro-
moted by far red at the end of 12-hour photoperiods
and this effect was reversed with red as had been ob-
served under similar conditions by Takimoto and
Naito (11).

The far-red irradiations enhanced elongation of
hypocotyls, reduced the angle between the cotyledon-
ary petioles, and inhibited anthocyanin formation in
hypocotyls and petioles. These effects were reduced
as the photoperiod increased but were always of the
same type in contrast to flowering, which was quali-
tatively opposite, changing from suppression to in-
duction.

Light Intensity during the Photoperiod. The in-
hibition of flowering by far red at the end of a 4-hour
photoperiod was enhanced as the intensity of the

Table I. Effect of 4 Minutes of Far Red at End of Var-
ious Daily Photoperiods on Flowering of Pharbitis nil
The illumination during the photoperiod was 2,000 ft-c

from cool-white fluorescent lamps.

Daily Mean flower buds Plants with
photo- per plant (number) terminal flower
period bud__ o_
(hr) Control FR Control FR

0.5 1.6 0.0 0 0
1 4.7 0.0 45 0
2 5.6 0.2 100 0
3 5.4 2.1 100 0
4 6.1 4.2 100 18
6 6.5 6.4 100 96
8 6.5 6.8 100 91
10 6.1 6.5 100 97
11 4.2 4.6 0 0
12 0.3 2.6 0 0
13 0.0 0.0 0 0

Table II. Effect of 4 Minutes of Far Red at End of Var-
ious Daily Photoperiods on Flowering of Pharbitis nil
The illumination during the photoperiod was from

cool-white fluorescent lamps.
Mean flower buds Plants with

Length and per plant terminal flower
illuminance of (number) bud (%)
photoperiod

Control FR Control FR

4 hours:
1,700 ft-c 6.3 5.8 100 67
900 ft-c 6.2 3.3 100 0
400 ft-c 6.3 0.0 100 0

8 hours:
1,700 ft-c 6.6 6.7 100 100
900 ft-c 6.3 6.3 100 100
400 ft-c 6.3 6.3 100 100

12 hours:
1,700 ft-c 1.2 3.3 0 0
900 ft-c 1.1 4.0 0 0
400 ft-c 1.3 3.4 0 0

light during the photoperiod was decreased (table II).
This effect was also observed with 8-hour photo-
periods but only when the illuminance was lowered
to 100 ft-c, which was adequate for full induction of
controls. The effect was reversed with red.

Far Red at Various Timles after the Beginning of
the Dark Period. Results in tables III and IV show
the same general trend. Far red is gradually less
inhibitory after increasing intervals of darkness or
low intensity of fluorescent light (3 ft-c illuminance)

Table III. Effect of 4 Minutes of Far Red at Various
Times after Daily 2-Hour Photoperiods on Flowering of

Pharbitis nil
The illumination during the photoperiod was 1,600 or

800 ft-c from cool-white fluorescent lamps.

Treatment after
and illuminance
during 2-hour
photoperiods

Mean flower buds
per plant
(number)

Control FR
FR immediately:

1,600 ft-c 5.8
800 ft-c 5.7

FR after 3 hours
of darkness:
1,600 ft-c 5.8
800 ft-c 5.7

FR after 6 hours
of darkness:
1,600 ft-c 5.8
800 ft-c 5.7

FR after 8 hours
of darkness:
1,600 ft-c 5.8
800 ft-c 5.7

FR after 11 hours
of darkness (= middle
of 22-hour night):
1,600 ft-c 5.8
800 ft-c 5.7

Plants with
terminal flower

bud (%)

Control FR

0.0 100 0
0.0 100 0

1.2 100 0
0.3 100 0

5.7 100 89
3.0 100 22

5.9 100 100
5.2 100 67

6.2 100 100
6.1 100 100
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Table IV. Effect of 4 Minutes of Far Red at Various
Timles after Daily 2-Hour Photoperiods on Flozwering

of Pharbitis nil
The illumination during the photoperiod was 1,400,900,

or 400 ft-c from cool-white fluorescent lamps.

Treatment after
and illuminance
during 2-hour
photoperiods

FR immediately:
1,400 ft-c
900 ft-c
400 ft-c

FR after 6 ihours
of darkness:
1,400 ft-c
900 ft-c
400 ft-c

FR after 6 hours
of 3 ft-c fluores-
cent light:
1,400 ft-c
900 ft-c
400 ft-c

Mean flower buds
per plant
(number)

Plants with
terminal flower

bud (%)

Control FR Control FR

5.8
6.2
5.5

5.8
6.2
5.5

5.8
5.8
5.3

0.0
(.0
0.0

2.8
0.7
0.0

3.9
1.1
0.2

100
100
82

100
100
82

100
100
100

0
0
0

11
0
0

30
0
0

usedl to maintain plytochronme in the Pfr form. This
decrease depends strongly on the light intensity dur-
ing the photoperiod, being most pronounced at the
higher intensities.

Other Conditions Influencing Inhibitory Action of
Far Red. Effects of far red at the beginning of dark
periods were more pronounced following photoperiods
in sunlight than in fluorescent light of similar illumi-
nances (table V). Irradiation in a growth room with

Table V. Effect of 4 Minutes of Far Red at End of
Daily Photoperiods of Different Lengths and Kinds of

Light on Flowering of Pharbitis nil
The fluorescent illumination was 1,700 ft-c from cool-

white fluorescent lamps. The plants in the greenhouse
were shaded to reduce the natural illumination to about
1,700 ft-c.

Length of
photoperiod
and kind of

.:- L,.

Mean flower buds
per plant
(number)

Plants with
terminal flower

bud (%c)
11gnt Control FR Control FR

2 hours:
Fluorescent 6.3 0.0 100 0
Natural 6.0 0.0 92 0

3 hours:
Fluorescent 6.0 2.0 100 0
Natural 6.1 0.8 100 0

4 hours:
Fluorescent 6.2 6.4 100 67
Natural 5.9 3.3 100 0

6 hours:
Fluorescent 6.0 7.1 100 100
Natural 6.3 4.5 100 25

8 hours:
Fluorescent ... ...

Natural 6.5 5.1 100 44

carbon arcs and supplementary incandescent-filament
lamps gave results sinilar to sunlight.

When far red followed a single inductive photo-
period of 8 hours, flowering was inhibited, but when
it followed each of 2 or more daily 8-hour photo-
periods, it was without apparent effect. Two or more
successive inductive photoperiods caused normal
flower-bud development, but a single one led to sub-
optimal production. All the above-mentioned experi-
mients were done with 5-day-old seedlings preculti-
vated under continuous light for 2'2 days. Flowering
in them was not inhibited by far red either at the end
of 8-hour photoperio(ds of high-intensity fluorescent
light or in the middle of the 16-hour night.

Eight-clay-old seedlings precultivated for 52 in-
stead of 2/2 days, however, were more sensitive to
far red; 4 minutes inhibited rather strongly at the
end of 8-hour periods of high intensity andl also in the
middle of the night.

Rezversibility in the Middle of the Night. Sub-
stantial repromotion of flowering occurred when a
30-second far-red irradiance immediately followed
an inhibitory 30-second red one in the middle of 16-
hour nights (table VI). Repromotion failed when
longer irradiations were used and when 3 minutes of
larkness was insertecl between '2-minute irradiations.
Both 5- and 8-day-old seedlings vere equally well
reversed. Inhibition by far red at the beginning of
darkness was evident only in the 8-day seedlings.

Reversal of response to 30-second irradiances of
red and far red in the midcldle of 22-hour nights did
not occur but was successfully repeated in the middle

Table VI. Effect of Alternzate Red antd Far-Red Irradi-
ations in Middle of Daily 16-Hour Dark Periods

on Flowering of Pharbitis nil
The illumination during the photoperiod was 1,700 ft-c

from cool-white fluorescent lamps.

Duration
and kind

of irradiation
in middle of

night

Control
30 sec of R
30 sec of R +

30 sec of FR
1 min of R
1 minof R +

1 min of FR
2 min of R
2 min of R +
2 min of FR

30 sec of R +
3 min of
darkness +
30 sec of FR

4 min of FR at
end of photo-
period

Mean flower buds
per plant of
indicated age
(number)

5 days 8 days

6.6
0.7

7.6
0.3

Plants of
indicated age
with terminal

flower buds (o)
5 days 8 days

100
0

92
0

3.7 3.8 0 0
0.0 0.0 0 0

1.4 2.6 0 0
0.0 0.0 0 0

0.0 0.8 0 0

0.4 ... 0

6.7 3.3 100 0
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Table VII. Effect
Irradiationts on

The illumination du
from cool-white fluore
were 8 hours light, 1(
hours dark.

Duration M
and kind

of irradiation
in middle of

night 5

After 8-hour
photoperiods:

Control
30 sec of R
30 sec of R +

30 sec of FR
After 2-hour
photoperiods:

Control
30 sec of R
30 sec of R +

30 sec of FR
4 min of FR at
end of 8-hour
photoperiod

4min of FR at
end of 2-hour
photoperiod

of 16-hour ones (tz
fully induced by 2- a

Far red applied i
different lengths is
(24 hours), has nc
ones (8-10 hours), z

(11-12 hours). Th
of Pfr to Pr. The i

of Alternate Red and Far-Red for Pfr in the beginning of each dark period depends
X Flowering of Pharbitis nil on light conditions occurring during the preceding
iring the photoperiods was 2,000 ft-c photoperiods. Thus, the loss of inhibition when far
escent lamps. Photoperiodic cycles red is applied 6 hours instead of immediately afterhours dark and 2 hours light, 22

the end of the 2-hour photoperiod is less rapid if the
intensity is lower during the 2-hour period (tables

[ean flower buds Plants of III-IV). It is possible that the dark reversion of
per plant of indicated age Pfr to Pr, which takes several hours (2), may be de-
indicated age with terminal.
(number) floweribudstr on pendent upon the amount of substrates synthesized.(number)__ flower buds (lo) The degree of inhibition by far red at the end of

days 8 days 5 days 8 days 4-hour photoperiods is also strongly dependent upon
the light intensity during these periods (table II).
Finally, far red given immediately after an 8-hour

6.8 7.6 100 88 period of red light had no effect if the intensity of
1.0 0.5 0 0 the red light was high but inhibited if the intensity

was moderate. These last 2 points indicate that some
6.3 3.5 67 0 other factor related to the light intensity and inde-

pendent from time is also very important; possibly

5.9 6.7 100 89 the amount of substrate(s) with which phytochrome
1.3 0.0 0 0 reacts could be involved here.
* The lack of reversibility of flowering by red and

1.6 0.0 0 0 far red in the middle of the dark period, reported
earlier for Pharbitis (7) and Lemna (8), appears to
be due to very rapid action of Pfr instead of some

3.9 ... 0 peculiar qualitative difference between Pharbitis and
other short-day species such as Xanthium. Reversi-

0.9 0.0 0 0 bility was still present in Xanthium (4) after 15
minutes, but in Pharbitis it disappeared in more than
1 but less than 4 minutes (table VI).

The inhibitory effects of far red at the beginning
able VII). Control plants were of the dark period were also observed in Kalanchoe
nd 8-hour photoperiods. blossfeldiana and here, as in Pharbitis, the inhibition

was less after 8 hours than after shorter photoperiods.
Discussion This inhibition was also reversible by red as it was in

Pharbitis. Conditions that led to strong far-red inhi-
immediately after photoperiods of bition at the end of the photoperiod were ones that
inhibitory after very short ones led to failure of reversibility in the middle of the
obvious effect after intermediate night in both species. Recent experiments of Borth-

and is promotive after longer ones wick and Downs (1) show that Xanthium also reacts
ese effects result from conversion in this peculiar Pharbitis way if the photoperiod is
inhibitory effects of far red after shortened or the light intensity lowered.

very short photoperiods indicate that the Pfr has not
completed its flower-promoting function at the close
of photoperiod and must continue to act during the
first part of the dark period. This explanation is
supported by the fact that the far-red inhibition is
fully reversed by red at the beginning of the dark
period, which reestablishes Pfr. It is also consid-
erably less effective if a few hours of darkness inter-
vene before far red is applied. Moreover, attempts
to induce flowering in seedlings grown in darkness
on sucrose failed (12) or were only partially suc-
cessful (9). These observations are in agreement
with results obtained in a somewhat different way
for flowering of Chenopodium amaranticolor (6). A
similar action of far red on tuberization of Begonia
evansiana has also been described (5).

The requirement for the presence of Pfr phyto-
chrome during the first part of each inductive cycle
has been demonstrated for Chenopodium rubrum (3).
However, several of our results indicate that the need

Summary

Far red at the end of 2- or 4-hour photoperiods in-
hibits flowering. It is also inhibitory after 8-hour
ones if the intensity of illumination during the photo-
period is low. This inhibition by far red at the be-
ginning of darkness results from conversion of Pfr to
Pr before the Pfr has completed a necessary flower-
promoting function. The inhibition by far red at the
beginning of the dark period is completely and re-
peatedly reversible.

Far-red reversibility of flowering in the middle of
the dark period is successful if the red and far-red
irradiances are no more than 30 seconds each and are
not separated by darkness. Failure of reversal oc-
curs when longer irradiances or a 3-minute dark
period between two 30-second irradiances are used.
Very rapid action of Pfr probably accounts for the
previous failures of others to obtain reversal.
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in Growth and Organ Initiation
of Capsella 1. 2
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The morphological changes that accompany

progressive differentiation in plant embryos have
been characterized for a number of species, but the
nature of the factors that regulate these changes is
largely unknown. In an earlier work on embryos of
Capsella it was shown that normal growth and devel-
opment in culture of small globular embryos (<80 ,u
long) were regulated by the presence in the medium
of a balanced mixture of IAA, kinetin and adenine
sulfate (6). For the normal differentiation of heart-
shaped and older embryos (>80 ,u long) a require-
ment for exogenous growth substances was not ob-
served; however, when grown in media supplemented
with suitable concentrations of IAA, gibberellic acid
(GA), kinetin or adenine sulfate, these embryos
showed increased growth and characteristic morpho-

'Received Dec. 17, 1963.
2 Work performed at the Biological Laboratories,

Harvard University, Cambridge 38, Mass., with a grant
from the National Science Foundation (G-18684) to
Professor John G. Torrey. Appreciation is expressed
to Professor Torrey for his interest in this work.

genetic responses like elongation of the primary root,
hypocotyl and cotyledons, expansion of the embryonic
leaves and callus growth (7). In further work it was
found that the pattern of growth and organ initiation
in embryos grown in media supplemented with com-
binations of IAA and GA, IAA and kinetin, and GA
and kinetin was modified to some extent; the results
of these studies are presented in this paper. Attention
is given to the influences of the different combinations
of growth substances on the morphogenesis of the
embryos, and on the tolerance, stimulation or inhibi-
tion in growth of the embryonic organs.

Materials and Methods

Embryos of Capsella bursa-pastoris Medic. were
obtained from plants grown in the greenhouse in a
mixture of equal parts of sand, perlite and leaf mold
under a supplementary incandescent illumination of
ca. 200 ft-c light given during the daytime. The
composition of the culture medium and methods of
culture were similar to those described previously
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