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ABSTRACT

Flowering in the long day plant Hordeum vuigare L. var. Wintex barley
was enhanced by the addition of far red light to the main light portion of
the photoperiod. Far red energy was provided to produce quantum flux
ratios (660/730 nm) and phytochrome photoequilibria (Pfr/total phyto-
chrome) equivalent to those reported both beneath a leaf canopy and
outside a canopy at twilight. The photoperiodic requirement for long days
can be completely eliminated by the addition of far red light. However,
both the effect of extending the photoperiod without far red and the
addition of far red to 12-hour photoperiods were suboptimal. Maximal
stimulation was achieved ounly when far red was added to continuous light.
The duration of the period of maximal apex elongation rate, as well as the
reduction of the time required for floral initiation, were saturated by three
inductive cycles. When far red energy was provided intermittently during
3 days of continuous light, the ability to respond varied in a circadian
manner. This enhancement of flowering by far red appears to be mediated
by the “high irradiance response” of phytochrome.

Wintex barley is a facultative long day plant (1) that is quanti-
tatively stimulated to flower by increasing daylengths. Action
spectra for the promotion of flowering in long day plants by R®
light (4) and its reversal by FR light (24) given as brief interrup-
tions of the dark period, clearly established that phytochrome can
interact with an internal timing mechanism to regulate the percep-
tion of daylength in these plants. The similarity of action spectra
for the promotion of flowering in long day plants (4, 24) and the
inhibition of flowering in short day plants (25) led to the concept
of phytochrome as the primary photoreceptor mediating photo-
periodic responses in plants (14).

Subsequent experiments with daylength extensions, rather than
dark interruptions, found that a mixture of R and FR was more
effective for promotion than R alone (7, 21, 31). The action
spectrum for this response (27) shows a single peak in the R-FR
region between 710 and 720 nm and some action in the blue at
high irradiances. Such responses have been termed “high irradi-
ance responses” (HIR) (28), to distinguish them from the low
energy R/FR reversible responses, and are assumed to be a
complex function of the photostationary state between Pr and Pfr
13).

Although Hartmann (13) has interpreted the HIR responses
solely in terms of phytochrome in etiolated systems, effects of such
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high irradiances on photosynthesis in light-grown plants compli-
cate this interpretation in flowering experiments (9, 10, 26). Re-
moval of CO, during an inductive period leads to decreased
flowering (26). This inhibition can be reversed by simultaneous
application of an exogenous carbohydrate source (22, 26). That
this is not the result of simple maintenance of growth has been
suggested by Bodson et al. (2) who reported alternate promotion
and inhibition of flowering by CO. and high light intensity
dependent upon whether the treatments were given during the
first or second portion of an inductive long day. Thus, experiments
dealing with high irradiances for extended periods must deal with
the complication of photosynthesis in any tissue that contains
functional chloroplasts.

If the promotion of flowering in long day plants is mediated by
the HIR of phytochrome the question of how natural daylight
interacts to control the response remains a problem. The spectral
composition of daylight maintains a fairly constant high R/FR
ratio of about 1.2 throughout the majority of the day (12, 17) that
would be expected to produce phytochrome photoequilibria of
about 60% Pfr (30). Shifts toward lower ratios have been reported
to occur both at twilight (12, 17, 29) and below a canopy of leaves
(18).

Wagner (32) has suggested that the twilight spectral shifts act
through an external coincidence with an endogenous circadian
rhythm to control photoperiodism. The importance of such twi-
light changes has been questioned (23) based on the highly
variable nature and relatively small change in these ratios that
reach levels of only about 0.4 outside the canopy (17). The work
reported here was performed in an attempt to determine the effect
of small changes in R/FR ratio on the photoperiodic enhancement
of flowering in Wintex barley. Experiments were performed under
conditions with equivalent total PAR and minimal distortion to
the spectral distribution of the light between 400 and 700 nm as
a consequence of the addition of FR to lower the R/FR ratio.

MATERIALS AND METHODS

Growth Conditions. Hordeum vulgare var. Wintex barley seed
is not commercially available and was supplied by Dr. D. A. Reid
at the USDA/ARS, Tucson, Arizona, from a stock harvested in
July 1976. Preliminary experiments established that the minimum
age required for optimal induction of flowering was 7 days from
the start of imbibition. Groups of 25 seeds were sown on Vermic-
ulite in plastic freezer boxes and allowed to imbibe on deionized
H,O for 4 days in the dark at 20 + 0.5 C. At the end of this time
all seedlings had coleoptiles above the level of the Vermiculite.
They were then transferred for an additional 4 days to full strength
Hoagland No. 1 solution (with a chelated iron source) in growth
chambers with 12-h daylight fluorescent iods at a con-
stant temperature of 20 + 0.5 C and RH of 70 + 5%.

Light Treatments. At the end of the 8-day pretreatment plants
were given various treatments with cither daylight fluorescent
alone or daylight fluorescent supplemented with FR light. Day-
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light fluorescent sources (Sylvania F48T12/D/VHO) were used
at an irradiance (400-700 nm) of 432 + 30 umol m~*s™* (94.0 +
6.5 w m~?) during all 12-h photoperiods and 222 + 8 ymol m%s™"
(483 + 1.7 w m™) for all 24-h photoperiods (measured with a
Lambda quantum sensor, radiometrically calibrated for daylight
fluorescent light, and averaged from readings taken at bed height
for each position within the chambers before and after each
experiment. Radiometric equivalents were based on the quantum
flux at 550 nm, the mean wavelength of the spectral energy
distribution from 400 to 700 nm of the daylight fluorescent
emission in Fig. 1). The maximal FR energy (700-800 nm) with
daylight fluorescent light alone was 2.7 w m~” under 12-h photo-
periods and 0.9 w m™ with 24-h photoperiods (readings taken as
a single measurement in the center of the chamber before and
after each experiment using a scanning radiometer with 50 nm
bandpass filters similar to the unit described by Goldberg and
Klein [11]). The relative quantum flux ratio (660/730 nm) was
about 5.6 (Table I) for both daylight fluorescent photoperiods
(measured at + 4.0 nm with a Schoeffel GM-100 spectral radi-
ometer, calibrated against an NBS radiometric standard lamp).

Supplemental FR energy was provided by mixing daylight
fluorescent lamps with single FR-emitting phosphor fluorescent
lamps (Westinghouse F48T12/IR/VHO obtained from Con-
trolled Environment Systems, Inc., Rockville, Md.) in a 1:1 ratio.
Irradiances (400-700 nm) were 428 + 28 umol m 5! and 213 +
18 pmol m~%s™" (93.1 £ 6.1 and 46.3 + 3.9 w m ) for 12- and 24-
h photoperiods, respectively. The FR energy during 12-h photo-
periods was 22.3 w m~? and 10.1 w m™* for the 24-h photoperiods.
The relative quantum flux ratio was about 0.45 (Table I).

Thus, all conditions had equivalent total energies (PAR) be-
tween 400 nm and 700 nm of 18.7 + 0.2 mol m~2 day™* (4.06 +
0.04 MJ m~2 day ") irrespective of photoperiod and differed solely
with respect to the amount of FR (700-800 nm) light (see spectral
emission curves in Fig. 1). Net photosynthetic CO. uptake is below
saturation at both irradiance levels (unpublished data).

Phytochrome Measurements. Oat seedlings (Avena sativa L.
var. Garry oat; Agway Seed Company, Syracuse, N.Y.) were
grown either for 5 days in the dark at 22 C on one layer of
Kimpack moistened with distilled H,O or for 6 days under the
various light sources described above at 22 C on one layer of
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Kimpack moistened with 0.2 mM of the herbicide 4-chloro-5-
(methylamino)-2-(a,a,a-trifluro- m-tolyl)- 3(2H)- pyridazinone
(San 9789 or Norflurazon, for details see ref. 19). The etiolated
seedlings were then exposed for 10 min to the various light sources
and 20 coleoptiles (including leaf) were placed vertically in a
metal cuvette (1.2 X 1.2 X 4 cm aluminum block with two 5-mm-
wide glass windows and a horizontal path length of 8 mm).
Twenty-five fully expanded leaves of light-grown (herbicide-
treated) tissue were harvested in a similar manner. The cuvettes
were kept on ice in the dark prior to measurement.

Phytochrome levels were determined in vivo using an Aminco
model DW-2 spectrophotometer with the measuring beam wave-
lengths set at 660 and 730 nm with a 5 nm bandwidth. The actinic
light was obtained from a 24-v side illumination accessory using
660 and 730 nm Baird-Atomic interference filters (10 nm half-
bandwidth). The calculated values in Table I were based on the
equation of Hartmann (13) using measured values for 660 and 730
nm and a value of 0.8 for the relative amount of Pfr in R.

Sampling. A single sample consists of one individual box with
about 25 seedlings. Samples were removed at the onset of the light
period of the day indicated and placed in the dark at 4 C during
harvest. Roots were removed and fresh weight determined for the
whole population. Ten plants were selected that were within the

Table 1. Measured and Calculated Values for the Quantum Flux Ratios
(660 730 nm) and Phytochrome Photoequilibria (Pfr/Ptot) Established by
the Various Lamp Sources Described in Fig. 1 for Both Dark- and Light-

grown Garry Oat Seedlings
Quantum Pfr/Ptotal
Lamp Source _F“_“‘_E“‘; Calculated! Measured

660/730 Dark-grown? Light-grown®
Daylight fluorescent 5.6 0.73 0.68 0.63
Daylight fluorescent + 0.45 0.45 0.38 0.47

far red fluorescent

Far red fluorescent 0.02 0.04 0.04 0.05

! From equation of Hartmann (13).
% Grown in dark for 5 days and exposed to 10 min of light described.
3 Grown for 6 days in light described (20).
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FIG. 1. Spectral emission curves for the daylight fluorescent (- - -), the FR phosphor fluorescent (. - - - - ), and both combined (—). Curves were
measured with a Schoeffel GM-100 spectral radiometer calibrated against an NBS standard tungsten source.
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standard deviation of the mean fresh weight. Preliminary experi-

" ments established that the fresh weight of plants was normally
distributed and the variation in fresh weight was correlated with
the time of germination. Attempts to synchronize germination
were unsuccessful, necessitating some selection criteria. The 10
plants so selected were stored in Petri dishes containing distilled
H:O at 4 C during dissection.

Apices were removed using a dissecting microscope, and scored
as floral stage according to Bonnett (3). Stage 1 refers to an
indeterminate vegetative apex and stage 2 to a filly determinate
reproductive apex that produces no further leaf primordia. Stages
3 to 10 are distinct morphological steps in the development of the
mature inflorescence. No attempt was made to choose stages for
linearity of development with time. Intermediate stages reported
are statistical and no attempt was made to define such stages.
Apex length was measured at the same time with a calibrated
reticle in the dissecting microscope. Finally, all plants used for
dissection were dried for 24 h at 110 C in a drying oven and used
for dry weight determinations.

RESULTS

Energy Sources. A fluorescent source of FR energy was used in
place of the usual incandescent source. The emission
curves for daylight fluorescent lamps, with or without the FR
phosphor sources, are shown in Figure 1. Since the only energy
from the FR source between 400 and 650 nm occurs in the
mercury lines, the distribution of the energy when combined with
the daylight fluorescent is virtually identical to the daylight flu-
orescent alone over this region. There is a slight difference between
650 and 700 nm due to the emission of the FR phosphor. When
combined at equal PAR, the spectrum resembles that of solar
daylight with minimal distortion due to the addition of FR while
avoiding the problem of radiative heat transfer to the leaves with
no requirement for additional heat-absorbing filters.

Phytochrome photoequilibria measured in oat seedlings, either
exposed to 10 min or grown for 6 days in continuous light with
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the spectral distribution reported in Figure 1, are shown in Table
I. Both calculated and measured values are in good agreement
with each other as well as with values reported by Smith and
Holmes (30). Differences among all three methods for any given
light source are not significant while those between different light
sources are significant at the 95% confidence level.

Floral Kinetics. The effect of adding FR light to either 12- or
24-h fluorescent photoperiods is shown in Figure 2. Under 12-h
fluorescent photoperiods, the transition to state 2 (initiation) takes
place between days 17 and 21, but there is no further development
until about day 26 (not shown). Both maximal extension of the
photoperiod to 24 h, and addition of FR light to 12-h photope-
riods, cause a significant decrease in the lag prior to initiation and
are quantitatively very similar. When FR is added to continuous
fluorescent light, there is a further enhancement in the time of
initiation and in the rate of floral development. The 1-day lag
between initiation and the onset of development is very repeatable.

Although care was exercised to equalize the energy available
for photosynthesis, effects on growth measured as dry weight were
nevertheless found (Table II). Both the addition of FR and the
extension of the photoperiod caused an increase in dry weight
accumulation. Therefore, a parameter was sought that would
reflect changes in both growth and development. The increase in
apex length was found to be continuous and directly correlated

Table I1. Dry Weight Accumulation during Growth under Continuous 12-
or 24-h Photoperiods with or without Supplemental FR

Total PAR is equal under all conditions and standard errors are less
than 5%.

Growth Conditions Dry Weight Measured on Day
S 10 1S 20
8/plant
12-h - FR 0.032 0.056 0.103 0.150
12-h + FR 0.029 0.058 0.122 0.282
24-h - FR 0.037 0.074 0.147 0.276
24-h + FR 0.041 0.096 0.186 0.343

10.0

FLORAL STAGE

LA--A--A--A
a7

25

TIME (days)

Fi1G. 2. Floral stage as a function of time under different light regimes. Floral stage 1 is vegetative, floral stage 2 is the first fully transformed floral
apex, and stages 3 to 10 are clearly defined morphological steps (2) leading to the fully mature influorescence (stage 10). After 8 days pretreatment,
plants were grown continuously under either 12-h daylight fluorescent (A), 12-h daylight fluorescent supplemented with FR (A), or 24-h daylight
fluorescent (@) and 24-h daylight fluorescent supplemented with FR (O) photoperiods. Each point is the average of five separate determinations of 10

plants each with standard errors less than 5%.
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F1G. 3. Correlation of increase in apex length with increase in dry
weight when grown under 12-h daylight fluorescent (A), 12-h daylight
fluorescent supplemented with FR (A), 24-h daylight fluorescent (@) or
24-h daylight fluorescent supplemented with FR (O) photoperiods.

with the increase in dry weight (Fig. 3). The effect of adding FR
light to the 12-h photoperiods or extending the photoperiod to 24
h is to increase the rate of apex elongation (slope of the linear
regression) by a factor of about 6 to 7 in both cases. The combi-
nation of adding FR and extending the photoperiod is roughly
additive, increasing the rate by a factor of about 12. The control
increases linearly throughout the experiment. However, both those
with added FR and those with an extended photoperiod increase
rapidly for only about 18 days. The rate then reverts to that of the
control. When both conditions are combined the increase is also
biphasic but, at about day 18 when stage 10 is reached, the rate of
increase becomes even more rapid. The correlation coefficients for
the initial phase are all greater than 0.95 and greater than 0.90 for
the second phase.

Number of Inductive Cycles. Since optimal induction was ob-
tained only when the photoperiod was extended with light con-
taining FR, various numbers of 24-h photoperiods containing FR
were given and the kinetics followed after return to 12-h photo-
periods without FR (Fig. 4). A single inductive period enhances
initiation by about 12 days, but does not yield further development
for at least 26 days. A second inductive period enhances initiation
by an additional 2 days and results in further floral development
after a lag of only 3 days. Both the enhancement of initiation and
the time of onset of continued development are saturated by three
inductive cycles. However, when returned to 12-h photoperiods
without added FR, the rate of floral development immediately
decreases by a factor of 2 when compared to continuous light
containing FR.

If apex length is again considered as a function of dry weight
(Fig. 5), it is clear that each inductive period stimulates the
elongation of the apex to the same extent as continuous induction.
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However, apex growth then reverts to the control rate at a time
dependent on the number of inductive cycles. As with floral stage,
the duration of this initial rate is saturated with three inductive
cycles. Additional inductive cycles cause the apex to cease elon-
gation at the initial rate at the same time, but the rate of elongation
under noninductive conditions now increases above that of the
control. This rate is saturated only under continuous inductive
conditions.

Intermittent FR. Since 3 days of continuous light with added
FR is saturating for the enhancement of initiation, the effect of
adding FR at varous times to 72 h of continuous fluorescent light
alone was tested. After the standard 8-day pretereatment, all
plants were placed in continuous light with or without supplemen-
tal FR at equal PAR as in previous experiments. At 3-h intervals,
groups of plants were moved from fluorescent alone to a cabinet
with supplemental FR for 6 h and then returned for the remainder
of the 72-h period. At the end of this 3-day period all plants were
returned to 12-h fluorescent photoperiods for an additional 10
days and then evaluated for floral stage, apex length, and dry
weight. The results (Fig. 6) represent the means from two inde-
pendent experiments with a total of four to five replicate deter-
minations of 10 plants each for every point. Standard errors are
indicated by error bars.

Supplemental FR (F + FR) given continuously for 72 h results
in an increase in both floral stage and apex length by a factor of
2 but has no significant effect on dry weight when compared to
continuous fluorescent alone (F). Addition of FR for 6 h stimulates
both floral parameters to a maximum of about 50% of that attained
by 72 h with FR, and the response shows a very marked time
dependence with maxima and minima recurring with circadian
frequency. This rhythm of effectiveness of FR damps after two
cycles and is just barely above the fluorescent control in the third
cycle. There is no evidence of any oscillatory behavior in dry
weight and the apparent slight decrease over the 72-h period is
not significant.

DISCUSSION

Inasmuch as both the addition of FR energy and an extension
of the photoperiod lead to an increase in dry weight accumulation
(Table II) the assumption that the complications of photosynthesis
can be avoided by comparing conditions under equal PAR is not
always valid. The reason for this may reside in the nonreciprocity
of photosynthesis when periods as long as 12 and 24 h are
compared (i.e. there is a greater increase in dry weight with 24-h
photoperiods compared to 12-h photoperiods even though the
total PAR is the same in both), and the effect of FR energy on the
efficiency of photosynthesis. It is possible that the FR effect results
from the slight difference in the spectral emission between 650
and 700 nm.

Whatever the cause, differences in net photosynthesis can be
normalized by basing the results on a parameter of flowering that
is correlated directly with the change in dry weight. For this
reason, the kinetic behavior of both floral stage and apex length
development was followed. Floral stage is not correlated with the
increase in dry weight. This is most clearly seen by the variable
lag period at stage 2 (Fig. 4) when the number of inductive cycles
is varied. No such lag is seen in dry weight accumulation, which
is a continuous log-linear function of time. The increase in the
elongation of the apex is also a continuous function and is
correlated directly with the increase in dry weight (» > 0.95).

Null responses in both short (8, 20) and long day plants (6) have
led to the concept of two phytochrome-controlled events involved
in photoperiodic induction. Holland (15, 16) has also demon-
strated a requirement for a low Pfr reaction followed by a high
Pfr reaction in the long day plant Lolium. Thus, there seems to be
a change during the course of the day in the optimal photoequi-
librium requirement, which has the opposite phase in short and
long day plants. Results presented here also show a time-depend-
ent change in response to a decrease in the R/FR ratio or low Pfr
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reaction. We interpret the response as one mediated through the
HIR of phytochrome (5). The quantitative nature of the response,
its mediation by intermediate photoequilibrium states of phyto-
chrome, and its enhancement against a background of continuous
light support this conclusion. In order to test this hypothesis, a
more detailed examination of both the irradiance and wavelength
dependence of the response will be required. The sensitivity and
stability of the response to a single inductive period suggest that
this test may be reasonably accomplished using this system.
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