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Perception of shade

By M. G. HoLMEs

Radiation Biology Laboratory, Smithsonian Institution, 12441 Parklawn Drive,
Rockville, Maryland 20852, U.S.A.

Plants perceive shade by responding to both the fluence rate and to the spectral
quality of the natural radiation environment. Changes in fluence rate are perceived
by separate photoreceptors absorbing in both the blue and the red wavebands. The
identity of the photoreceptor (or photoreceptors) responding to changes in the fluence
rate of blue light is unknown (see Briggs, this volume). Physiological responses to
changes in the fluence rate in the red waveband appear to be mediated through
phytochrome. The relative roles played by the blue-light-absorbing photoreceptor
and phytochrome in determining the response to changes in fluence rate varies
between species and organs and is also dependent on the physiological age of the plant.
Evidence is also presented that supports the concept that phytochrome functions to
perceive the specific form of shade caused by surrounding competitive vegetation.
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To perceive shade, a plant must possess one or more photoreceptors that react to changes in
the natural light environment. The reaction to a light stimulus provides a means by which
information on the prevailing light régime can be transduced in a form which enables, or causes,
appropriate physiological responses. With this approach it is inevitable that energy-transducing
photoreceptors, such as chlorophyll, are excluded from the discussion and that the study centres
on signal-transducing photoreceptors that may enable a plant to react appropriately to shade.
The method used here is to compare the spectral properties of natural light with the known
properties of signal-transducing photoreceptors.

2. SHADING BY VEGETATION

Plants growing within vegetation shade experience a greatly different radiation environment
from those growing in open habitats. Green leaves absorb, reflect and transmit light selectively.

Blue and red wavebands are absorbed strongly, green light is absorbed less strongly and far-red
radiation is largely reflected or transmitted. These patterns of selective absorption and
scattering have also been observed under vegetation canopies (see, for example, Federer &
Tanner 1966; Vezina & Boulter 1966; Stoutjesdijk 19724, b; Holmes & Smith 1975; Holmes
& McCartney 1976; Holmes 1981). The attenuating effects of a wheat (Triticum aestivum
L.) canopy on natural daylight are shown in figure 1. Three spectral changes in daylight as
it passes through the canopy are of known physiological significance. First, the quantity of
photosynthetically active radiation (p.a.r.) (400-700 nm) is strongly reduced. This reduction
can affect dry mass accumulation rate. Second, the reduced quantity of blue radiation may
be of importance to the fluence-rate-dependent responses controlled by a blue-light-absorbing
photoreceptor. The third spectral change that is known to be of physiological importance is
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504 M. G. HOLMES

the strong depletion of the red waveband and relatively weak depletion of the far-red waveband.
This spectral change is detected by phytochrome.

3. PERCEPTION OF LIGHT QUALITY

To detect light quality, a plant must be able to compare the relative quantities of light in
two or more wavebands (Smith 1981 a). This can be achieved by two methods. One possibility
is the interaction of two separate photoreceptors whose mediated response depends on the
relative amounts of light absorbed by each photoreceptor. There are several responses known
to be controlled by two separate photoreceptors, but quantitative information on how the two
photoreceptors interact is limited (Mohr 1980).
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F1cure 1. Spectral quality of radiation at various heights above ground level within a wheat (T7iticum aestivum L.)
canopy. The spectra were measured on 7 June 1973 with a crop height of 0.90-0.95 m under a clear sky (0/8
to 2/8 cloud cover, solar disc not obscured). (After Holmes & Smith (19775).)

The alternative possibility for detecting light quality is for the plant to use a photochromic
pigment, i.e. a single pigment existing in two forms that are interconvertible by light. Although
photoreversible pigments which absorb in the blue—ultraviolet wavebands have been reported
in fungi (Kumagai 1982; Loser & Schifer 1980) and animals (Hamdorf et al. 1972),
phytochrome is the only known photoreversible pigment in higher plants. There now exists
extensive circumstantial evidence that the photochromic properties of phytochrome are used
to detect the presence and extent of shading by other plants. The mechanism appears to depend
on the absorption maxima of P, and P;, being centred around 660 and 730 nm respectively
and the fact that the relative quantities of radiation in these wavebands varies under natural
conditions.

(a) Phytochrome action in light-grown plants

The highest stem-elongation rates in dicotyledonous plants occur in the absence of light when
either no Pg, has been formed (i.e. etiolation) or when the Py, formed in light-grown tissue has

[ 158 ]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

PERCEPTION OF SHADE 505

been removed. Phytochrome action is therefore considered to be an inhibitory effect on stem
extension because any light treatment that produces Py, reduces the growth rate.

Most evidence indicates that Py, is the active form of phytochrome in light-grown plants.
This conclusion is based on arguments similar to those used by Hendricks et al. (1956) for bulk’
and ‘active’ phytochrome ( Jabben & Holmes 1983). Although the belief that Py, is the active
form of phytochrome has been questioned (Smith 1981 4; see also Smith, this volume), it will
be necessary to find alternative explanations for the similarity between the action spectrum
for inhibition of hypocotyl extension growth and the action spectrum for photoconversion of
P, to P;, before alternatives can be considered.

Physiological experiments suggest that the Py, formed in light-grown plants is very stable
compared with the Py of dark-grown seedlings. An early indication of this was seen in the
continued effectiveness of Py, in the dark in inhibiting internode growth in Phaseolus vulgaris
(Downs et al. 1957) ; removal of Py, with far-red light during the dark period also removed the
inhibition of growth that had persisted for up to 16 h after the end of the photoperiod. Similar
indications of the continued effectiveness of the light received in the previous photoperiod have
been monitored in the subsequent dark period by using linear displacement transducers
(Lecharny & Jacques 1980; Morgan, Child & Smith, unpublished).

In Sinapis alba, the inhibitory effect of continuous red light on hypocotyl growth can be
replaced by 5 min red light pulses interspersed by 55 min periods of darkness (Schifer et al.
1981), indicating that there is no significant loss of Py, over a 55 min period. However, it is
clear that this Py, is not completely stable because a 30 min irradiation (which gives complete
photoconversion) followed by 23.5 h darkness is not as effective as 24 h continuous irradiation.

In contrast to the situation in dark-grown seedlings, phytochrome-mediated responses in
light-growndicotyledonous plantsappear to be explainable on the basis of spectrophotometrically
detectable phytochrome (Jabben & Holmes 1983). Phytochrome in light-grown plants is
relatively stable and typically has a half-life of several hours (Butler et al. 1963; Koukkari &
Hillman 1967; Clarkson & Hillman 1968; Wetherell 1969; Jabben & Deitzer 1978; Jabben
1980; Jabben e al. 1980; Atkinson et al. 1980; Heim et al. 1981; Kilsby & Johnson 1982;
Rombach et al. 1982). Stable phytochrome derives from the apparently inactive labile pool
that represents the ‘bulk’ phytochrome of dark-grown plants; the ‘bulk’ fraction is rapidly
destroyed after photoconversion into Pg,.. The phytdchrome measured in plants growing in white
light should not be considered to be stable unless it is demonstrated that rapid destruction does
not occur after transferring the tissue to a light source that produces maximum conversion of
P, to Pg,.. In other words, white light sources containing a high proportion of far-red light may
gradually allow accumulation of labile phytochrome because the fraction held as P, is protected
from destruction.

(b) Phytochrome photoequilibrium

The variations in the relative proportions of red to far-red radiation that occur in Nature
are known to cause changes in phytochrome photoequilibria in vivo. When etiolated plant tissue
is placed on ice (to reduce the effects of phytochrome dark reactions) and exposed to a range
of natural and artificial broadband spectra (Holmes & Smith 19774, b), a hyperbolic relation
is observed between the red:far-red ratio of the incident radiation and the photoequilibrium
established in the tissue (Smith & Holmes 1977) (figure 2). The most striking aspect of this
relation is that phytochrome exhibits greatest sensitivity to the range of changes in red:far-red
that are found in natural terrestrial environments. Terrestrial plants live under situations in
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which the red: far-red ratio varies between approximately 1.15 in full daylight and around 0.05
in dense vegetation shade (Holmes & Smith 19775). It is precisely within this range that
phytochrome is most sensitive to changes in light quality and would therefore act as an excellent
perceiver of shade light quality.

phytochrome photoequilibrium

2
R:FR ratio

NN

Ficure 2. The relation between phytochrome photoequilibrium and red:far-red ratio of the incident poly-
chromatic light. The broken line indicates photoequilibrium (ca. 0.54) established in natural daylight
(red:far-red = ca. 1.15). Photoequilibria were measured in etiolated Phaseolus vulgaris hypocotyl hooks under
both natural and artificial light sources. Both actinic irradiation and measurement of photoequilibria were done
at 0°C to reduce the effects of phytochrome dark (thermal) reactions. The figure demonstrates that
phytochrome is most sensitive to changes in red:far-red ratio within the range found under natural terrestrial
conditions. (After Smith & Holmes (1977).)

Two factors which might lead to deviations from the relation shown in figure 2 are the high
fluence rates found in Nature and our lack of knowledge about the molecular environment of
phytochrome. At high fluence rates, phytochrome exists for short periods as weakly absorbing
intermediates between the P, and P;, forms (Kendrick & Spruit 1972), and under prolonged
irradiation conditions the production of P;. from P, may become limited owing to the
accumulation of the rate-limiting intermediate meta-Rb (Kendrick & Spruit 1976 ; Pratt et al.
1982; Spruit 1982). The molecular environment affects photoequilibrium (Mumford & Jenner
1971) and it is known that reaction rates in vivo are affected by both anaerobiosis (Kendrick
& Spruit 1973) and by dehydration (Kendrick & Spruit 1974). However, in contrast to the
situation in dark-grown tissue, most evidence points to the conclusion that phytochrome dark
(i.e. non-photochemical) reactions play a relatively minor role in the establishment of
photoequilibrium in light-grown plants at natural radiation levels (Jabben & Holmes 1982).

The average photoequilibrium established in green plants is lower than that in etiolated tissue
because of the screening effect of chlorophyll (Holmes & Fukshansky 1979). Natural daylight,
for example, establishes a photostationary state of about 0.54 in etiolated tissue whereas the
average photostationary state in a green Phaseolus leaf illuminated on both surfaces is
approximately 0.43. It should be noted, however, that although the photostationary state is
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PERCEPTION OF SHADE 507

lower in green tissue, the systematic relation between the red:far-red ratio of the incident light
and phytochrome photoequilibrium is not affected (Morgan & Smith 1978a).

(¢) Photoequilibrium and growth response

Red /far-red reversible control of stem elongation in light-grown plants was first demonstrated
by Downs et al. (1957). They showed that 5 min far-red light given at the end of an 8 h
photoperiod produced longer internodes in Phaseolus vulgaris than plants that had received 5 min
far-red immediately followed by 5 min red light. These observations were important in that
they not only demonstrated the effects of these spectral regions but also showed that the response
is photoreversible. Similar responses have since been recorded in several other species (see, for
example, Kasperbauer 1971; Lecharny & Jacques 1974; Vince-Prue 1973, 1977; Holmes &
Smith 1977¢).

0.081-

0.04f

log,, (daily stem extension rate/cm)

1 1 Il |

0 0.4 0.8

phytochrome photoequilibrium

Ficure 3. Relation between logarithmic stem extension rate in Chenopodium album and phytochrome photoequilibrium.
Photoequilibria were derived from the curve in figure 2. The p.a.r. in all treatments was 100 pmol m™2s72,
The figure demonstrates the systematic increase in elongation growth rate with decreasing Py /P ratio. (After
Morgan & Smith (1976).)

It became clear from observations (Holmes & Smith 1975), in which both the quantity and
quality of light in the 400-700 nm waveband was held constant, that supplementary far-red
light alone causes increased stem elongation rate. These experiments indicated that the
decrease in red:far-red ratio below vegetation shade, which causes a decrease in the Py /Py,
ratio (Holmes & Smith 1975; Smith & Holmes 1977), causes a concomitant increase in
elongation growth rate (Holmes & Smith 1975, 1977¢). A more detailed analysis of this
response was made by Morgan & Smith (19776), who used a range of photoequilibria resembling
those existing in natural conditions. They observed an inverse linear relation between stem
growth rate and the P /P, ratio estimated to have been established during the daily
photoperiod (figure 3). These results provide circumstantial evidence that phytochrome not
only detects vegetation shade, but also measures the degree of shading.

The correlation between stem extention rate and estimated photoequilibrium depicted in
figure 3 extends over the range P;./Py, = 0.71-0.26 (Morgan & Smith 19784). Technical
restrictions made it impossible to produce lower photoequilibria at the background fluence rate
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of 100 pmol m~2 57! in the 400700 nm waveband. Light-grown Chenopodium rubrum seedlings
show a similar, but not identical, systematic relation between hypocotyl elongation rate and
photoequilibrium over the range P;./P,, = 0.75-0.17 (Ritter et al. 1981). Studies with
light-grown Sinapis alba seedlings under monochromatic light show that this relation can hold
down to P;. /P, ratios as low as 0.03 (Holmes ¢t al. 1982). Control experiments with
chlorophyll-free plants indicated that photosynthesis was not involved in the response. A point
of inflexion was observed at Py, /P, lower than 0.03, where further reductions in P;,. /P, cause
proportionally greater increases in hypocotyl elongation rate. It is noteworthy that no natural
conditions are known where Py;./P;, ratios of less than 0.03 exist. It should also be pointed
out that the growth responses of hypocotyls may not be the same as those of the growing
internodes of mature plants.

The experiments described above were made at fluence rates that are known to establish
photoequilibria within minutes under both the polychromatic (Holmes 1975; Smith & Holmes
1977) and monochromatic irradiation (Beggs et al. 1981; Jabben et al. 1982) conditions. At
lower fluence rates, biphasic relationships between elongation response and predicted photo-
equilibrium are observed. Both Satter & Wetherell (1968), studying Sinningia, and Vince-Prue
(1973, 1977), studying Fuchsia, found maximal elongation rates under light sources that, on
the basis of photochemical reactions alone, would have produced P;./P;, values in the
approximate range 0.30-0.40. A similar response was found in hypocotyls of light-grown
Chenopodium rubrum, with the highest elongation growth rate at a photostationary state of
approxifnately 0.35 (Holmes & Wagner 1981). However, when the experiments were repeated
with a tenfold increase in fluence rate, the relation between elongation rate and photostationary
state became approximately linear for the entire range (Py, /Py, = 0.14 to0 0.69) studied. Holmes
& Wagner concluded that the biphasic response was due to the relatively high effectiveness
of phytochrome dark reactions at low fluence rates (Heim & Schifer 1982). This explanation
may also account for the biphasic responses observed with Fuchsia (Vince-Prue 1973, 1978)
and Sinningia (Satter & Wetherell 1968), although species differences and slight effects of
photosynthesis cannot be ruled out.

Light-grown plants appear to modulate their elongation rate in immediate response to
changes in light quality. In Chenopodium album, stem extension rate is increased within 7 min
of adding monochromatic far-red light to the background white fluorescent light (Morgan &
Smith 19784). These rapid responses to radiation also occur after prolonged periods of
darkness; Vigna sinensis L. responds within 30 min to monochromatic red light (Lecharny &
Jacques 1980).

(d) Role of the light and dark periods

Although it is known that phytochrome controls elongation growth during the dark period
(Downs et al. 1957) and during the light period (Holmes & Smith 1975), the relative
effectiveness of these two periods is unknown. As outlined in the previous section, the qualitative
responses to Py, are the same in continuous light as in darkness after actinic irradiation. The
responses differ in that some inhibitory effects of light are lost during long dark periods. In
Stnapis alba, some inhibitory effect of light is lost during a 23.5 h dark period (table 1). If the
dark period is reduced to 55 min, the inhibitory effect of 5 min red light pulses is as great as
continuous red light. If the red light pulses are followed immediately by far-red light pulses,
the response is approximately the same as with far-red light pulses alone, thereby indicating
phytochrome involvement and a direct parallel with the characteristics of end-of-day responses.
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Persistence of the effect of the previous light régime in darkness is also found in Sinapis alba
plants 7 days old (table 1) and 2 weeks old (Child, Morgan & Smith, unpublished results).
Similar observations have been reported by Lecharny & Jacques (1980).

In Chenopodium rubrum, a time-course study with both chlorophyll-free and normal green
seedlings showed that a dark period of more than 12 h is required before a decrease in the
inhibitory effectiveness of previous red light is observed (Holmes, Boden & Wagner, unpublished
results). The response was red—far-red reversible, thereby implying phytochrome control.

TaBLE 1. COMPARISON OF THE EFFECTIVENESS OF CONTINUOUS AND PULSED MONOCHROMATIG RED
LIGHT (Apax = 654 nm) ON INHIBITION OF HYPOCOTYL GROWTH IN LIGHT-GROWN SINAPIS
arBa L.

(Conditions: red light, 160 pmol m™2 57! for 5 min pulses, 3.3 pmol m~% 5! for 30 min pulse and 13 pmol m™% s
for continuous light; far-red light (Schott RG9+KG1) 25 pmol m™ s™! below 800 nm. (After Beggs ¢t al. 1981;
Schifer et al. 1981).)

(a) Seedlings 54 h old

percentage

treatment inhibition
continuous red 66.8
24 x (5 min red 4+ 55 min darkness) 66.9
24 x (5 min red + 5 min far-red + 50 min darkness) 5.9
24 x (5 min far-red + 55 min darkness) 10.2
30 min red 4+23.5 h darkness 39.0

(b) Plants 7 days old
daily increase
in hypocotyl

treatment length/mm
continuous red 1.4
24 x (5 min red 4+ 55 min darkness) 1.1
24 x (5 min red + 5 min far-red + 50 min darkness) 3.6
24 x (5 min far-red 4+ 55 min darkness) 3.5

Clearly, therefore, phytochrome can maintain elongation rate in darkness for several hours
under otherwise constant conditions. In Nature, however, the relative roles of light and darkness
appear to be strongly influenced by other factors. Using 16 h photoperiods, Morgan & Smith
(1978a) found that 809, of the increased growth rate in Chenopodium album internodes caused
by supplementary far-red light was produced by the daytime irradiation. It may be significant
that the 209, attributable to the night period was produced over a shorter (8 h) period and
at temperatures 5 °C lower than those used during the day.

(¢) Ecological variability

The many changes in ontogeny elicited by simulated canopy light confer obvious adaptive
advantages to species competing with others for light. For a ruderal plant such as Chenopodium
album, the ability to redirect development toward vertical growth at the expense of lateral
growth would enable the plant to intercept more light for photosynthesis. In many shaded
habitats, such as within the understory vegetation of woods and forests, increased stem extension
growth would be futile. There is evidence that species adapted to shaded environments respond
differently from those that grow in open habitats.

Fitter & Ashmore (1974) showed that Veronica persica Poir., an annual weed of disturbed
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ground, radically altered its growth pattern in response to a simulated woodland light
environment. In contrast to this response, Veronica montana L., a woodland perennial showed
negligible change in its growth pattern under the same conditions.

In another study, Frankland & Letendre (1978) showed that the effects of supplementary
far-red light on the growth pattern of the shade-tolerant plant Circaea lutetiana were not as
marked as had been reported for plants adapted to open habitats. Morgan & Smith (1979)
studied a wide range of species and concluded that the extent to which extension rate was
modified by the prevailing red:far-red ratio was dependent on the natural habitat of the species
(figure 4). Shade avoiders show marked increases in stem extension rate as the Py, /P, level
is decreased, whereas shade tolerators show little or no response to changes in photoequilibrium.
This apparently systematic relation between natural species habitat and response to shade light
quality would be of obvious value for growth and survival.
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Figure 4. The relation between stem extension rate and phytochrome photoequilibrium. Photoequilibria were
derived from the curve in figure 2. Stem extension data, expressed as logarithmic extension rate (i.e. log,,
(growth per day)) were normalized to the value obtained at Py./P,, = 0.70. The figure demonstrates the way
in which the response to changes in red:far-red varies with the natural habitat of the species studied; the slopes
of the lines for shade-avoiding species are very steep whereas those for the shade-tolerant species are very shallow.
(After Morgan & Smith (1979) and Smith (1982).)

4. PERCEPTION OF LIGHT QUANTITY

Large gradients in the quantity of blue and red light exist within plant canopies. There are
many examples in the literature of changes in growth and metabolism that are caused by
variations in the quantity rather than the quality of light. Information is available on the effects
of photon fluence rate variations at levels equivalent to sunlight (Warrington et al. 1978) down
to the very low levels normally associated with vegetation shade (see, for example, Blackman
& Wilson 19514, b; Grime & Jeffrey 1965; Grime 1966).

Wavelength-sensitivity to changes in light quantity varies between species. In all species of
light-grown plants studied in detail, it is changes in the quantity of either the blue, or the red,
or both the blue and red wavebands that elicit the largest physiological responses. Two
interesting examples with contrasting wavelength sensitivities are Chenopodium rubrum and Sinapis
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alba, both of which are successful competitors for light and both of which are very sensitive
to changes in fluence rate. When studied at the stage of hypocotyl extension, S. alba is sensitive
to the quantity of red light but shows negligible response to blue, whereas C. rubrum is highly
sensitive to the quantity of blue light but is only slightly affected by changes in the quantity
of red light. The different methods by which these two species perceive changes in the quantity
of light will be analysed in the following sections.

(a) The blue waveband

The relative quantities of blue and red radiation in daylight are approximately the same
at solar elevations higher than about 10° (see, for example, Holmes & Smith 19774), and
vegetation canopies attenuate blue and red light in approximately equal proportions (see, for
example, Holmes & Smith 19774). As red light is 50-100 times more effective than the blue
waveband in photoconverting phytochrome (Butler et al. 1964 ; Pratt & Briggs 1966; Jabben
et al. 1982), blue light will have only minor direct effects on phytochrome under natural
conditions. However, there is substantial evidence for at least one specific blue-light-absorbing
photoreceptor sensitive to changes in the quantity of light.

Various arguments have been put forward to support the concept that blue light responses
can be explained on the basis of phytochrome action (Hartmann 1966; Schifer 1975;
Roth-Bejerano 1980). Most evidence, however, implies the existence of a separate blue-
light-absorbing photoreceptor (b.a.p.) that operates in both light-grown and dark-grown
plants.

Several of the experiments that have provided evidence of a specific b.a.p. have also indicated
important factors that have to be considered when determining the contribution a b.a.p. may
make towards the perception of shade. The first factor is that the relative effectiveness of blue
and red light in controlling developmental growth varies between species (Vince 1956; Sale
& Vince 1959). Meijer (1958, 1959) compared the effectiveness of equal fluence rates of
monochromatic blue, red and far-red light on internode elongation in a variety of mature green
plants. In two species, elongation rate was faster in blue than red; in two other species,
elongation rate was slower in blue than red; in the fifth species studied, no significant difference
was detected in elongation rate. He explained this difference between species on the basis of
different fluence-rate dependences of two photorééeptors. Species differences are also common
in light-grown seedlings. Lactuca sativa, Cucumis sativa and Chenopodium rubrum, for example, are
relatively sensitive to blue light (Evans et al. 1965; Black & Shuttleworth 1974; Ritter et al.
1981) whereas light-grown Sinapis alba show a negligible response to blue light (Wildermann
et al. 1978).

Internode elongation rate in Vigna sinensis is regulated by both blue and red light (Lecharny
& Jacques 1980). Using a linear displacement transducer, they found a rapid response to both
blue and red light. Compared with plants held in darkness, the cumulative effect of a 10 h
irradiation treatment with blue light was promotive whereas the cumulative effect of red light
was slightly inhibitory. However, when the blue and red light were given simultaneously, there
was a marked inhibition of growth rate relative to the rate in darkness. Their results indicated
a synergistic action of the blue and red wavebands. Synergistic effects of blue and red light
have also been reported for malate formation in Vicia faba guard cells (Ogawa et al. 1978) and
between blue and yellow light for control of stem growth in Pisum sativum (Elliott 1979).

It is clear from observations such as these that whereas studies with monochromatic light

[ 165 ]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsth.royalsocietypublishing.org

512 M. G. HOLMES

can increase our understanding of the individual photoreceptors that may be involved in the
perception of shade, account must be made of possible interactions between photoreceptors
under polychromatic irradiation conditions similar to those found in the natural environment.

As described above, sensitivity to light varies between species and organs and is also modified
by age, stage and development, previous lighting conditions and, in some instances, the number
of activated photoreceptors. In comparing the relative effectiveness of light quantity and quality
in modifying development, it is necessary to reduce the number of variable factors for simplicity.
To do this, the hypocotyl growth response to specific parameters of simulated shade light is
compared in Sinapis alba L. and Chenopodium rubrum L.
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FicURE 5. Action spectra for inhibition of hypocotyl elongation growth in (a) light-grown Sinapis alba seedlings and
(b) light-grown Chenopodium rubrum seedlings. The spectra were divided from photon fluence rate curves
(percentage inhibition against logarithmic photon fluence rate) for 50 %, inhibition (S. alba) and 40 %, inhibition
(C. rubrum). The data are normalized to 1.0 at the wavelength of maximum inhibition. The action spectra
illustrate differences between species in sensitivity to the blue and red wavebands. (Redrawn after Beggs ¢t al.
(1980) for S. alba and Holmes & Wagner (1982) for C. rubrum.)

S. alba, at the hypocotyl growth phase, responds to changes in both the quality and quantity of
light in the red and far-red wavebands but shows negligible response to blue light (Figure 5),
even when given as a supplement to red. In other words, the response in Sinapis allows a
study to be made of the role played by phytochrome in perceiving shade without the additional
complications produced by interacting effects of the b.a.p. C. rubrum is also sensitive to changes
in light quality in red and far-red wavebands, but differs from §. alba in that it shows a relatively
small response to the quantity of red or far-red light and a high sensitivity to the quantity of
blue radiation (figure 5).

To determine the role played by the b.a.p. in the perception of shade it is necessary to reduce
the number of variables in the actinic light. The known variables to which the plant may
respond are phytochrome photoequilibrium (or concentration of Py.), phytochrome cycling
rate, the amount of p.a.r., the quantity of radiation in the red—far-red waveband and the
quantity of radiation in the blue waveband.

The contributions of phytochrome photostationary state and cycling rate can be calculated,
thereby making it possible to account for, or exclude, the contribution of these factors under
either monochromatic or polychromatic radiation (Fukshansky ez al. 1981). As a photochromic
pigment, phytochrome can measure only two factors in the actinic radiations: these are the
photons absorbed by P, and the photons absorbed by P;.. The product of these reactions
depends on the photon fluence rate of the radiation, the quantum yield of the photoreactions
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and the extinction coefficients of P and P;,.. The photochemical reactions of phytochrome are
described by the rate constants &; and £,, i.e.
k1
Pr = Pfr’
ke

where
ky = N) €r,2 ¢r,/\

and
ky = N) €tr,A ¢fr,/\'

€r,x and €, are the extinction coefficients of P, and Py, at wavelength A; ¢, ) and ¢y, ,
are the quantum vyields of P, and P;, phototransformation at wavelength A; N, is the photon
fluence rate at wavelength A.

Under polychromatic light, the rate constants &, and &, become

/\2
b= [ Nt adeadd
and

AZ
ky = L Ny ) €2 Per2dA,

where N, is the spectral photon fluence rate.

TABLE 2. SUMMARY OF THE ACTINIC PROPERTIES OF DAYLIGHT AND CANOPY LIGHT SPECTRA, AND
THEIR GALGULATED EFFECTS ON PHYTOCHROME PHOTOTRANSFORMATION KINETICS (AFTER
HoLMEs ET AL. 1982)

parameter daylight canopy light

ky/min™! 132.1 1.36
ky/min™? 83.6 3.75
(ky+kp) /min~t 215.7 5.11

ky/ (ky+ k) 0.61 0.27
red:far-red ratiot 1.14 0.10
equivalent monochromatic wavelength/nm 687 701
equivalent monochromatic photon fluence

rate/(pmol m™2s71) 452 17.7

1 10 nm bandwidth centred at 660 and 730 nm.

It should be noted that the photostationary state (i.e. k;/(k; +£,) = ¢) is not the same as
the P;./P,,; ratio established in vivo as a result of combined phytochrome light and dark
reactions. Phytochrome dark reactions (i.e. synthesis of P, and reversion and destruction of Py;)
can play a major role in determining the P; /P, ratio in dark grown plants at normal
physiological temperatures (Heim & Schifer 1981). In light-grown plants, the physiologically
effective phytochrome appears to be relatively stable and phytochrome dark reactions only have
a significant effect at very low fluence rates (Jabben & Holmes 1983).

The actinic properties of representative natural daylight and vegetation shade light (which
are similar to the spectra in figure 1) are given in table 2. The effect that these changes in spectral
quality and quantity have on hypocotyl elongation rate in C. rubrum can be derived from studies
with artificial light sources that simulate the natural spectra by adding various amounts of far-red
light to background white light (Ritter et al. 1981).
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Ficurk 6. The effect of phytochrome photostationary state (¢) at a range of phytochrome cycling rates on hypocotyl

PHILOSOPHICAL
TRANSACTIONS
OF

elongation rate in chlorophyll-free Chenopodium rubrum seedlings. The seedlings had been in continuous white
light since sowing. The reductions in ¢ were achieved by adding different amounts of far-red light to the
background fluorescent white light source. The figure demonstrates that reducing the quantity (cycling rate)
of monochromatic red light (red 2:2 min~, etc.) has a relatively small effect on elongation growth rate
compared with reductions in the quantity of polychromatic radiation, irrespective of ¢ (2, 7, etc.:cycling rate
of 2 min™!, 7 min~}, etc.). Reductions in ¢ also caused marked increases in growth rate. The combined effects
of the reduction in the quantity of blue light, reduction in phytochrome cycling rate, and reduction in ¢ — all
of which are characteristic of vegetation shade light compared with natural daylight (from table 2) — result
in a large increase in elongation rate (t). The involvement of photosynthesis has been excluded by using
chlorophyll-free seedlings. (After Ritter et al. (1981).)
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Ficure 7. The effect of phytochrome photostationary state (¢) at a range of phytochrome cycling rates on hypocotyl
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elongation rate in green Chenopodium rubrum seedlings. The seedlings had been in continuous white light since
sowing. The reductions in ¢ were achieved by adding different amounts of far-red light to the background
white light source. Reducing the quantity of monochromatic red light does not have a consistent effect on
hypocotyl growth rate, whereas reducing the quantity of polychromatic radiation causes a marked increase
in elongation rate at all ¢ values studied (2, 7, etc.: cycling rate of 2 min™, 7 min?, etc.). Reductions in ¢
also cause marked increases in growth rate. The combined effects of the reduction in the quantity of blue light,
reduction in phytochrome cycling rate, and reduction in ¢ characteristic of vegetation shade light compared
with natural daylight (from table 2) result in a large increase in elongation rate (1). (After Ritter et al. (1981).)
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The effect of activating the b.a.p. on the response of hypocotyl elongation rate to changes
in @ is seen in figure 6. The data are plotted for five equal phytochrome cycling rates and the
effects of photosynthesis are eliminated by using chlorophyll-free seedlings. Two important
points are evident. First, whereas reducing the quantity (indicated by cycling rate) of
monochromatic red light (or far-red, not shown) causes only a small increase in elongation rate,
a reduction in the quantity of polychromatic radiation causes a relatively large increase in
growth rate at all ¢ tested. Second, reducing ¢ at a constant cycling rate also causes an increase
in elongation rate; this increase is not caused by the slightly higher level of blue and red light
used to maintain constant cycling rate because the same response is observed when blue and
red are constant (Holmes & Wagner 1981, 1982; Ritter ¢t al. 1981). Qualitatively similar
responses were found in green seedlings (figure 7).

The roles played by the b.a.p. and by phytochrome in the perception of shade by C. rubrum
can be interpolated from the curves in figures 6 and 7 by comparing the actinic properties of
the experimental light treatments with the actinic properties of daylight and canopy shade light
(table 2). It can be seen that the elongation rate of green seedlings (figure 7) in light equivalent
to canopy shade (1 at ¢ = 0.27 in figure 7) is increased relative to the rate in daylight (1 at
¢ = 0.61 in figure 7) for two reasons. First, there is an increase due to the reduction in ¢. Second,
there is an increase due to the reduction in fluence rate (expressed as reduced cycling rate)
and this increase is only significant in the presence of blue light. In other words, the reduced
photon fluence rate of blue light below vegetation shade relative to daylight is perceived by
a b.a.p. and this photoreceptor plays a major role in modulating elongation growth rate in

C. rubrum.
(b) The red waveband

(1) Phytochrome as photoreceptor

There is no unequivocal evidence for phytochrome-modulated fluence-rate dependence of
elongation growth (i.e. internode) in mature green plants. Although a fluence-rate dependence
does exist in green plants in so far as red light affects elongation rate relative to darkness, the
relation between the effects of photosynthesis and the effects of phytochrome is unknown.

In light-grown seedlings, phytochrome-modulated hypocotyl growth responses exhibit
fluence-rate dependence and the effects caused by photosynthesis and by phytochrome can be
separated. The extent of the fluence-rate dependehce and the range over which it occurs differs
greatly between species. Hypocotyl elongation rate in light-grown Sinapis alba seedlings is
strongly dependent on the fluence rate in the red waveband (Wildermann et al. 1978; Beggs
etal. 1980). The response cannot be attributed to photosynthesis because chlorophyll-free plants
also exhibit a fluence-rate dependence.

There is correlative evidence in dark-grown §. alba seedlings that the fluence-rate dependent
component for inhibition of hypocotyl growth by monochromatic red light represents, at least
in part, the phytochrome photoconversion processes competing against the phytochrome dark
reactions (Heim & Schifer 1982), and a similar mechanism has been proposed to operate in
light-grown plants (Jabben & Holmes 1983). However, at least one factor other than
photoconversion must be involved because some fluence-rate dependent response is observed
at fluence rates higher than those required for complete photoconversion of P, to Py, (Beggs
et al. 1980; Heim & Schifer 1982).

Cycling of phytochrome has been proposed as a possible mechanism to explain phytochrome
perception of light quantity (see, for example, Jose & Vince-Prue 1978; Johnson & Tasker
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1979), although no empirical evidence for this hypothesis has yet been found. In light-grown
S. alba seedlings, there is no correlation between cycling rate and response (Holmes et al. 1982).
Morgan et al. (1980) used a specific test for the involvement of cycling in regulation of stem
elongation in mature S. alba plants. They noted that stem extension rate was increased by
various wavelengths of far-red light added to a background of white light and that the response
was enhanced by increasing the far-red fluence rate. The involvement of cycling per se was
excluded because addition of monochromatic red light to the white light plus far-red resulted
in a decrease, rather than a further increase, in extension rate. Morgan et al. (1981) provided
further evidence that cycling is not involved in stem extension in mature S. alba and that the
response to supplementary far-red light is not fluence-rate dependent.

127

(o]
T

daily rate of hypocotyl elongation/mm

4_
- *
T‘°—°z950
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Ficure 8. The effects of phytochrome photostationary state and photon fluence rate on hypocotyl elongation
rate in light-grown Sinapis alba: o, 50 pmolm™2s7'; e, 10 umol m™2571; A, 2.0 umol m™2s57; v,
0.4 pmol m™2 s71. The line labelled red,,;, indicates the slowest growth rate (i.e. maximum inhibition) that
can be obtained in the red—far-red waveband; the line labelled white indicates the slowest growth rate that
can be obtained with white xenon arc light (ca. 300 pmol m™2 57! in the 400-800 nm waveband); the small
difference between redp;, and white shows that the b.a.p. makes only a very small contribution to the
modulation of elongation growth rate. The figure demonstrates that both a reduction in the red:far-red ratio
and a reduction in the quantity of light in the red—far-red waveband contribute to modulation of hypocotyl
growth rate. Phytochrome-modulated growth rates are presented for full daylight and canopy light (}, see
table 2) and for 109, of daylight and canopy light (*). (After Holmes e¢ al. (1982).)

(i1) Phytochrome in Sinapis alba L.

Light-grown S. alba differs from light-grown C. rubrum in that the hypocotyl growth rate shows
little response to the quantity of blue light but a marked response to changes in the quantity
of red light (Wildermann et al. 1978; Beggs et al. 1980; Schafer et al. 1981). The role played
by the quantity of light in the red waveband in the perception of shade can be determined by
comparing the actinic properties for phytochrome of daylight and canopy shade light (table 2)
with the response of S. alba hypocotyls to monochromatic red and far-red light with the equiva-
lent actinic properties (figure 8). Clearly, all wavelengths, or combinations of wavelengths,
that produce the same phytochrome photostationary state and cycling rate will be perceived
as identical by the plant (Fukshansky et al. 1981). For example, a single wavelength that
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produces a photostationary state of ¢ = 0.30 is identical for the phytochrome in the plant to
a combination of wavelengths (e.g. red plus far-red) that produce the same photostationary
state and the same cycling state.

The same phytochrome photoequilibrium established by daylight is produced by mono-
chromatic light at 687 nm (table 2). To obtain the same cycling rate, a photon fluence rate of
452 pmol m~% s7! would be required. The shade light is equivalent for the phytochrome system
to monochromatic 701 nm radiation at a photon fluence rate of 17.7 pmol m~2 s™1.

The data in figure 8 show that S. alba hypocotyl extension growth is controlled by both the
quantity and the quality of radiation in the red and far-red wavebands. The photostationary
state and cycling rate produced by daylight results in an elongation rate of 2.7 mm per day
whereas light equivalent to canopy shade produces an elongation rate of 6.4 mm per day. The
important point to note is that decreasing ¢ alone does not produce such a large increase in
elongation rate as the combined effects of decreasing ¢ and the quantity of light absorbed by
phytochrome. If the fluence rate of both the daylight and canopy light is reduced to 10 %,, the
role played by the quantity of light is increased.

It must be emphasized that this approach deliberately excludes the small contribution
that blue light makes to the response (indicated by the difference between red,,;, and white in
figure 8) and indicates only the two ways by which phytochrome can perceive shade.

5. CONCLUSIONS

Evidence has been presented that supports the concept that a fundamental function of
phytochrome is to perceive the natural light environment and to modify growth and
development accordingly. The photochromic properties of phytochrome enable a plant to
respond specifically to changes in light quality caused by surrounding vegetation. This ability
to acquire information on the type of shading is of obvious adaptive and survival value as it
would allow the plant to react appropriately to competition.

Apart from indicating the extent and nature of shade, phytochrome also functions in some
species to detect changes in the fluence rate. Other species appear to be primarily dependent
on one or more blue-light-absorbing photoreceptors to detect changes in fluence rate. The
perception of changes in fluence rate is important because it enables a plant to respond to both
vegetation shade and shading caused by objects that have only a small effect on spectral quality,
such as stones and soil. It is noteworthy that the response to fluence rate is immediate and
marked in the initial stages of elongation growth (hypocotyl) but plays a lesser role in
modulating growth rate in the adult plant (internode). The response to light quality differs
in that it is developed only after a few hours of receiving light and that the sensitivity to light
quality persists to play the major role in controlling elongation growth in the adult plant.
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Discussion

A. M. FARMER (Botany Department, The University, St Andrews, U.K.). How does Dr Holmes
consider that aquatic plants perceive shade? One species of aquatic plant may live in three
very different conditions, as regards red and far-red light: (a) in deep water shade where the
red/far-red ratio is very high; (4) in shallow water, but under the canopy of other plants so
that it is experiencing green shade, with a low red/far-red ratio; (¢) in a combination of both
green shade and aquatic shade such that the red/far-red ratio is similar to that in the surface
irradiance.

However, the resultant shading in each of these conditions may reduce carbon assimilation
by a similar degree, and so in this respect the plants are in ecologically comparable situations.

M. G. Horwmes. It is unlikely that phytochrome is responsible for perception of shade caused
by water alone in deep aquatic habitats because the changes in red/far-red ratio are not over
a range to which phytochrome is very sensitive. In shallow water, however, the variation in
red/far-red ratio can be greater (especially where there is an overlying leafy canopy) and
phytochrome is ideally suited for the perception of such spectral variations. The increased
proportion of far-red light near the surface relative to deep water would be sufficient to induce
a relatively large change in phytochrome photoequilibrium and thereby account for
morphogenetic changes such as the development of aerial fronds. A blue-light-absorbing
photoreceptor would lead to less confusion in both deep and shallow water. It would be naive
to assume that plants, both terrestrial and aquatic, possess only the signal-transducing
photoreceptors that we have so far discovered.

M. R. BARTLEY (Department of Botany, The University, St Andrews, U.K.). Given that although
spectral changes of light penetrating water result in substantial increases in red/far-red ratio
with depth, but with little change in the predicted phytochrome photoequilibrium from shallow
to deep water, would Dr Holmes consider it possible that the rate of phytochrome cycling (which
would decrease dramatically with depth) might play a role in controlling photomorphogenesis
underwater, as it does in the photocontrol of seed germination?

M. G. HorMEs. The possibility that phytochrome cycling might play a role in controlling
photomorphogenesis cannot be excluded. Unfortunately, no extensive studies have been made
in aquatic plants. However, this question has been approached in terrestrial plants. With the
exception of photocontrol of seed germination, which Dr Bartley mentioned, the findings so far
have provided no empirical evidence for the involvement of phytochrome cycling per se in
photomorphogenesis.
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