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Action spectra for changes in the ‘high irradiance reaction”

in hypocotyls of Sinapis alba L.
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Abstract. Detailed action spectra are presented for
the inhibition of hypocotyl extension in dark-grown
Sinapis alba L. seedlings by continuous (24 h) narrow
waveband monochromatic light between 336 nm and
783 nm. The results show four distinct wavebands
of major inhibitory action; these are centred in the
ultra-violet (Ap. =367 nm), blue (1., =446 nm), red
(Amax=653 nm) and far-red (A,..=712nm) wave-
bands. Previous irradiation of the plants with red
light (which also decreases Ptot) causes decreased in-
hibitory action by all wavelengths except those re-
sponsible for the red light inhibitory response. Pre-ir-
radiation did not alter the wavelength of the action
maxima. It is concluded that ultra-violet and blue
light act mainly on a photoreceptor which is different
from phytochrome.

Key words: Blue light (photoreceptor) — Etiolation
(reversal) — High irradiance reaction — Hypocotyl —
Phytochrome — Sinapis.

Introduction

Plant photomorphogenetic response types can be di-
vided into induction responses and so-called high irra-
diance responses (HIR). Induction responses are ef-
fected by a brief (i.e. minutes) red (R) or blue (B)
light irradiation which can be reversed by subsequent
irradiation with far-red (FR) light. Induction re-
sponses require relatively low light energies and obey
approximately the Bunsen-Roscoe reciprocity law.
The HIR responses usually require prolonged (i.e.
hours) irradiation and do not exhibit reciprocity.

Abbreviations: B=blue; D=dark; FR =far-red; HIR =high irra-
diance reaction; HW=half power bandwith; Pr=R absorbing
form of phytochrome; Pfr=FR absorbing form of phytochrome;
Ptot=total phytochrome=Pr+Pfr; R=red; UV =ultra violet

Many HIR action spectra have been measured,
the majority having been made with dark-grown
plants (Mancinelli and Rabino 1978). The action
spectra for dark-grown plants usually have action
maxima in the B and FR wavebands (Hartmann
1967a) with either a shoulder (e.g. Mohr 1957; Sie-
gelman and Hendricks 1957) or a peak (e.g. Jose and
Vince-Prue 1977; Beggs et al. 1980) in the R wave-
band. Although the response to R light remains, the
responses to continuous B and FR light vary with
both age (Black and Shuttleworth 1974; Evans et al.
1965) and previous light treatment (Black and Shuttle-
worth 1974; Evans et al. 1965; Siegelman and Hen-
dricks 1958 ; Turner and Vince 1969). In a recent re-
port, Beggs et al. (1980) demonstrated that whereas
hypocotyl growth in dark-grown Sinapis alba seed-
lings was inhibited by the B, R and FR wavebands,
seedlings which had been grown under continuous
white light (xenon arc source) were only strongly in-
hibited by radiation in the 550 to 700 nm waveband.
Two 5 min pre-irradiations of previously dark-grown
plants with R light were adequate to reduce substan-
tially the subsequent response of the seedlings to the
B and FR wavebands. Although the reduced response
to B and FR light correspond with the concomitant
loss of total phytochrome (Ptot), several questions
remained open. Of these questions, we attempt here
to determine (a) the spectral characteristics of the
ultra-violet (UV) photoreceptor, (b) whether the loss
of the FR inhibition maximum of dark-grown plants
is due to a shift in spectral sensitivity or is merely
reduced following pre-irradiation with R light (see
Discussion) (c) whether the loss of the B and FR
peaks following irradiation with R light is related
to the same photoreceptor and (d) the fine structure
of the FR inhibition peak.

Several approaches are suitable for answering
these problems, but none are better than the measure-
ment of detailed spectral responsivity curves for a

0032-0935/81/0153/0267/$01.20



268

given photoresponse. In this instance, the inhibition
of hypocotyl elongation in Sinapis alba L. seedlings
by monochromatic light in the 336 nm to 783 nm
waveband is used as an assay system. The use of
very narrow bandpass (half-power bandwith ~8 nm)
interference filters permits identification of the fine
structure of the spectral sensitivity of the plant. It
also enables detection of small changes in sensitivity
which may casily be masked using broad bandpass
filters.

Materials and methods

Sinapis alba L. seeds (Asgrow Co., Freiburg-Ebnet, FRG; har-
vest 1975) were selected and sown on filter paper in plastic boxes,
as described by Mohr (1966) except that a modified Hoagland’s
solution (Cumming 1967) was used instead of distilled water. The
seeds were then transferred to darkness at 25° C until the pre-
treatments shown in the Table were given. At the end of the pre-
treatment, i.e. 54 h after sowing, all seedlings excluding the dark-
grown plants received 5 min FR light and were then transferred
to the monochromatic wavelength stations for 24 h at 25° C. Be-
cause the pre-treatments affect the lengths of the plants at the
start of the experimental period, individual control plants were
used for each pre-treatment, both at the beginning and at the
end of the experiment; all control plants for 78 h except pre-treat-
ment D received 5 min FR light at 54 h after sowing before being
placed in the dark at 25° C for 24 h. A 5 min pre-treatment with
FR alone at 54 h after sowing had no effect on the subsequent
growth rate of dark-grown seedlings either in darkness or in B,
UV, R or FR light.

The effects of the various treatments are expressed as percent-
age inhibition which is calculated as the suppression of elongation
growth under each monochromatic wavelength relative to growth
in darkness, i.e.

AD—A44

22221009
D 100%

Percentage inhibition=

where 4D and 4Al=hypocotyl growth (in mm) in darkness and
in monochromatic light, respectively, during the 24 h treatment
period. )

Hypocotyls of dark-grown control plants were typically 24 mm
long at the start and 49 mm long at the end of the treatment
period. Twenty-five seedlings were used for each treatment; after
measurement of hypocotyl length the longest two and shortest
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six (non-germinated counting as short) were rejected, leaving
17 seedlings per treatment. Every value in Figs. 1 and 2 represents
a minimum of 12 replicate treatments.

Light sources. Monochromatic light was filtered from Leitz-Wetzlar
projectors fitted with Osram XBO 450W Xenon arcs (for wave-
lengths below ca. 550 mn ; see Mohr and Schoser 1960) or specially
constructed projectors fitted with Osram 500W 110V bulbs (above
ca. 550 nm; see Mohr and Schoser 1959).

For higher fluence-rates, it was also necessary to use Zeiss
Ikon Xenosol III projectors fitted with Osram XBO 2.5 kW Xenon
arc lamps and appropriate mirrors (for details, see Raschke 1967).

Schott (Schott & Gen., Mainz, FRG) interference filters and
colour filters were used at all wavelengths. Half power bandwidth
(HW) of the filter combinations varied between 7 nm and 13 nm.
The wavelength of maximum transmission was measured for each
wavelength because the manufacturer’s data were found to be unre-
liable. The following filter combinations were used for the fluence-
rate response curves and are typical combinations for the filters
in these wavebands. 367 nm (HW =8 nm)==Schott UV-IL+KGl
(2 mm)+UG1 (3 mm)+BG38 (2 x4 mm). 446 nm (HW =10 nm)
=Schott DEPIL+Schott AL+KG1 (5 mm)+BG38 (2x4 mm);
for higher fluence-rates (square symbols in Fig. 2b), the DEPIL
filter was omitted resulting in a HW of 25 nm. 653 nm (HW =9 nm)
=Schott DIL+RG 610 (3 mm)+KG1 (2 mm); for higher fluence-
rates (square symbols in Fig. 2c), a Schott DAL substituted the
DIL, giving a HW=15n0m. 712 nm (HW =10 nm)==_Schott DE-
PIL 4+ RG 695+ KG1 (2 mm); for higher fluence-rates (square sym-
bols in Fig. 2d), a Schott IL substituted the DEPIL, giving a HW =
12 nm.

The R light source used in the pre-treatments (4., =656 nm;
3.7 umol m~ 25~ 1) is described in detail by Mohr et al. (1964). The
FR light source (Jp.x=740 nm; 21.0 pmol m~2s~! is described
by Mohr (1966). The spectroradiometer system, radiometer and
reference standard used for all light measurements are described
by Beggs et al. (1980). A thermopile was also used for cross-refer-
ence and for making measurements in the UV waveband.

Results

The inhibitory effect of 2.0 umol m ~*s™* monochro-
matic light on hypocotyl growth of dark-grown seed-
lings was measured at 35 individual wavelengths be-
tween 336 and 783 nm (Fig. 1). Photon fluence-rate
response curves were then measured at the major ac-
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Fig. 2a—d. Photon fluence-rate response curves for the inhibition of hypocotyl elongation in dark-grown Sinapis alba L. seedlings by
continuous (24 h) monochromatic light with the indicated wavelengths. The vertical bars represent the standard error. ® narrow bandpass
filter combination; m broad bandpass filter combination ; for details, see Materials and methods

tion maxima of 367, 446, 653 and 712 nm. Within
the limits of resolution, the four photon fluence-rate
response curves fall into three classes. The UV
(Fig. 2a) and B (Fig. 2b) wavelengths appear to be
identical. Inhibition starts at approximately 107> or
107% pmol m~?s™! although there is negligible
fluence-rate dependence (i.e. inhibition is constant at
ca. 10%) until photon fluence-rates above 10~ ! pmol
m~?s™! are used, when a log-linear relationship be-
tween photon fluence-rate and response is observed
up to the highest inhibition measured (UV=73%;
B=83%).

The response to R light (Fig. 2¢) is similar to
UV and B radiation in that it causes a marked but
greater inhibition (ca. 15%) which does not vary over
a wide range of low light levels. R differs from UV
and B in that the fluence-rate dependency starts at
lower light levels (ca. 1072 umol m~%s~') and ap-
proaches saturation at a relatively low photon
fluence-rate (ca. 10°~10* umol m~2s™ ). Also, it was
not possible to achieve more than 70% inhibition
with R light, even at 195 umol m~ 2%~ !; with UV
or B, this inhibition was obtained at 30 pmolm™2s ™~ 1.

The FR curve (Fig. 2d) differs from all the others
in that there is no fluence-rate independent phase
at Jow light levels and that over 107° pmol m™2%s !

are required to obtain a measureable response. The
fluence-rate dependence is maintained until at least
10 pmol m~2s™!; the indication of decreased effec-
tiveness above this level may be due to the decreased
effectiveness of the broader bandpass filters used at
higher photon fluence-rates (see below).

To construct the action spectra, the appropriate
photon fluence-rate response curves were superim-
posed over the response to 2.0 pmol m~2?s~ ! mono-
chromatic light. The photon fluence-rate required for
various degrees of inhibition was then interpolated
from the curve. The photon fluence-rate response
curves for 367 nm were used for the 336 to 400 nm
waveband, the 446 nm curves for the 408 to 497 nm
waveband, the 653 nm curves for the 524 nm to
679 nm waveband and the 712 nm curves for the 690
to 783 nm waveband. The suitability of this approach
was tested by comparing the effects of using the re-
sponse curve for two wavelength stations into the
adjacent wavebands (e.g. using the 653 nm curve for
the 694 nm wavelength); if this was done, no signifi-
cant difference was observed in the shape of the action
spectra. If, however, more distant wavelengths were
calculated by this method (e.g. using the 653 nm curve
for the 708 nm wavelength) the action spectrum was
distorted. Because the shape of the photon fluence-
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Fig. 3. Action spectra for the inhibition of hypocotyl elongation
in dark-grown Sinapis alba L. seedlings by continuous (24 h) mono-
chromatic light. The spectra were calculated by placing the respon-
sivity data from Fig. 1 on the response curves of Fig. 2, using
the reciprocal of the photon fluence rate required for 25%, 50%
and 60% inhibition

rate response curves differs between wavebands, ac-
tion spectra were calculated for 25%, 50% and 60%
inhibition (Fig. 3). The general responses to all wave-
lengths are similar to those observed by Beggs et al.
(1980). Additional features are evident, however, due
to the use of very narrow bandpass filters and the
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Table 1. Pretreatments used for the results presented in Fig. 4.
A=irradiation for 24 h (54-78 h after sowing) with continuous
monochromatic light

Code Pretreatment

54hD; A

53.5hD;5min R;25min D; Smin FR; 4

53h D; Smin R;25min D; 5min R; 25min D; 5min FR; 2
52h D; 5min R; 55min D; 5min R; 55min D; 5min FR; 4

X< NUO

extension of the study into the UV waveband. It can
be seen that the relative photon effectiveness is negli-
gibly affected where the waveband of absorption is
broad (e.g. 653 nm) and the wavelength dependence
of the Pfr/Ptot ratio is small, but greatly accentuated
where the wavelength dependence of Pfr/Ptot is high
(c.f. 694 nm and 712 nm).

The major points which were not evident in the
action spectrum of Beggs et al. are that there is also
a peak of action at 367 nm and that the previously
observed shoulder in the yellow-orange waveband is
clearly a narrow bandwidth peak with an action maxi-
mum near 616 nm; the points at either side are at
609 and 625 nm. It is noteworthy that the relative spec-
tral sensitivity of the various wavebands depends
strongly on the degree of response being considered,
even though saturation of the inhibitory effect was
not reached.

The effects of the pre-treatments with R light
(Table 1) on spectral sensitivity are presented for 50%
inhibition in Fig. 4. Whereas the photon fluence-rate
response curves for dark-grown plants were measured
in detail over a wide range of fluence rates (Fig. 2),
the curves for the pre-treatments X, Y and Z were
restricted to the range required for construction of
the action spectra. The data in Fig. 4 are normalised
to 100% at the wavelength of maximum effectiveness
to aid comparison between wavebands. These pre-
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photon
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Fig. 4a—c. Action spectra for 50% inhibition of
hypocotyl elongation in Sinapis alba L. seedlings.
The data are normalised to a relative photon
effectiveness of 100 at 446 nm (a), 653 nm (b), and
712 nm (c) to aid comparison. Continuous line=
dark-grown seedlings; o pre-treatment Z; A pre-
treatment Y; m pre-treatment X
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treatments have no significant effect on the subse-
quent response of the seedlings to light in the 500-
700 nm waveband. This contrasts with the marked
reduction in the effectiveness of the B and FR wave-
bands and, to a lesser extent, the UV waveband.

Discussion

The FR waveband . There is good evidence (Hart-
mann 1966; 1967a, b) that phytochrome alone is the
pigment responsible for the FR action peak in dark-
grown seedlings. The loss of the FR peak following
pre-irradiation with R light (Fig. 4c) appears to sup-
port this concept. Based on Hartmann’s model (Hart-
mann 1966) and Eq. (6) in the same publication, a
R light pre-treatment reduces Ptot and therefore
causes an increase in the parameter Kp (Kp=k,/
k,-[P], where, in this instance, k, and k, are the

specific rate constants for the formation and decay -

of the PfrX complex respectively, and [P], is the con-
centration of phytochrome before irradiation). Using
a ratio of irradiation time: half-life of destruction
of 20, we calculate an optimal predicted response
at a photoequilibrium of ca. 0.12 for dark-grown seed-
lings assuming Kp=0.035 (see Hartmann 1966).
Reducing Ptot by a factor of 10 results in a predicted
action maximum at ¢ =0.23; reducing Ptot by a fac-
tor of 100 should produce an action maximum at
¢ =0.36. In other words, progressive decreases in Ptot
should cause a concomitant shift in the FR peak
to lower wavelengths. The use of very narrow band-
pass filters shows that this is not the case here and
that the FR action maximum remains constant, at
least when the Ptot content is reduced to ca. 20%
(pre-treatment X; Beggs et al. 1980) of the dark level
at the start of the treatment period.

Although such data are inconclusive without de-
tailed time-course measurements of phytochrome
throughout the entire treatment period for all pre-
treatments, they do suggest that the mechanism pro-
posed by Hartmann is inadequate even if the involve-
ment of phytochrome is correct. A possibility which
cannot be excluded is that the light pre-treatments
alter the sensitivity of the system to subsequent light.
If the FR peak does represent phytochrome action,
then an explanation also has to be found for the
fact that only 70% inhibition of growth can be pro-
duced by R light operating through phytochrome
(Fig. 2¢c) whereas over 80% can be obtained by FR
light (Fig. 2d) and saturation of the response has still
not been reached.

The R waveband. Phytochrome appears to be the pho-
toreceptor responsible for the R light action (Mancin-
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elli and Rabino 1978). The possible involvement of
chlorophyll has been rejected (Beggs et al. 1980). Two
important points, namely the high sensitivity to
653 nm light and the separate peak at 616 nm, deserve
attention.

Photon fluence-rates as low as 1.0-107° pmol
m~ 27! produce substantial (12%) inhibition of
growth even though photoconversion of Pr to Pfr
is not spectrophotometrically detectable in Sinapis
alba at 25° C below 1.0-107% umol m~%s~! (Heim
and Schifer, unpublished data). This demonstrates
that the seedling is either sensitive to very low levels
of Pfr or that the Pfr is compartmentalised in relative-
ly high concentrations.

The two distinct action maxima are observed at
616 nm and 653 nm; the minimum is near 639 nm.
The double peak structure may be due to three causes.
The first is that it is the product of differential screen-
ing within the tissues and differential absorption by
phytochrome in the R waveband. The second possible
cause is the presence of two R light photoreceptors.
The third possibility is that the double peak of sensi-
tivity represents two different eclectronic excitation
bands of Pr; these are the Q, band at 660 nm and
the Qy band near 610 nm (Song et al. 1979 and pers.
comm.). Strongly marked maxima and minima have
been observed previously in this waveband in both
monocots and dicots (Vanderhoef et al. 1979).

The B waveband . The B portion of the responsivity
spectrum resembiles the action spectrum for inhibition
of hypocotyl growth in Lactuca (Hartmann 1967a)
although it lacks the fine triple-peaked structure ob-
served by Hartmann. The B action maximum for con-
trol of hypocotyl growth has variously been described
as being due to phytochrome and being due to a
distinct B-sensitive photoreceptor. Detailed argument
for phytochrome as the B photoreceptor has primarily
been based on growth studies of Lactuca (Hart-
mann 1966, 1967a, b) and some evidence exists to
support this suggestion in Sinapis (Wildermann et al.
1978). Conversely, there is evidence obtained with
Cucumis (Meijer 1968) and ZLactuca (Turner and
Vince 1969) which indicates that the B light response
is due to at least the partial interference of a separate
photoreceptor.

The fluence-rate dependent portion of the 446 and
712 nm response curves are approximately parallel
and differ only in that the response to B light requires
a 3 to 4 fold greater photon fluence-rate than that
to FR light. These wavebands are also similar in that,
unlike the R waveband, their effectiveness is reduced
by pre-irradiation with R light both at a similar rate
and to a similar extent. They also differ from the
R waveband in that the photon fluence-rates used
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did not result in a saturation of the response. Howev-
er, if the data for the B and FR wavebands are com-
pared on the basis of the phytochrome photoconver-
sion properties of the actinic light (Fukshansky et al.,
unpublished data) the response to B light cannot be
accounted for in terms of phytochrome alone.
Although the response to B light appears to be
due predominantly to a specific B light photoreceptor,
a small part of the response may result from phyto-
chrome action. There are three reasons for this. First,
B light is effective in photoconverting Pr to Pfr in
vivo at 25° C (Jabben et al., unpublished data); the
fluence-rate independent portion of the curve may
represent the response to low levels of Pfr. Second,
the filter combinations used for producing photon
fluence-rates of 55 and 145 pmol m~2s ™! transmitted
up to 0.03% of the total energy above 600 nm; this
visibly R component was probably sufficient to cause
some inhibition via the highly sensitive R light ab-
sorbing pigment. Third, at photon fluence-rates above
approximately 2.0 pmol m ™~ 2s™ %, the seedlings irradi-
ated with B light were visibly R when observed with
the dark-adapted eye through a colour glass which
transmits only above 600 nm. This appears to be due
to fluorescence of protochlorophyll or chlorophyll
formed during the treatment period because no R
light could be detected in the light source itself by
the same means. As the brightness of the seedlings

was subjectively the same as those being irradiated

with 653 nm light at 1.0-1072 ymol m~ s~ !, some
inhibition by fluoresced light is to be expected even
if two orders of magnitude overestimation by this
method is assumed.

The UV waveband. The photon fluence-rate response
curves for 367 nm and 446 nm radiation are identical
within the limitations of measurement error. Also,
both wavebands show a loss in effectiveness following
pre-irradiation with R light, although this is less
marked at 367 nm. Although the amount of data for
the UV waveband is limited, those presented suggest
that the same pigment is responsible for the UV and
B response and that only a small part of the response
can be ascribed to phytochrome.
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