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SumwzZliary. The effect of red light in alteration of the phototropic sensitivity of
corn coleoptiles (Zea wiiays L., cultivar Burpee Barbecue Hybrid) is investigated.
Phototropic dosage-response curves for etiolated coleoptiles are compared with those
for coleoptiles receiving 1 hour of continuous red light immediately prior to photo-
tropic induction. In the former case, only curvatuire comparable to the first positive
curvature of oat coleoptiles is obtained. There is no evidence for first negative
curvature and only minimal second positive curvatuire. The reciprocity law proved
valid for all curvatuires obtained. With red light, the sensitivity of the first positive
cuirvature was decreased over ten-fold and there was clear appearance of second
positive curvature for which the reciprocity law was not valid. Once again there
was no evidence for negative curvature. Time couirse studies indicated that within
1 hour of the beginning of red light treatment at 250, reactions leading to the decrease
in phototropic sensitivity of the first positive component had gone to completion
whether the red light was contintuouis or consisted of a single 1 second exposure
followed by a 1 hotur dark period. An action spectrum for the red-induiced change
in phototropic sensitivity showed a marked peak near 660 mu with a small broad
shoulder between 610 and 630 mn4, characteristic of phytochrome-mediated responses.
The effect of red light could be ftully reversed by low dosages of far-red light, but
longer doses of far red were less effective. Large dosages of far-red light alone
induiced the same alteration in phototropic sensitivity as did red light.

In recent years, there have been numerotus stuidies
of the influlence of red light on the subsequent
phototropic sensitivity of coleoptiles of variotus
grasses (1, 3, 4, 9, 15, 27, 28). The conseqtuences of
red light treatment for phototropic sensitivity are
extremely complex, depending uipon the plant chosen
and the conditions tunder which the red light treat-
ment is administered (10). To date, there has been
no report of attempts to determine the threshold
energy reqtuired for this red light response, althouigh
it is clearly very low (3, 9). Fuirthermore, there
has been only one demonstration of partial reversi-
bility of the response by far-red light, under rather
special conditions of multiple light treatments (9).
Indeed Blaatiw-Jansen (4) clearly showed that rela-
tivelv long exposures of far-red light had precisely
the same effect as red light in altering the photo-
tropic sensitivitv of Avena coleoptiles.

The complexity of the effect of red light on
phototropic sensitivity has been explored in detail

1 Tlis i:nvestigation was supported in part by grants
G-21530 anii GB-2846 from the National Science Founda-
1ion and a -raint from Research Corporation to Winslow
R. Briggs.

by Zimmerman and Briggs (27,28) for Avena
coleoptiles. Red lght reduces the sensitivity of
first positive curvature in Avena (system I: positive
curvatures, reciprocity law valid) by a factor of 10.
First negative cturvature (system II: negative cuirva-
tuires, reciprocity law valid) is affected in the same
manner, i.e. with a 10-fold decrease in sensitivity.
A recent stuidy bv Blaauw and Blaauw-Jansen (3)
confirmed the above resutlts for system I cuirvatuire
buit did not explore system II curvatuire. Red light,
by contrast, dramatically increased the sensitivity of
second positive cuirvature in Avena (system III:
positive curvature, reciprocity law not valid, re-
sponse time-dependent and intensity-independent
over at least a 100-fold intensity range). Asomaning
and Galston (1) have reported a system IlI-type
response to red light for barley coleoptiles, system
III being the only type of cuirvatuire that they were
able to obtain.

The puirpose of the present paper is 3-fold: first,
to investigate the time couirse for the phototropic
sensitivity change under a variety of conditions;
second, to obtain an action spectruim for the red
light effect on system I cuirvatuire; and, third, to
investigate the influience of far-red light and attempt
to resolve the apparent controversy mentioned above.
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Corn was selected as experimental material since
there was already a large amount of information
available concerninlg its phototropic behavior (7,
8, 9).

Materials and Methods

Corn (Zea )1l0(ys L.), Buirpee cuiltivar Barbecue
Hybri(d, Lot 29234, was uisecl throughouit these ex-
periments. The growth procedure adopted here is
essentially the same as one described by Briggs (9).
Modifications, where made, will be noted in each
case.

All the manlpulations prior to the day of an

experiment were carrie(l out in a (lark room kept
at 25° (4+ 2°) with relative humidity of greater
thani 92 % However, all light exposuires except
oIne for mesocotyl sulppression (see below) were
given in another dark room with constant tempera-
thire (24° 4 20) blut withouit controlled hulmidity.
In both rooms the working lights were 15 watt
fluiorescent bulbs wrappedl in 2 layers of amber and
1 layer of green celluilose acetate. This combina-
tioIn of celltuloid filters showed greater than 0.1 %
transmission only in the narrow region of 522 to
563 m, (26). \Vith culltivar Barbecue Hybrid, no

phototropic effects or redl light-in(duice(d changes in
phototropic sensitivity were foLnd(l to lie cauised b-
these green working lights.

In some cases the seedlings were exposed to 3
hours of inten'ce red light when they were 46 to 49
houirs olcl. This treatmenit was fouind to suippress
mesocotyl growth markedly. Seedlings so treated
yielded the greatest number of plants with desired
straightness andl uiniform height at the time of pho-
totropic induiction. The possible effect of this meso-
cotyl suippression on the sulbsequent phototropic sen-
sitivity of the coleoptile is disculssed elsewhere (11).

Light souirces uised for these experimenlts are
dlescribed elsewhere (11) as well as techniquies
tse(l for measuiring light energy (27). For the
far-re(d light souirce, a 150-watt incandlescenlt light
bulb, two 5 cm water filters, and( a narrow band
interference filter (Baird Atomic) with its trans-
mission maximuim arotin(l 730 mu were uise(l. The
area that coukld be illuiminated with sutfficient but
ulniform intensit) throuigh these filters was approxi-
mately 10 X 1( cm2. The intensity measuired di-
rectly with the thermopile was ca. 9.6 X 102 ergs
cm-2 sec-' at the level of the plants.

WNhen the plants were about 80 houirs old, the
coleoptile was between 1.3 to 1.8 cm long and the
mesocotyl 0.5 to 0.8 cm in the mesocotyl-suppressed
plants (in non-suippressed p'ants, 1.5 to 2.0 cm and
1.0 to 2.0 cm, respectively). Plants were selected
for experiments if the coleoptiles were straight.
Efforts were madle to select 8 or 9 plants of uiniform
height in a given row. The selected plants wvere

placed in a wvoodeni rack in stuch a wa, that the
long transverse axes of the coleoptiles were per-
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pendicutlar to the length of the rack. The racks
were then transferre(d to a light-tight box for trans-
port to the second dark room mentioned above.

The sets of plaints were removed from the box
and vials were marked to indicate their positions
relative to the rack. \Vhen the rubby red light
source was uised in preliminary experiments, planits
were illuminated from above for xarying lengths of
time uip to 2 houirs. In case a period of (lark
inctubation was called for, prior to phototropic inl-
duiction, the plants were placed in a light-tight
cabinet in the second dark room. \NVhen the mono-
chromator was usedl, the plants were placed in a
prearranged position for the individuial exposuires to
the monochromator ouitpuit. The (listaince between
the exit slit of the monochromator and the p1lants
was kept greater thani 40 cm. The illulminationi ill
the latter case was uinilateral. No detectible (ihf-
ference in terms of stubsequient red light-induice(d
phototropic sensitivity change was noted b)etween
plants illuiminate(d from ab3ove and(I ones that were
unilaterally irra(liated. Bltue light uised for photo-
tropic induction was obtained from a high pressuire
merculry lamp, described by Zimmermani and Briggs
(217), and a Baird-Atomic 436 mzl interfereince filter.
Phototropic curvatuires were allowed to develop for
100 minutes following the start of phototropic in-
(Iliction, and were then shadowgraphed.

Far-red reversal of the red light-induItce(d photo-
tropic sensitivity chanige was teste(I by immediately
exposing the red-treated plants to far-red light for
varying lengths of time. For reasons to be disctussed
in detail in the following section, the time froni
the onset of red light exposuire to suibsequient photo-
tropic inauction was normally 60 minutes. Thuis,
there were cases in which the platnts given a short
re(l light exposuire followed by far-redl exposu re
were stored in the dark uintil phototropic indulctioni.
As noted previoulsly, the far-red source uise(d in
these experiments permitted illuminiationi of onlyl
a limited area. Therefore, rows of only S planits
cotuld be irradiated simuiltaneoisly- instead of the
ustal 8 or 9.

The curvatuires recorded on shadowgraphs were
measuired with a goniometer and then averagedl.
TIn a given experiment, uisuially 2 or more rows
were treated in an identical manner, and the average
of each row was represente(d as a point on a
graph. In order to minimize daily fluctuation in
phototropic sensitivity (e.g. 7,15) the experimental
conditions as well as growinig scheduiles of the
plants were rigidly stan(lar(lizedl. In addition, a
large number of rows of plants, to serve as a
control grouip, were testedl in a series of preliminarX
experiments. They were given a dosage (1.5 X
10'9 Einsteins cm-2) of 436 m/A blue light withoult
the red light pretreatmenit (see below- for fuirther
discuission). Unlder these coniditiolns, very, little
cllrvatuire (3.5° 4- 1.2°) was obtained. All subse-
quient phototropic experiments includcle(I 1 or more
rovvs of this control. If the control rowv(s) of a
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given experiment indicated that it came from the
same hypothetical population as the initial group of
controls mentioned above, the entire experiment
was accepted and the average values of individual
rows were considered to be comparable with similar
values in other experiments in a given series. The
final control value was computed from the control
values thus obtained as well as from the initial
group of controls. Thus the sample size for the
controls increased to approximately 200 such aver-
age values by the end of this investigation. On
the basis of this final control value, the earlier
experiments were re-examined. Such re-examina-
tion showed no fundamental change in the evalua-
tion of individual experiments. The percentage ot
rejection of experiments on this basis remained
rather small. Further statistical treatment of data
will be discussed below where appropriate.

Results

Phototropic Dosage-Response Curves. In order
to have a system defined in terms of phototropic
behavior of the colcoptiles, phototropic dosage-
response curves covering approximately 5 log
units of dosages of 436 m,u blue light were obtained
with and without red light pretreatment.

In figures 1 and 2, phototropic response is
plotted against log of bluie light dosage. Exposure
times ranged from 30 seconds to 1800 seconds.
Figure 1 represents the combined results of 4
experiments in which plants received no red light
other than that used for mesocotyl suppression.
Mesocotyl suppression itself was shown to have
little effect on the phototropic sensitivity of the
coleoptile at the time of the experiments (9). In
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FIG. 1. Phototropic dosage-response curves for com-

pletely etiolated corn coleoptiles at 3 intensities of blue
light. Blue light intensities: 4.0 X 10-13 (0), 4.0 X
10-12 (.), and 4.0 X 10-11 (X) Einsteins cMn2 sec1
at 436 mg.
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FIG. 2: Phototropic dosage-response curves for red
light pretreated (2 hr) corn coleoptiles at 3 intensities
of b!ue light. Blue light intensities: 4.0 X 10-13 Q.
4.0 X 10-12 (o), and 4.0 X 10-11 (X) Einsteins cMn2
sec-1 at 436 mu.

figure 2 are presented similar results of 7 experi-
ments in which plants were given 1 hour (see
below) of continuious red light (intensity: 4.4 X
10-3 ergs cm-2 sec-1) from the ruby red bulb
source immediately preceding phototropic induction
with blue light. Each point represents an average
of 8 to 9 individtual curvatures.

Within the dosage range covered in this study,
the response curve for the etiolated coleoptiles
(fig 1) includes a well defined system I curvature
range (ca. 1.0 X 10-12 - 1.5 X 10-9 Einsteins
cm-2). Although the curvature response declined
almost to 0 at about 1.5 X 10-9 Einsteins cm-2
there is no indication of system II (negative)
curvature. Furthermore, virtually no system III
curvature was observed within the dosage range
tested. The reciprocity law was apparently valid
[a criterion tised to define system I curvature
(27, 28)] as the points for a given dosage obtained
vith more than I intensity are statistically not
different from each other.

With the red-light pretreated plants, a response
cturve (fig 2) of rather different shape was ob-
tained. It appears that system I curvatture shifted
more than a ftull log unit 'to the right, reflecting
a decrease in sensitivity to blue light. That the
major part of the ascending portion of this cturve
represents system I curvatture is supported by the
apparent validity of the reciprocity law in the
dosage range of approximately 2.0 X 10-11 to
2.0 X 10-9 Einsteins cm.2, In addition, when the
plants were tested with still lower blue light
dosages than shown in figure 2 no curvatture re-
sulted. Thuls, the possibility that the system I
cuirvatuire may have shifted to the left may be
eliminated. In the system I cturvatulre range, the
magnituide of maximtum curvatture in the red-treated
plants is slightly greater than that of the non-
treated (cf. 3, 4). However, the difference be-

I~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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tw%eeni the 2 is not statistically signiificanit. For
l)ltie light (losages greater than 2.0 X 10-" Einsteiins
cm 2 the failuire of the reciprocity law sLupports
the suggestion that this portion of the curve rep-
resenits, in part, system III curvatture, with inl-
creased sensitivity to blute light as a resullt of red
light pretreatment (cf. 27, 28).

.A comparisoni of the 2 curv,es shown in figuires
1 and 2 indica,tes that, at a specific tlosage of 436
m, blue light (1.5 X 10-9 Eiinsteinis cm ; intensity
4.0 x 10 2 F,insteins cm`- sec- ; exposutre time:
36(1 sec), the red light-pretreated plants yielded a
near maximuim curvatuire (fig 2) while the etio-
latedI planits gave almost negligible (ca 3°) cuirva-
turie (fig 1). Thus this particular dosage was
choseni to assay the red light effect in an opera-
tional sense. The red light effect so meastured
reflects almost entirely the decrease in system I
phototropic sensitivity mentione(d above. This
choice could be justified for the following 3 reasons:
(1) the large dlifference in the curvature (ca 20')
obtained between red-treated and untreated plants,
(2) a minimutm amounit of svstem III curvature
fronm the non-treated plants, acnd (3) the amount
of information already available concerniing auixin
relationships tinder comparable situations (8, 9).
The controls used throuighouit this study were
etiolate(d see(llings phototropically ind(uice(d with the
same dosage of blue light. tihus, the redl light
effect investigate(d in this stuty involved primarily
the system t curvatuire response of corni coleoptiles.

Timc Course Stuidies of the Red Light Effect.
The re(d light effect w\as stLdie(d first b)y (leter-
mining its time couirse using the rutby re(d buill)
source (lescril)ed earlier. Rows of 9 to 10 plants
were exposed to redl light from above for varying
lengths of time prior to phototropic induction.
Figure 3 shows resutlts of 4 experiments (open
circles) in which the re(d light intensity was 4.4
X 101 ergs cm 2 sec-', and those from an additional
4 experimenits (close(d circles) with re( light in-
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FIt;. 3. Timiie coturse for the effect of red liglht oni
phototropic sensitivity chanige in corn coleoptiles obtained
w ith coIntinluousi red liglht exposure. Red light intensities:
4.4 X 102 (0), and( 1.4 X 101 (.) ergs cm-2 sec-'
phototropic inidtuction w-ith 436 mn (dosage: 1.5 X 10-9
Eiuisteins c-).2
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Fi(i. 4. Time couirse [or the effect of red light
il(utce(l by 5 seconds ) and 1 seconid ( *) exposurcs
to red lighrlt ( intensitv: 1.4 X 10:1 ergs cm 2 sec-' ) and
follow ed bv (lark iinctibatioin at 24' prior to phototropic
ilnductioln xith 436 inA (losage: 1.5 X 10- Einsteinis
CmI-2) in corin coleGp)tiles.

tensity of 1.4 X 10 ergs cm 2 sec '. Each point
on the graph represents an average of 9 to 10
individual curvattires.

As can be seeni from the graph, the curvature
obtained increases, after a slight lag, to a maxi-
mtim xvith abotit 1 hotir of exposuire to redI light,
ain(l stays there for alnother 2 houirs, the lonigest
exposuire time teste(d in this series of experimenits.
No significalnt (lifferenices in the shapes of the
ctirves obtaine(l xvith 2 dlifferenit initenisities are

noted. The cirves are in close agreement with
one ol)tained by Briggs (9), who uised white light
for phototropic indltictioii. His dosages, however,
also ind(utced a maximtlm system I ctirvattlre in
the re(l light-treate(d planits. The restilts shown in)
figuire 3 indicate that the re(d light-sensitive phvsio-
logical system night, ini fact, be x er) quickly sat-
uirated by, the conlitnuous re(d light exposuire to the
variouis light initenisities employed, and(1 that the
attainimenit of the maxinmtim phototropic senisitivitx
chanige might (lepenld, to somie extent, on the time
elapse(d after the oniset of the re(I light expostire.
Ini figLure 4 are presenite(l resillts from 2 experimeints
(open circles ) with a total redl light (losage of
7.() X 1(1 ergs em ( 5 sec exposuire) and( those
from 5 experimenits (close(d circles) in which ai
single 1 seconid expostire (closage: 1.4 X 10: ergs
cm 2) Nas givetn. Phototropic sensitivity (dliriilg
the stll)seqtleilt dark period vwas followedl as before.
Clearly, the lowvest (losage tested1 (1.4 X 10:( ergs
cmn 2) was still sulfficienit to evoke the ftill expres-
siOI of the re(d light-indticed phototropic sensitivity
chanige, if 60 minuites wvere allowed following the
inception of redl light treatmenit prior to photo-
tropic inldutctionl.

The crtidle light source was inadequcate for
exposuires of less than I secoivl in this series of

171<S
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(Ix T), EINSTEINS CM-2
FIG. 5. Dosage-response curve for the effect of red

light (660 mg) in corn co!eoptiles. Phototropic induc-
tion with 436 mg (dosage 1.5 X 10-9 Einsteins cm-2)
exactly 60 minutes after beginning of the red light treat-
ment.

experiments. Therefore a grating monochromator
was tused to determine red light dosage-response
relationships at a variety of wavelengths at far
lower energy ranges than had been possible thus
far. In all stubseqtlent experiments, plants were
stimtulated phototropically exactly 60 minutes after
the beginning of red light treatment.

Actiont Spectritin. The method of action spec-
trtum determination adopted involved a comparison
of the nutmber of Einsteins required to produice a
given change in phototropic sensitivity at 10 m,u
intervals in the region 600 to 700 m,. An alter-
native method of determining threshold energies
was avoided because of the diffictulties involved in
establishing minimal responses.

Determination of response cturves at several
wavelengths showed that the shapes of such ctirves
wvere essentially similar: they showed initial log-
linear portions and subseqtuent levelling off as the
dosages were greatly increased, as shown in figure
5. At a given wavelength, intensities were kept
as low as possible. The exposture times varied
from 2 to 60 seconds. In a few cases, however,
expostures as lonig as 240 seconds were administered.
Efforts were made, however, to limit exposure times
within 3 to 10 seconds whenever possible. Thtus,
often more than 1 intensity had to be tused at each
wavelength. WVithin the intensity-time combinations
tested the reciprocity law was found to be valid.

Figure 5 shows the combined data from 8 ex-

periments performed with 660 m,L red light. These
experiments were carried otut in the course of
several months. However, the spread of such data
is no greater than that in a single experiment.
Similar response cturves, althouigh with fewer points,
were obtained in mtlch the same manner as de-
scribed above at 10 m,u intervals from 600 mg to

700 mu. In all cases, the dosage ranges tested for
each wavelength involved those inducing a photo-
tropic sensitivity shift of from 0 to 10° which
cover a major portion of the log-linear response
range. Figures 6 to 9 show the initial log-linear
portions of suich response cturves for a number
of wavelengths. For convenience, 3 stich response

curves were placed in each graph and the abscissa
shifted 1 log tunit to the right for each wavelength.
The ordinate shows increase in phototropic cLurva-
ture in degrees, where this increase represents dif-
ference between individutal mean cuirvatuire and the
mean of non-irradiated controls.

Regression lines were calculated by the method
of least squares for each response ctrve to give

the best straight line fit in the log-linear portion
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FIG. 6. Log-linear portions of dosage-response curves

for the effect of red light in corn coleoptiles obtained

for various wavelengths (600 ni,u, 610 m.A and 620

mg,) . Phototropic induction as in figure 5.
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FIG. 7. Log-linear portions of dosage-response curves

for the effect of red light in corn coleoptiles obtained
for various wavelengths (630 mu, 640 mg, and 650
m/A). Phototropic inductions as in figure 5.
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Fi(;. 8. Log-linearl portions of dosage-response curves

for the effect of red light in corn coleoptiles obtainied
for various %-xave!e.gths (660 mn, 670 mr, and 680
meig). Phototropic inductioni as ini figure 5.

of the cturve. The least-squlare valtues of and b
were estimated from the regression eqtuation C =

az + b log E, where C degrees cuirvature, a

intercept, b = regressioin coefficient, and E
incident energy in Einsteins cm 2. High valtues of
coefficients of determination (R2) incdicate that
the proportion of variation in curvatulres attribuit-
able to the log of E (ouir explanatory variable) is
high. FLurthermore, the estimates of the slopes (b)
are highly significant as seen by the estimates of
stanclardl errors of regression coefficients. The
values of estimate(I slopes are all s ignificant at

more than the 95 % confidleince level. The statis-
tical resuilts are suimmarized in table I.

From these estimated regression equiations the
incidenit moles of qulalnta of re(d light requiire(l to

~23Cwo ?Co
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(I)
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-g

FIG. 9. Log-linear portions of dosage-response curves

for the effect of red lighlt in corn coleoptiles obtained
for various wavelengths (690 nmMA anid 700 mM). Photo-
tropic induction as in figure 5.

Table I. Regression Anaivsos of Pliofotropic- Curvature
and Incidtent Encrgy

Regression equation

Co = 0.915 E
(0.887)*

CT..0,. 0.276 + 10.014 log E
(1.003)

C.; OI =2.579 +- 7.873 log) E
(0.794)

C.:,;,,," 0.388 11.846 log E
(1.303)

C.;401U- 3.978 +- 7.147 log E
(1.000)

C;-,)... -- 3.143 + 9.382 log E
(0.995)

C,; OII1U = 6.054 4- 10.443 log E
(0 672)

C,7.1, 5.966 10.163 log E
(2 030)

C,;.,,," =--0.507 - 11.054 log E
(0.902)

CGu -2.566 + 8171 log E
(0.641)

C,IH)I.IU -=0.879 + 7.075 log E
(0.639)

* Figures in parelltheses indicate

regressioln coef f icients.

Coeff. of
determinlationi, R2

0~855

0.926

0.883

0.883

0.773

0.881

0.831

0.676

0.920

0.931

0.885

stan(lar(l errors of

produice a 5, 8, or 10° increase in curvature were

reciprocal of the moles of incident quaanta requiired
to pro(ltlce fixedI responses is plottedl againist the

waNavelengths in figuire 10. A major peak is preselnt
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FIG. 10. Action spectra for the red light-induced
Phototrop)ic sensitivity change in corn1 coleoptiles. Quain-
tUtml effectiveness is expressed as the reciprocal of the
mole of incidenit (quanta re(lluired to produce fixed re-

sponses: 5° (0), 8° ( X ), anid 100 ( ) curvature
increases. Phototropic iniduction xN ith 436 mui (dosage:
1.5 X 10- Einsteinis cm-2) was started exactly 60 mlln-
utes after beginning of red lighlt treatmenit.
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at the 660 ml, region at all response levels. A
small broad shoulder is also seen in the 610 to 630
mu region at the lowest response level (50).

Far-Red Effects. The following series of ex-
periments were carried out to determine whether
the red light-induced phototropic sensitivity shift
could be reversed by subsequent far-red irradiation.
A series of 6 experiments was performed in which
plants were first exposed to red light (660 m,u)
at a dosage (1.8 X 10-1" Einsteins cm-2) more than
sufficient to induce a maximum red light response.
Within 1 mintute after the end of the red light
exposure the plants were irradiated with far-red
light (intensity: 9.6 X 102 ergs cm-2 sec 1) for
varying lengths of time utp to 60 minutes. As
mentioned earlier, when shorter far-red light ex-
posuires were given, the plants were kept in the
dark until exactly 60 minutes after the onset of
the initial red light exposure, at which time they
were subjected to the iusual phototropic induiction
with blue light.

In table II the results from these 6 exp-r ments
are summarized. The m2an curvatures of 4 or
more rows of 5 plants treated in an identical manner
are shown in column 3. Far-red light clearlv re-
verses the red light-induced effect. Indeed, the t
tests performed on the non-aggregated data show
that the differences between the non-red-treated
controls and the groutps irradiated with red and
followed by far-red dosages of less than 4.6 X 105
ergs cm-2 are not significant.

However, it is equally clear that increasingly
greater dosages of far-red light are progressively
less effective in reversing the red light effect.
The combined effect of the red and the far-red
light becomes almost indistinguishable from the
effect of red light alone as the far-red dosage is
increased to 3.5 X 106 ergs cm-2, the highest dosage
tested in this series.

Table II. The Effects of V'arious Far-red Liqht Treat-
ments Immediatelv Followzrinq Red Light Exposure

on Phototropic Sensitivity of Corn Coleopti!es
Far-red light intensity: 9.6 X 102 ergs cm-2 Sec-1

red light dosage: 1.8 X 10-" Einsteins cmn2 at 660 m,;
phototropic induction with 436 mfu.

Far-red dosage Exposure time Mean curvature
ergs cm-2 min degrees

1.7 X 105 3 3.6
2.3 X 105 4 3.9
2.9 X lo0 5 3 9
4.6 X 105 8 4.6
58 X 105 10 61
86 X 105 15 7.2
1.2 X 106 20 9.3
1.7 X 106 30 9.7
2.3 X 106 40 13.2
3.5 X 106 60 17.2

Controls:
No red or far-red light: 3 4
Red light onlv: 21.6
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FIG. 11. Dosage-response curve for the effect of far-

red light (intensity: 9.6 X 102 ergs cm-2 sec- ) in corn
coleoptiles. Phototropic induction with 436 m,u (dosage:
1.5 X 10-9 Einsteins cm-2).

The next logical step was an examination of the
influence of far-red light alone on this phototropic
system. In a series of 3 experiments, far-red
dosage-response relationships were examined by ex-
posing plants to far-red light of the same intensity
as in preceding experiments for varying lengths of
time up to 70 minutes. As in the case of the ex-
periments involving red light, phototropic induiction
by blue light was started exactly 60 minuites after
the beginning of the far-red exposture, except in
the cases where exposures to far-red light exceeded
60 minutes. In the latter cases, phototropic induc-
tion was started immediately after the end of the
exposure to far-red light.

The results of these experiments reveal that,
with increase in far-red dosage, phototropic sen-
sitivity changed in an almost identical manner as
in the preceding experiments (table II). The dif-
ferences between the non-irradiated (but photo-
tropically induced) controls and the plants given
less than 5.8 X 10' ergs cm-2 of far-red light
are not significant as revealed by the t tests per-
formed on the non-aggregated data. In order to
facilitate comparison with the red light dosage-
response curves, the data obtained were plotted
in fgure 11 as increase in phototropic cuirvatture
in degrees against log (I X t). Althotugh the
tunits of dosage are not given in Einsteins cm-2

for-red

0
0

0

0
0

0F
- -~~~~~~~~~~~ 1721

I I



PLANT PHYSIOLOGY

as in figuires 6 to 9, the familiar log-linear nature
of the initial portion of the cturve is seen as in
figtures 6 to 9 (the regression equation was not
used). Thus, when a far-red dosage greater than
8.6 X 105 ergs cm-2 is applied to this phototropic
system, the effect appears almost indistinguishable
from that of red light.

Discussion

The phototropic dosage-response curves of corn
(ctultivar Barbecue Hybrid) coleoptiles for system
I curvature show a general similarity to those ob-
tained with Aveia (3, 23, 27) although the photo-
tropic sensitivity of the latter is greater than that
of corn. However, in the case of completely etio-
lated corn coleoptiles (fig 1) there is no indication
of the presence of system II curvature as is the
case in Avena. Marked reduction in curvature,
however, leading almost to 00, occurred in the
l ght dosage range greater than that causing
system I curvature. Similar observations were
made by Briggs (7) in another cultivar of corn.
In addition, within the dosage range tested in the
present stuidy, there is only a slight indication of
system III curvatture in corn, as contrasted with
the Azena coleoptile.

With plants that had been pretreated with red
light (fig 2) a major difference from the case
of Avena is found in the failure of corn to show
any reduction in curvature in the range of blue
light dosages between systems I and III. Zim-
merman and Briggs (27) were able to demonstrate
such a reduction in Avena with high intensities of
bltue light, while comparable reduction could not be
detected in the present study despite the employ-
ment of 3 different intensities. As pointed out
earlier, however, the apparent failure of the re-
ciprocity law in the high dosage range indicates
that this portion of the curve represents system III
cturvature, at least in part.

The blue light dosage selected for the purpose
of assaying the red light effect clearly falls within
the range that induces, in corn coleoptiles, system I
cturvature responses as defined by Zimmerman and
Briggs (27,28). Thuis the red light effect studied
here is comparable with that first observed bv
Cuirry (15) in the Avena coleoptile.

As observed by Blaauw and Blaauw-Jansen (3),
the red light effect on phototropic sensitivity change
is time-dependent. In the present study with corn
coleoptiles, 60 minutes were found to be necessarv
after the beginning of the red light exposure
to evoke a full expression of the red light effect.
Compared with other known phytochrome-mediated
responses, the present case represents one of the
shortest time courses found along with that of
geotropic sensitivity change (25), since most other
responses are morphogenic in nature and take long
hotur3 before changes are detectable at the morpho-

logical level. The data on the red light effect on
the coleoptile growth obtained by earlier workers
(2, 19,24) dealt mostly with long-term observations.

Somewhat more pertinent data on growth rate
changes following red light exposure (1 hr) are
found in the work of Curry et al. (16). A graph
showing distribution of growth rate by zones along
the Avena seedling shows an almost 10 % increase
in the tip 5 mm zone and a near 20 % increase in
the 6 to 8 mm subapical zone of the coleoptile
compared with the etiolated seedling. An increase
in the magnitude of system I curvature which
Blaautw-Jansen (4) observed in Avena coleoptiles
treated with continuous red light prior to photo-
tropic induction, and which was observed in the
present study (with plants treated with continuotusred light) to a certain extent may, in part, be
explained by such acceleration of growth rate
following red light treatment. However, the ma-
jority of the experiments presented in this stuidy
was performed with very short exposures involving
small amounts of red light energy and with the
plants phototropically induced exactly 60 minutes
after the red treatment. The results of a few
exploratory experiments to measure, by means of
a travelling microscope (under green light), any
change in the growth rate of corn coleoptiles tinder
the above mentioned experimental conditions failed
to reveal any significant differences between the
red-treated and non-treated coleoptiles in the 3
hDur period following a red light irradiation. These
experiments were carried out both with completelyetiolated and mesocotyl-suppressed grotups of seed-
lings.

A comparison of the present action spectrutmwith the action spectra for a number of phyto-chrome-mediated processes (e.g. 18) with figure 10
shows a general similarity in the wavelength region600 to 700 mu. Thus, the action spectrum and the far-
red reversibility fotind in the present study clearlyindicate that this process is phytochrome-mediated.
As pointed outt earlier, the failuire to observe far-
red reversibility of the red light effect bv Blaauw-
Jansen (4) may be due to the long far-red exposulre(40 min) used.

An examination of the data indicates, however,
that the amount of incident energy necessary to
induce a given degree of change in phototropic
sensitivity is considerably smaller than the com-
parable red light energy required for other known
phytochrome-mediated systems. With letttuce seed,for example, the red Fght energy necessarv to
induice 50 % response (promotion of germination)
was shown to be 2.5 X 104 ergs cm-2 (6). It is
likely that the red light effect investigated in the
present study on the phototropic sensitivity shift
in corn coleoptiles may involve a more sensitive
physiological system than the other responses men-
tioned above (11). In the etiolated corn coleoptiles,lack of other pigments absorbing in the red regoon
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of the spectrum, as well as their favorable anatom-
ical arrangements (e.g., thin layers of exposed
cells) may partly account for the high sensitivity
observed.

The action spectruim presented in figuire 10
agrees fairly closely with that obtailned for in vivo
transformation of phytochrome in etiolated corn
Barbecue Hybrid coleoptiles (21), as well as with
one for the photoconversion of the isolated p:gment
from etiolated Aveta seedlings (12). Althouigh
the absorption spectra of partially pur:f:ed phyto-
chrome from etiolated corn coleoptiles are not
available, such spectra have been presented recently
for phytochrome from Avena coleoptiles (22). A
comparison of figure 10 with the absorption spec-
trum for the red-absorbing form of the pigmenit
from Avena shows a close similarity in the wave-
length region 600 to 700 mu.

The results from the sttudy of far-red reversi-
bility of the red light effect are of some interest.
As is well known most of the ph 'siological re-
sponses mediated by phytochrome have been shown
to be reversible by far-red irradiation. However,
there have been occasional reports in which pro-
longed far-red exposuires prodtuced results similar
to those from red exposuires. For instance, pro-
longed treatments with far red (rather than red)
in the middle of the dark periods have been shown
to be inhibitory to flowering in stuch short-day
plants as Xanthium, soybean (17), Chenopodium
(20), and Chrysanthemum, (14). In the latter
case, 9 minuites of far-red light given after an
inhibitory treatment with red light repromoted
flowering, but a prolonged far-red irradiation (81
min) following the red treatment failed to reverse
the red light effect. Flowering was also inhibited
by 81 minutes exposure to far red withouit prior
red light treatment. Borthwick (5) argued that
the red light-like action of prolonged far-red light
might be caused by a small amouint of PFR main-
tained during the far-red irradiation, acting over a
proloniged period of time. Similar reasoning may
be applied in the present case. Blaauw-jansen's
(4) failuire to obtain far-red reversibility of the
red light effect on Avena. phototropism mav have
been due to the long far-red expo-ure lused (40
min).

A similar instance of far-red light prodtuc:ng
the same action as red light has also been reported
in a study involving in vivo dark transformations
of phytochrone in etiolated corn seedlings (13).
The destruction of photoreversible phytochrome,
which occurs only when PFR is present, was stuidied
by uising variouis light sources which maintained
different ratios of PFR: PR at the photostationary
state. Butler and co-workers found that the rate
of destruction was saturated when 10 % of the
phytochrome was maintained as PFR. Destruction
was still measurable when less than 1 % of the
pigment was maintained as PFR. By prolonged

irradiation with far-red light a low level of PFR
can be maintained by virtue of the long wavelength-
absorption tail of PR. The relationships between
the spectrophotometric stattus of phytochrome andl
the phytochrome-mediated phototropic sensitivity
change in corn studied here are discussed in detail
in another paper (11).
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