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In 1934, DU Bux aiid Nuernbergk (9) compiled
from a nunmber of sources the first extensive photo-
tropic dosage-response curve for oat coleoptiles.
The Xvarious features of this curve, first positive
curvature, firlst negative curvature, and second and
third positive curvatuire, are now wvell knownv. The
early (losage-respoIise work in Ax-eia w-as not done
under controlle(l con(lition of light intensity, spectral
purity of the light source, temperature, humidity. and
groxvth reginme. Heince many conflicting results
were publisshe(l. Intenisities xvere usually measured
in ft-candles or similar uniits, ratlher than in absolute
units such as qtuanita per cnm2 per second at a particu-
lar xvavelength. Combinations of intensity and length
of exposure use(d to achieve a particular light dosage
have rarely been reported. The inmportance of precise
knowledge of lighlt exposutre conditions in interpreting
dosage-response curves has been emphasized else-
wxhere (4 ) an(l xvill be consi(lere(l in detail in the
discussioni.

Only very recently has the profound effect of
re(l light oni the phototropic responise been appreciated
(1, 3, 5, 7, 8). But here too the picture was con-
fused. Some authors reporte(l anl increase in photo-
tropic sensitivity (1, 3, 5) xvhile others reported a
decrease following exposure to red light (1, 7, 8).
Thle maniner in which red light wvas administered
varied xvidelv from one stu(lv to the next and it is
therefore very (lifficult to evaluate these results or
draw any vali(d concluisions fronm tlhem.

The (losage-response work of Curry (7) is the
first that may be consi(lere(d reliable. The plants in
his experiments were all given redl liglht prior to
phototropic indIuctioni xitlh light of xvavelength 4358
A. In geineral, hoxvever, Curry wxorked wxith high
intensities an(l sshort exposure times., withlout specify-
ing theml in everx case, so that in spite of his tise of
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a calibrated monochromatic souri1ce, the picture lhe
obtained was incomplete. Un(ler these condition,s,
first positive and first negative cuirvattures xvere oh-
taine(l as well as an additional positive coml)onent
occurring at very high (losages. Curry, hoxvever.
(lesignated the latter as base curvNature. Tlhuis, it is
not clear that this cain be equated xith the seconi(l
positive curvature of the present study xwhich is strict-
lv a tip response.

Thiimlann and Currv (11) halve extracted a<pproxi-
mate dosage-response curves at various intensities
fromz the (lata of many workers. Thus they, have
clarified the confusing (losage-response picture some-
xvhat. and lhave draxv-n atteintioni to the fact that it is
not simplv the total amount of light received by the
plant that is imilportanlt. but the imlaninier in xv-hicbl it
is a( illlnsstel-ed as x-ell.

The present paper has tlhree objectives. The first
is to obtain a series of (losage-response curves for
phototropic tip curvature xvith several intensities of
monoclhromiiatic lighlt and exactly- defilled conditions.
The second is to clarify the effect of red light on
phototropic sensitivitx un(ler a xvi(le range of definle(l
con(litions of phototropic induction. The third is to
provi(le the basis for a (letaile(l kinetic analysis ot
phototropismii of oat coleoptiles (13).

Materials & Methods
Oats (,4zncna sativa L., cv. Victory) wvere germiii-

nate(l folloxving in detail a regimiie described else-
wlxere (5). The only light used during handling was
fromii 15 xv green fluorescent lights wrapped in one
layer of green and txvo layers of amber cellulose ace-
tate (Shades. Inc., San Francisco). The tranismis-
siOI of this combinationi of filtering mlaterial was de-
termined wvith a Bausch and( Lomb Spectronic 505
recording spectrophotometer. It Mvas found to he
greater than 0.1 %{ only in a narroxv region of the
spectrum from 5220 to 5630 A. When used during
early stages of growth of the seedlings, the light
described produced no noticeable phototropic effects.
After the coleoptiles had reached a length of 0.5 cnm,
only a single lamp as above,vwrappedc witl two layers
of each type of cellulose acetate, was used, and then
only for a short time. If extreme care was not taken
even with this latter illumination, enough irregularity
andl curvature occurred to pro(luce large variability
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from plant to plant in a given phototropic experiment.
Restriction of the green illumination to a minimum
was particularly important for plants given no red
light treatment, since these were more sensitive to
phototropic induction than were those given red
light.

Approximately 70 hours after the beginning of
soaking, plants were selected for straightness (but
not length). Usually no more than 60 %, were us-
able. Red light treatment, if any. was begun between
70 and 72 hours after the beginning of soaking. and
phototropic induction between 72 and 74 hours. The
plants were growrn anl selected in a room maintained
at 250.5 C an(l 92±0.5 % humidity. Red and blue
light exposure and curvature developmiient occurred
in a room maintaine(d at 25± 1.0 C, but without hu-
midity control.

For determiiining the effect of red light on photo-
tropic sensitivity, two 40 w ruby red bulbs were used
at a distance of 24 inches from the plants. Infra red
was partially removed witlh a five cim wvater filter.
The intensity at the level of the plants, as measured
with a thermopile, was about 3,300 ergs cm-2 sec-'.
The spectral distribution of this source and far red
reversal effects are currently under investigation
(Mrs. H. P. Chon, personal communication). Ex-
posures were alwvays for exactly 2 hours, since it has
been shown elsewhere that under these conditions,
the red light effects on phototropic sensitivity of oats
are at a maximum and have become stabilized (5).

The source of blue light was a 100 w high-pres-
sure dc mercury arc (PEK Labs, Palo Alto, Calif.).
The ac ripple was determined with a photomultiplier
in conjunction witlh an oscilloscope and found to be
+8 %. The lamp was mounted in a metal housing
wvith an adjustable condensing lens, a diaphragm, and
a shutter. This assembly was enclosed in a light-
tight but ventilated box with an opening in front
of the lens about two inches in diameter. A five cm
water filter and a blue glass filter were placed im-
mediately outside the opening to remove red and
infra red radiation, both for protection of the in-
terference filter, and to remove the longer wave-
lengths transmitted by the interference filter. Infra
red leakage can cause serious errors in intensity meas-
urements with a thermopile, since most interference
filters transmit in the infra red region. A Baird-
Atomic interference filter was used to isolate the
4358 A mercury line. Additional neutral filters
were used to adjust the intensity. These were Kodak
Wratten filters which had been calibrated at 4358 A.

Intensity was measured with a photomultiplier
(Photovolt Corp.) calibrated at 4358 A against a
thermopile (Eppley. eight junction, bismuth-silver).
Due to the extreme sensitivity of the photomultiplier,
the aperture was reduced to about 0.01 inches in di-
ameter. Behind the aperture was placed a sheet of
translucent plastic to scatter the light and make the
orientation of the photomultiplier tube vith respect
to the direction of the light non-critical. A black
tube was mounted on the photomultiplier to prevent

stray light from the sides from affecting the rea(ling
of intensity from a particular source.

The exposure times were measured on a mechan-
ical timer accurate to 0.25 seconds or with a stop
watch. The shutter was operated manually. In this
manner, exposures as short as 0.5 seconds could be
accurately made.

The plants were assembled into rows of 10 to 12,
and only the top three mm at most were exposed to
light. The coleoptiles were arranged so that their
narrow sides faced the light source. They were
placed approxinmately six to eight feet from the arc,
at whiclh distance the light from the arc covered an
area about two feet in diameter. Defocusing of the
image of the arc is sufficient to insure uniformlity
of illumination to ± 10 % over an area about a foot
in diameter in the center of the spot.

Curvatures were allowed to (levelop in the dark
at 25 C for exactly 100 mintutes, at which time shad-
owgraphs were taken. Curvature measurements re-
producible to 1° were obtained with a goniometer.
Averages were determined, and standard deviations
and probable errors of the means (standard errors)
were calculated on the Burroughs 220 digital com-
puter at the Stanford Computation Center. Standard
errors averaged about 4+1.5°, all(n rarely exceeded
±2.0g.

Results
In figures la-f phototropic response in degrees

curvature is plotted against log10 (I X t). where I is
intensity and t is the length of exposure to blue light
in seconds. For each curve, dosage was varied only
by varying exposure time. Three intensities were
used, 1.4 X 10-11, 1.4 X 10-12, and 1.4 X 10-13
einsteins cm-2 sec-1. Figures la through lc repre-
sent results obtained with these intensities and plants
having no red light treatment other than nmeso-
cotyl suppression. [Mesocotyl suppression w-as pre-
viously shown to be without effect on phototropic
sensitivity (5)]. Figures ld througlh if represent
results with the three intensities anid plants having
had in addition, 2 hours of re(l light treatment im-
mediately before phototropic inductionl. For each
blue light intensity, and with and without red light
treatment, entire dosage-response curves w,ere ob-
tained on three to five separate occasions. Varia-
tion from one experiment to the next did not justify
normalization to any standard curvature, so all points
are included from each experiment as mleasured.

\7\There second positive curvature does not occur,
the curves drawvn are based on experimleints at all
three blue light intensities, both for the red-treated
and untreated plants, since vithin this range. curva-
ture appears dependent on dosage alone. Variation
in curvature from one intensity to the next w,as not
significant. Where a second positive component is
present, each curve is based only on experiments
done with the conditions specified, since curvature
is clearly not a function of dosage alone.
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1FI(G. 1. Phototropic dosage-response curves for oat coleoptiles at three intensities of monochromatic light. Left-
hand curves (a-c), no red light pretreatment. Right-hand curves (d-f), 2 hr red light pretreatment. The peaks
for first positive curvature are denoted by the two vertical lines, showing the shift in sensitivity produced by red
light treatment. Intensities (I) are in einsteins cm-2 sec-1 at 4358 A.
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Apparently high humidity (luring growtlh is essen-
tial for reproducibility of phototropic curvatures
from a given set of illumination conditions. If the
humidity dropped below 90 % for more than a few
hours, the curvature response -vas imiuch reduiced
ainid variability was extremlle.

Discussion

These experiimienits indicate that the kinetics of
the phototropic response must be rather complex and
may be the result of more than one independent sys-
teml. With the plants given no red light, the low-
dosage portion of the curve (first positive curvature)
seenms to depend oInly oIn the product I X t. At
higher dosages, how-ever, such is not the case. Sec-
ond positive curvature appears to be primarily a
futnctioni of the lenigth of exposure and indepencdent
of the intensity. Thimann andl Curry (11. 12) first
suggested the depend(lence of second positive curva-
ture on exposure time only. from an analysis of the
data of many workers.

The plants given 2 hours of re(d light exhibit
miuclh the sanme qualitative behavior. However, some
strikiing differences are to be noted. Red light shifts
first positive curvature (& first negative curvature
wlheni it occurs) toxvard higher (loses, i.e. renders
the systeni less sensitive to light. The sensitivity
decrease is approximately fourfold. Hoxvever, be-
cause-the shapes of the log dlosage-response curves
differ slightly with and without red light treatmlent,

maximumii first positive curvature occurs at light
dosages differing by a factor of ten. The sensitivity
changes described for first positive curvature were
first noted by Curry (7) in 1957. The present ob-
servations for first positive curvature agree quantita-
tivelv xvith his. He (lid not study first negative
curvature in this context. Second positive curva-
ture, in contrast to first positive and first negative,
is shifte(d tow-ard loxver dosages. Red light makes
this system minore sensitive to blue light by a factor
of nearly three.

Briggs (5) has (lemonstrated that for a single
(losage of unilateral white light (1,000 meter-candle-
seconds). red light indluces what appears to be an
increase in phototropic sensitivity both for corn and
oat coleoptiles, red light treated plants showing sub-
stantially more curvature than untreated plants.
His results, however, are consistent wvith the present
observationis. \Nithout red light, his dosage yielded
curvature in the first negative range for oats and
in a corresponding range for corn (whether or not
first negative curvature occurs in corn has not been
dletermined). \Vith red light, this same unilateral
light dosage yields substantial first positive curvature
for both plants, as a consequence of the shifts for
first positive ainid first negative curvature described
above. The results describe(d here also confirm those
of Asomiiaining andl Galston (1) (disregarding a re-
ported increase, of (loubtful significance, in the
amiiouint of first positive curvature obtained from
several given dosages). Their observations can not

\
FIG. 2. Examples of shadowgraphs illustrating the vari ous types of phototropic curvature in oat coleoptiles.

Intensities (I) are in einsteins cm-2 sec-1 at 4358 A. Up per left, first negative curvature (I = 1.4 X 10-12,
t = 325 sec, no red light). Note S-shaped plants resulting from combination of a positive and a negative compon-
ent. Lower left, second positive curvature (I = 6.6 X 10-l2, t = 1710 seconds, 2 hr red light). Lover right,
curvature resulting from the sum of first negative plus seconid positive curvature (I = 1.4 X 10-13, t = 1,000
sec. no red light). Net curvature was about 140 positive.
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be quantitatively compare(l w-ith those in the present
paper, since insufficient experimelntal detail was pro-
videdl and their red light regimle was (lifferent, but it
is clear from their figure 3 that red light shifts the
log (losage-response curve for firsit positive curvature
towar(l higher (losages. Their observations with
barley coleoptiles are of particular interest. They
\ere only able to obtain phototropic curvature with
very large unilateral light (losages., andi the sensitivity
of the barley phototropic svstemi was substantially
increase(l by pre-exposur-e to re(l liglht. They sug-
gest that barley possesses only a miechaniismii for sec-
ol(l positive curvature, lacking those for first posi-
tive an(l first negativ\e. This latter suggestion is
strongly supported by tlle re(d liglt-in(luced increase
in the sensitivity of the secoll(n positiv e curvature
mechaniisnm in oat coleoptiles. RBlaauw-Jansen's ex-
periments (3) are not really conml)aral)le to the pres-
ent ones, an(d therefor-e \\ ill not he considered further
here. Briggs (5) (liscutsses lher experiments in
(letail.

It was suggeste(lahove tflat moretihflan one inde-
peenldent plhototropic mechanisin i s requi red to account
for the dlosage-respolnse curv-es obtained. Two lines
of evidence support this cointenltionl. First, red light
(lecreases the sensitivity of the mechanisms for first
positive and first negativ e ctura-ture, but increases
the sensitivity of the mechanism for second positive.
Secondel, the appearance of curlvatture in various re-
gions of the dosage-response cutrves suggests that
possibly three separate mechanisilns exist. Aside
frolmi first positive and first negative curv-atures being
opposite in direction, anl important fact in itself, the
nature of the responses are quite dlifferent. Nega-
tive curvature develops later thlan positive. anid curva-
ture is therefore more confinedl to the tip 100m)inutes
after induction. In somiie regionis in which one vould
expect either positive (first or second ) or negative
curvatutre, depending upon the contditionis of intensity,
time, and redl light treatmiienit. (listinctlv S-shaped
plants are foundl. These invariably have the nega-
tive componeint in the extrellie tip aan(l the positive
component below (see fig 2).

Detaile(l studlies of the timiie course of development
of the three tip responses mlay- provide furtlher evi-
(lence for the existence of separate miiechanislms.
Such studies to (late have not covered a sufficiently
wide range of light conditions. In a(ldition, care
has not been taken to illuliniate only the coleoptile
tip, important at high light dosages where base curv-
ature may occur. In or(ler- to prove conclusively
that two or three separate tip curvature miiechanisms
exist, more direct studies are required in which a
particular system can be isolate(l perhaps by selective
inlhibition of the others. Action spectra of first
negative and second positive cuirvatuires would indi-
cate pigment differences, if present.

It has long been assumed that the Bunsen-Roscoe
law of photochemical equivalence applied to the
phototropic responses (2, 10). The law states that
response is a function of I x t only. regar(lless of

how each is varied. That this is niot the case has
been shown recently by Briggs (4) and Thimann and
Curry (11, 12), although their ways of looking at
reciprocity were somiiewlhat different. Briggs con-
sidered the reciprocity lav as failing at high intensi-
ties, concluding that if the intensity is low' enouigh
aind the length of exposure long enoughI. reciprocity
(loes indeed hol(l. Thimilannii an(I Curry suiggeste(I
that for short exposures reciprocity appeare(l to
hold, but that for long exposures, the response (le-
pende(d only uiponl the lenlgth of exposure. These
Would at first appear to be conflicting conclusions.
However, it is clear how! both coniclusions could
have been drawn on the basis of the resuilts presented
here. The dependenice of secon(l positive curvature
on exposure timle alone lhas been pointe(l out above.
If in corn, physiological factors should limiiit the
absolute amiiounit ot second( positive curv-atuire ob-
tainable, then reciprocity wNould appear- valid only
for long exposures. regard(less of (losage. Tlthus when
Briggs (lecrease(l intensity and increased exposure
timiie for (losages above those yielding naximumiiiii first
positive curvature, he simply ob)tainied progressively
more secolnd positive curvature unitil the phxsi ological
limit for second positive curvature was reached. It
should be noted that -\lhen Briggs did comparable
reciprocity experimiients w ith oats. physiological fac-
tors never did become limi1iting, ailcl therefore lhe
never obtained reciprocitv validity. Furthermore,
for two (losages differing by a factor of ten (4. his
figures 13 & 14), the amiiouint of curvature obtained
was a linear function of time and in(lependlent of
dosage above the shortest exposures, precisely vhat
one vould expect fromii the present study. It is clear
from the present studl that, as Thimniann andI Curry
suggested, the reciprocit) law is valid for first posi-
tive an(l first negative curvature. Its apparent fail-
ure at low intensities is simply the consequenice of
introduction of a second positive component with in-
creasing exposure time. The reciprocity law can
not be valid for second positive curvature since re-
sponse is a function of exposure time only. The
present stud) appears to provide suifficient quanitita-
tive information for a detailed mathematical analvsis
of the phototropic responses of oat coleoptiles. Such
a kinetic study is being presente(l in the following
paper (13).

Summary
Phototropic dosage-response curves are presented

for oat coleoptiles with and witlhouit recl liglht pre-
treatment. Three (lifferent intensities ot mono-
chromatic blue light were used for phototropic in-
duction. Red light decreases the sensitivity of the
mechanismiis for first positive and first niegative
curvature, wvhile increasing tlle sensitivity of the
mechainismii for second positive curvature. The reci-
procity la-v is valid for first positive ani(l first nlega-
tive curvature, but second( positive curvature is a
linear funlctioin 0o exp)osiure timiie, an(l ind(lepeil(lednt
(f iintensitv.
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The present paper is an attempt to account ac-

curately for phototropic tip curvature in the Avena
coleoptile as a function of the intensity of unilateral
illumination and duration of exposure to monochro-
matic light (4358 A). Detailed dosage-response
curves on which this analysis is based are presented
in the preceding paper (22). It has long been as-

sumed that the direction and magnitude of the light
gradient across the coleoptile tip determine respec-

tively the direction and magnitude of the phototropic
response (14,16). Experiments by Buder (9) con-

firm that the direction of the gradient does indeed
deterimine the direction of the phototropic response.
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By using narrow light pipes and illuminating the
interior of the tip as well as illuminating small por-
tions of the outside of the tip with narrow beams of
light, Buder found that the direction of curvature
was always in the direction of the maximum light
gradient, not in the direction of the incident radia-
tion. His experiments also produced gradients many
times larger than normally occur when the entire
tip is placed in a beam of light, but approximately
the same amount of curvature was always observed.

The role of the light gradient in determining the
magnitude of the phototropic response has been
questioned by Curry (12). He pointed out that the
light gradient across the tip should be a function of
the wavelength of the incident light. Thus if the
magnitude of curvature depends upon the magni-
tude of the light gradient, it should also be a func-
tion of wavelength, something not observed (17).
His attempt to account for the shape of the dosage-
response curves on the basis of the light gradient
was also unsuccessful.

Detailed studies of tip curvature based on the
assumption that both the direction and magnitude of
the gradient are necessary for determining the photo-
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