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ABSTRACT

Pnototropic equilibrium was studled in Starge IV sporangio-

phores of Phycomyces blakesleeanus by illuminating specimens

simultaneously from various directions with two beams of light.
The depéndence of the eguilibrium position upon the angle be-
tween the lizht beams and upon their intensities was investi-
gated and shown to be given by a simple emplrical law,.

If a sporangiophore is illuminated by a single 1light
bean, an equilibrium position is reached between the direc-
tion of the beam and the direction of gravity. The dependence
of this position upon the angle between the beam and the verti-
cal was investigated and found to be given by another simple
empirical law. The equilibri&m position was found to be unaf-
fected by changes in the intensity of the lignht over ihe en-
tire range of intensities to which the sporangiophore gives
a normal phototropic resgonse. Geotropism does not occur in
the dark however.

Under certaln specific conditions a sporangiophore in
stable equilibrium shows regular oscillations around its
equilibrium position. These oscillations are sinuscidal in
form and often persist for 30 eycles, having a period of aboub
45 minutes and an amplitude of about 30 degrees. It is also
possible for a sporangiorhore, not necessarlly in equilibrium,
to show oscillations with a five mihute period and a two
degree amplitude. These two modes of oscillation appear to

be independent of each other.
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I. INTRODUCTION

Phototropism in plant organs has been studied for many
years but remains incompletely understood. In higher plants
the maih advance has been the demonstration that lizht causes
differential growth by inducing a differential concentration
of a specific growth substance, In Phycomyces sporangio-
phores no growth hormone has been shown to be involved. It
is generally thoﬁght, however, that the asymmetrical light
distribution caused by the dioptric properties of the cell
somehow leads to differential growth and photctropism. The
detalls of how this might actually work are still quite un-
¢lear. In short there 1s yet no adequate theory of photo-
tropism in Phycomyces.

It is not the purpose of this thesis to present such a
theory but rather to examine several phenomena which are
.necesaarily part of any careful characterization of the funda-
mental phototropic system. Indeed these phenomena provide
an important and quantitative test for any proposed theory
of phototropism,

First will be presented the phenomenon of phototropic
equilibrium, or balance between two opposed phototrople
stimuli., Although the results of this type of experiment
have traditionally been descrilbed in terms of a2 simple empiri-
cal rule, the resultant law, 1t will be shown that in Phyco-

myces the results are better accounted for by a modification
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of this rule, the equal flux law.

In the course of the equilibrium experiménts, it becanme
apparent that gravity was affecting the position of photo-
tropic equilibrium. Accordingly, experiments were carried
oﬁt to discover the effect of gravity on the phototropic
response. The first geotroplc experiment seems to show that
gravity affects the sgporanglophore as if 1t were a beam of
light coming from above, Thus the sporanglophore reaches an
equlilibrium positlon between the light and gravity stimull.
In the subsequent experiments a very curious and subtle
coupling was discovered between light and the reotrople sen-
gltivity. In these experiments, gravity definitely does not
mimic a vertical light beam in its tropic effect. For
example, under some conditions of 1illumination, the effect
of gravity completely vanishés, while in other cases a steady
balance of phototropism and geotropism is maintained regard-
less of the light intensity. These relationships will have
consideréble significance for theories of both phototropism
and geotropisn.

A new phenomenon was discovered gquite early in the photo-
tropic equllibrium work. It was found that this equilibrium
is not entirely steady but 1is often marked by oscillations
about the average growth direction. These oscillations
arise entirely wilthin the phototropic system of the cell as
a reaction to a constant external illumination. Their as-
tonishing symmetry and regularity seem to persist almost

indefinitely under many conditions.
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In order to explore the characteristics of this phenom-
enon, a final series of experiments was perforﬁed. This work
provides a clear pilcture of the particular conditions under
which oscillation can be initiated and maintained. It also
shows the effect of the external conditions upon the period,
amplltude, and wavelength of oscillation,

The results of some preliminary experiments are also
presented, which provide a more detailed picture of the
separate events oécurring in oscillation. These events are
shown to be qualitatively explicable in terms of features of
+the tropic reaction which are separately observable.

Finally it was discovered, as a result of more careful
observation, that a sporangiophore has two independent modes
of oscillation. Preliminary work shows that this second form
of oscillation has a much shorter period than the normal kind,
and that the conditions favoring the appearance of the two
oscillations are quite distinct.

Thus the phototropiec behavior of Phycomyces is shown
to be quite complex, and at the same time to display some

features of gratifying simplicity,
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II. REVIEW OF PHOTOTROPISM

A, General

" Since there are several reviews of the recent develop-
ments 1in the field of phototropism (van Overbeek 1939,
Galston 1950, Schrank 1950, Brauner 1954, and Went 1956)
this introductory discussion will be confined to a rather
ceneral treatment of the history of its development,

The first theory proposed to explain the phenomenon of
phototropism in plants was that of Augustin de Candolle. 1In
1832 (de Candolle 1832) he put forth the 1dea that photo-
tropism was simply the result of a difference in growth rate
between the i1lluminated and shaded sides of the stem. It was
well known at that time that plants kept in darkness become
etiolated, a condition which is characterized in part by an
abnormally high growth rate. De Candolle believed that the
tissue on the shaded side of the stem reacted to the lowered
light intensity in a similar way, 6hus elongating faster
than the illuminated side and causing phototropism, Refined
measuring techniques for demonstrating a linear growth re-
sponse to light were not yet available, however, 8o the
theory rested on rather meager evldence,

De Candolle's etilolation theory of phototropism was
criticized by Sachs (1882) because it failed to account for
the negative phototroplsm observed in some plant organs

(e.g. roots) and the positive phototropism observed in
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transparent organs, such as Phycomyces sporangiophores., In
the latter, there is too 1llttle llight attenuation by plg-
ments to set up a very great intensity differential across
the organ, Even todayythis is a somewhat thorny point, as we
shall see later., Although offering no substitute for
de Candolle's theory, Sachs malintained that the phototropic
organ should be considered a complex entity, possessing the
biologilceal property of irriﬁabil;ty. This point of view,
which might be called the "direct light stimulus" theory,
became qulte common in the period before 1900, Since the
emphasls was more on exploring the complexities of the inter-
action of the plants with their experimental environments
than on discovering the mechanism of this interaction, the
experimental work of this perlod was very elaborate, Many
interesting things about phototroric beha&ior were discovered,
but no new 1nsight was gained into the mechanism of photo-
tropism.

| In the culmination of a seriles of papers, Blaauw (1918)
revived de Candolle's theory, this time with a solid experi-
mental basis. Blaauw stated that phototroplsm was simply a
phenomenon of differential growth caused by differential
light intensity. As proof he was able to show that uniform
light 18 able to eliclt linear growth responses in plants
showing phototropism. For phototropic plants Blaauw demon-
strated that the growth response to llight was negative, thus
the shaded side would grow faster than tﬁe lighted side,

causing phototropism., FPFor Phycomyces his explanation was
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somewhat different and wlll be discussed shortly.

At the same time that phototropism was shown to be
caused by light-induced differential growth, 1t was found
(Boysen-Jensen 1913) that light caused a substance to move
down the Avena coleoptlile from the illuminated tip, even
across a wound sap. Paal (1919) showed that this growth sub-
atanée could diffuse écross a gelatin barrier, and that an
asymmetrical application of the substance could cause curva-
tures without light. Using his quantitative Avena curvature
test Went (1928) showed that unilateral 1llumination of the
écleaptile tip brought about an unequal distribution of the
growth hormone, or auxin. Since then, many substances have
béen found to have auxin activity in Avena colecoptiles,

.Having advanced thus far in the elucidatlon of mechanisms
of phototropism, the remaining problem appears to be: how
does the asymmetrical illumination of an organ such asg an
Avena coleoptile bring about this redistribution of agﬁin?
Although Galston (1950) has shown that an auxin (indcleacetic
acid) can be inactivated by light in the presence of a sult-
able "sensitizing pilgment,” this does not solve the problem.
If differential photo-destructlion of auxin were responsible
for the differential concentration, one would not expect
the total amount of diffusible auxin in a coleoptile tip to
be constant as was found by Went (1928). Barrier experiments
in which a physical obstacle divides the coleoptile tip in

two (Boysen-Jensen 1928, Briggs et al. 1957) seem to indicate
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that auxin or an auxin precursor actually moves transversely
under the influence of light. In these exberiments, differ-
ential auxin accumulation and phototropism were blocked by
a transparent barrler perpendicular to the direction of 1il-

lumination.

B. Phyccmyces

The discovery of the auxins in higher plants marked a
point of divergence of the study of phototropism in higher
plants from that in single-celled organs, like the Phycomyces
sporangiophore, Since a sporangiophore cannot be cut apart
and put back together llke a coleoptile tip, one cannot use
these simple methods of demonstrating and isolating growth
substances. Thus, no growth hcfmone has ever been shown to
be normally involved in growth or phototropism in Phycomyces,
although several substances are known which induce curvature
when applied to one side of the sporangiophore; two of these
are water {Gruen 1956) and griseofulvin (Banbury 1952).

Errera (1884) was one of the first to make quantitative
studies of the growth of Phycomyces sporanglophores. He
cites the work of Carnoy (1870), who observed phototropism
in these organs and aléo noticed the characteristic stages
in their development. Carnoy distingulshed three stages.

The first is that in which the sporangiophore rises from
the mycelium and contlnues to grow, without the formation
of the sporangium., In Carnoy's second stage the sporanglum

is formed, during which no growth occurs. The third stage
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is that in which the sporangliophore resumes growth. Errera
measured the growth rate very carefully, and concluded that
Carnoy's second stage could be divided into two parts on

the basis of the growth rate. Errerat's scheme is as follows:

1 no sporangium; slow growth rate
II sporangium forming; no growth
I11 sporangium formed, yellow; no growth
Iv sporangium darkens; growth resumed and
maintained,

This scheme will be used henceforth in describing the
growth stages of the sporangiophore. Errera alsco made an
early determination of the extent of the growth region, which
he found to extend to about 1 mm., below the sporangium,

To apply his differential growth theory of phototropism
to Phycomyces, Blaauw (1918) needed a somewhat more elaborate
argument than sufficed for the organs of the higher plants.
Since Phycomyces has a positive growth response to 1light,
one must show that the side of the organ away from the light
receives a greater growth stimulation than the side toward
the light. Since the transparent sporangiophore 1is very
nearly c¢ylindrical, it focuses an incident parallel beam
into a narrow bright band on the back wall. However, although
the light 1ntensi€y is greater on the back wall, the total
amoﬁnt of light energy striking the back half of the cell
wall must be somewhat less than that striking the front half

sihce there 18 some light absorption inside the cell. Blaauw



was well aware of thils fact, and he arpued that a growth re-
sponse in the cell wall would be more effective i 1t occurred
in the center of the front or of the back half, than if it
occurred closer to the side. Thus since the light is indeed
more centrally concentrated in the back half than 1in the

front half, positive phototropism would result.

Although there gas been much discussion since Blaauw's
work about the means by which a lizht intensity differential
is set up in a sporanglophore, a more serious objection con-
cerns the light-growth reaction itself., Blaauw was able to
explain transient phototropic curvature (Blaauw 1914) by
means of the unequal magnitude of the transient light-
growth responses on the two sides of the sporangiovhore, How-
ever, to explain long term phototropism (i.e. bending for
more than ten minutes) by this theory 1t i1s necessary to show
that the growth rate 1s permanently affected by the intensity.
Blaauw's data on this point are rather unconvincing, however,
the maximum effect being only about a 10% increase in growth
rate. More recent work (Delbriick and Reichardt 1956, and
this thesis) fails to confirm Blaauw's results, which may
have been due to a local temperature rise since he used no
heat absorbing filter in his light beam.

That the ecylindrical lens effect postulated by Blaauw
is indeed a‘fundamental element in the phototropic system
was shown very simply by Buder (1918) who immersed a Phyco-

myces culture in paraffin oil., In these circumstances the
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sporangiocphores continue to grow, but when 1lluminated uni-
laterally they show negative phototroplsm. Since the refrac-
tive index of the oil was 1.47 and that of a sporangilcphore
15 1.38 (Ccastle 1933), it is clear that the sporangiophore
wlll now aect as a diverging instead of a converging lens.
Thus the light becomes more concentrated on the {ront wall
than on the back wall,

Buder's paraffin oil experiment becomes even more
interesting 1f one examines the optical situation more
closely. Castle (1933) gives exact light path dlagrams of
a sporanglophore in air and in paraffin oil, In oll Gthere
is no bright band at either cell wall but a very uniform in-
tensity distribution at each. The back wall recelves a
slightly smaller amount of light energy because the light
striking the sporanglophore at near grazing incldence 1is
totally reflected'and does not enter the cell. Thus 1t 1is
evident that the exact manner in which the intensity is
distributed throughout the sporangiephore is not critical;
there need only be a net difference betweén the two halves.

In this same paper, Castle went on to compute the
volume distribution of intensity for a sporangiophore in
ailr. He found that the integrated path length of light was
about 25% greater in the back half than in the front. Thus
if the amount of light scattered or absorbed in traversing
the sporangiophore 1is not too great, more energy should be
absorbed in the contents of the back half of the cell than

in the front. This would therefore account for rhototroplsm
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if it is assumed that the photosensitive substance is uni-
formly distrluuted throushout the cell,

As Buder (194¢) pointed out, however, this suhstance 1s
certainly not uniformly distributed inside the cell. The
central vacuole, which 1s most probably devold of photosen-
sitive material, extends into the growing zone where 1ts
dilameter is at least one fourth of the cell diameter. Buder
then proceeded to put Blaauw's ideas in a more concrete form,
by showing that the part of the cell wall nearest the center
of the back or front wall has the i reatest turning moment
about the cell diameter perpendicular to the lirht direction.
Thug in air the total growth response concentrated in the
brisht band has a mechanical advantarge over the responses
spread over the opposite side., Until it is known whether
the pnotosensitive substance 1s confined to the cell wall,
distributed uniformly, or possesses some other distribution,
it is not profitable to distinguish sharply between these
theorles,

As a result of his experiment on diffuse 1llumination,
Oehlkers (192¢) concluded that the phenomenon of total in-
ternal reflection was responsible for rreater light absorp-
tion in the back half. However, as Castle polnted out, total
internal reflection is not possible in air, and Oehlkers was
in érror.

In principle, one of the most direct tests of Blaauw's
light-srowth theory is the illumination of a sporangiophore

with a very narrow beam that Just grazes the edge of the cell.
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Under these conditions the phototropism would be expected

to occur away from the illuminated part of the cell. In
practice, however, this‘is difficult because of the focussing
properties of the sporangiophore which cause a rrazin beém
to be refracted in toward the center of the cell.

Banbury (1952) performed such an experiment wit: results
in accord with Blaauw's theory. However, it is somewhat
curious that the grazins beam apparently l1lluminated the
portion of the growlng zone extending from 200 to 120w below
thie sporangium. Recent experiments of Conen and Delbrick
(unpublished) indicate that the region extendins to 5004 below
the sporanglum is phototropically insensitive to unilateral
illumination,

A pbetter way to perform such grazin, illumination experi-
ments is {o immerse the sporanglophore in a medium whose
refractive index 1is close enough to that of the cell so that
tne light path will be essentially a straignt line through
the edge of the cell. A rough experiment alony these lines
was done by Buder (1G20) using Stage I sporangiophores,

Stage fV sporangiophores dslnot grow when immersed in water,
bbut Buder found that Stage I éperangiophores do srow under
these conéitions, although somewhat slowly., Unilateral illu-
mination of such sporangiophores did not cause curvature
{(presumably the focussing action was so weak that it was
counterbalanced by scattering and absorption losses in the
cell), but grazing i1llumination did cause curvature away

from the illuminated side.
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An experiment performed by Oltmanns (1897) seemed to
indicate that Phycomyces was negatively phctotropic if light
of sufficiently high intensity was used. Using a powerful
arc lamp, shielded by a heat filter consisting of a & cm.
thickness of water, he observed negative phototropism 1n
those speclmens receiving an intensity of more than 25,000 MC.
Castle (1932) tried to repeat Oltmanna' experiment without
success, Castle pointed out the possibility that the nepative
phototropism observed by Oltmanns was due to the infra-red
transmitted by the heat filter, However, Oltmanns was un-
doubtedly aware of the earlier work by Wortmann (1883) who
discovered the phenomenon of negative thermotropism (negative
phototropism in the infrared) in Phycomyces. Oltmanns also
states that the temperature rise during hils experiment, as
measured with thermometerswith blackened bulbs placed next
to the experimental cultures, was everywhere less than 2°C.
Thus, although Castle's explanation is probably valld, it
does not seem possible to reject Oltmanns' results completely.

Curry and Gruen (1957) reported negative phototropism
in Phycomyces when ultraviolet light of about 280 mp wavelength
was used. Since uniform illumination at this wavelenpth pro-
duces a positive growth response, it is clear that the dis-
tribution of absorbed lignht enerpgy in the front and back cell
halves must be reversed from that found in visible light, The
most reasonable explanation for this reversal is that the ab-
sorption coefficient of the cell contents is much higher for

ultraviolet than for visible light.
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III. MATERIALS AND GENERAL METHODS

In all of this work, the organism used is a sexually (-)

-gtrain of Phycomyces blakesleeanus derived originally from

strain 1555 of the National Reglonal Research Laboratory.

It 1s grown by inoculating 10 mm. diameter glass vials con-
taining about 2.5 ml., of 4% or 5% potato dextrose arar (Difco)
with about five vepgetative spores that have been heated to
45°C, for ten minutes. This is best done by ;noculating the
spores in 0,01 ml, distilled water from a suspension con-
taining 500 spores per ml. Spore stocks are replenished as
follows. A sterile 9 cm. Petri dish containing 5% potato
dextrose agar is inoculated with about 100 heat-shocked
vegetative spores. The dish 1s then covered and placed under
vertical illumination so that the emerging sporangiophores
strike the 1id of the Petril dish., When this happens, each
gporangium bursts on contact with the glass and deposits
about 10,000 spores in a smear. After enough spores have
been collected on the lower surface of the 1id, they are
carefully eluted with about 10 ml. of sterile distilled water.
The resulting spore suspension has a concentration of about
105 spores/ml. If too much water is used in the inoculation,
the attachment of the sporéngiophores to the mycelium is
weakened; with the result that the sporangiophores will not
stand upright without support. Although a spore suspension

of 500 spores per ml. distilled water 1is convenient for
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inoculation, the spores rapidly lose the ability to germi-
nate if kept in such a suspension., The spores will retain
their viabllity in distilied water for one year 1f the con-
centration is 105 per ml. Shropshire (personal communication)
has found that the spores remain viable at low concentrations
1f the distilled water is replaced by a 0.8% solution of
Difco nutrient broth plus 0.5% sodium chloride. After inocu-
lation the vials are placed in closed glass Jars under a low
level of 1lirht intensity (10 watt lamp two feet above vials)
for two days, during which time a mycelium is formed on the
upper surface of the agar. After two days the vials are
placed in a container large enough to permit at least 1C cmn.
of vertical growth. The container has a transparent or
translucent upper end to allow the light to reach the vials,
The humidity is kept at 80% or higher, but always less than
100%; in an atmosphere saturated with water vapor the sporan-
slophores have an annoying tendency to stick together. In
one day the first sporangilophores appear. If the unwanted
asporangiophores are cut away each day, a single vial will
continue to produce usable sporangiophores for a week or
more,

While under experimentation, the sporangiophores are
protected from air currents in the room by placing them in-
side a glass box. The shape of such a box is determined by
the recuirement that no reflection from either of the two main
beams be allowed to strike the sporanglophores. Accordingly,

a rectangular box is used when the sources are 60 degrees
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apart or less, and a triangular box 1is used when they are
more than €0 degrees apart. At all times the room temperature
is maintained at 20 + 2°C. by a refrigerative-type air cooler.

The apparatus was designed with three main requirements
in mind. First, the beams should have equal intensities to
within a percent or two. The desired inequality in inten-
sities can then be controlled by introducing a neutral filter
of known transmission 1Into one of theibeams. Second, the
initial equality of the intensities should not be affected
by such thlngs as the aging of the lamp filament, the black-
‘ening of the envelope of the lamp, or the fluctuation of line
voltage., Flnally, the beam should be of constant intensity
throughouﬁ the entire region of experimentation. This means
that the source should be an extended objeet rather than a
. point source so that no flaw or speck of dirt on the wall of
the glass box could cast a shadow upon a sporangiophore, and
thereby cause a local fluctuation in the effective intensity
of the beam,

The apparatus is showﬁ in fipure 1. The primary light
‘source‘is a 200 watt projection lamp mounted in an air cooled
housing. The light 1is focuésed into an approximately parallel
beam by a pair of plano-convex condensing lenses. Thnen the
light passes through a blue filter and finally strikes a
ground glass diffusing plate, The blue filter 1s of Corniag
glass, number 5-(1, Most of the transmission is between 380
and 480 mp with a maximum at 425 mp. The reason for using

the blue filter is that light of this color 1s the most effec-
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tive for phototropism (Castle 1031), Thus if intensities
‘are always measured in blue light, one does not have to be
greatly concerned with the spectral distribution of the in-
éandeseemt lamp or its fluctﬁation with the applied voltage.
In the later experiments 1t was necessary to abéorb some of
the infrared emltted by the lamp. This was accomplished by
inserting a cylindrical cell containing a 1 em. thickness of
water between the lamp and the condensing lenses.

From the diffusing screen, the light is reflected from
two front-silvered mirrors which are rigidly fastened at
‘the ends of two arms. These arms can be rotated about the
main axis of the apparatus and fixed in any poslition, The
mirrors are positioned so that the beam from the mirror to

he sporangiophore is parallel to the arm. Thus the angu-
lar separation of the two ligzht beams is simply the angle
between the two arms, which is read from a pérmanently
mounted angular scale., A light shield with a semlicircular
opening placed between the diffusing screen and the mirrors
reduces the stray light. At the sporanglophore each beam
illuminates a clear area 4 cm. wide and 12 cm. high.

The overall intensity of light was measured by placing
in one of the beams the phototube of a photometer. For com-
parison with other work on Phycomyces in tﬂis laboratory,
intensities of blue light‘are expressed as logarithms to the
base two. The unit intensity, or 20, on this scale is
equivalent to an energy flux of about 100 erg/bm.z sec,

(Delbriick and Reichardt 195¢), Thus an intensity of
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50 erg/ém.2 sec. would be expressed as 2'1, or logpl = -1,
on the logarithmic scale. As will be shown later the lower
intensity threshold for phototropism is 2'25, or 3.1 x 10‘6
'erg/bm.g sec.

The relative intensities of the two light heams are
varied by inserting gray fllters (Kodak Flashed Density)
of varying transmissions into one of the beams, between the
diffusing screen aﬁd the mirror. Because of the rather larce
amount of diffuse light scatterins characteristic of these
filters, 1t 1s necessary to calibrate them always at the sane
position in the optical path.

To begin an experiment, three vials are selected, each
having a sporangilophore in Stage IV, of the same neicht
and sporangium diameter. The three vials are fasitened with
modelling clay to an adjustable platform so that the sporanglo-
phores form a straight row, coinciding with the main axis of
the apparatus and centered in the area of Intersection of the
two beams. Then the appropriate glass box 1s carefully
lowered over the sporangiophores and aligned so that no reflec-
tions or shadows strike any of the sporanglophores near their
growingz zones, The mirrors are set at the desired angles and
the intenslity ratio 6f the beams is adjusted to the desired
value by the insertion of the proper filter,

After equilibrium is established, the equilibrium posi-
tions are read by means of a Gaertner microscope equlpped
with a protractor evepiece. This eyeplece enables one to

rotate crosshairs until one of the hairs is parallel to a
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sporangiophore and then to read the angular position in
degrees from an external clrcular scale, Angular neasure-
ments of this sort can be made with an error of one .degree
or less. Ejullibrium position measurements are made using

a low magnification, such that the dlameter of the field is
abvout 8 mm, Since the frozen waves in the mature wall of an
oscillating sporangiophore are spaced about 2.5 mm. apart,
the crossnalr may be set tangent to three or four successive
crests at once., The measufements are made using red 1light
to wnlch Phyéom&ées is pnototropically insensitive (red

ilter - Corning #2-53).
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IV, PHOTOTROPIC EQUILIBRIUM IN PHYCOMYCES

A, Introductlon

In ordef ﬁo do ecareful experiments of any kind with
Phycomyces sporangiophores it is necessary to control the
direction of their growth with some degree of accuracy. For
example, a growth response experiment requlres the srowth
of the sporangilophore to be as stralght as possible. A
simple overhead light is not satisfactory because tihe growing
zone is shaded by the sporangium. The use of two exactly
opposite 1light beams of equal intensity solves the shading
problem, but under these condltions it was found (Delbriek
and Reichardt 1¢5%) that there is a lack of control of the
growth direction,

Thus it was decided to undertake a study of tne effect
of different modes cof i1illumination upon the direction of
crowth and 1ts control. In other words, we wished to learn
what conditions of illumination would lead to a steady,

predictatle growth direction, l.e., a stable equlllibrium.

B, The Equilibrium State

1. Definition and characterizatlon

There are two general‘approaches to the study of photo-
tropism in Phycomyces sporangiophores. T ey will be called
the dynarmic approach and the equilidvrium approach., A dynamle
tropic experiment consists in observing the tropic response

to alteration in the illumination of the sporangioptiore. The
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entire experiment 1s usually completed in an hour., The
significant data in this case are the delay, the speed, and
the direction of the response. In an equillibrium experiment
‘the procedure is to balance one steady troplc stimulus against
another by waiting until the sporanpiophore has passed throurh
its various transient troplc reactions and comes to some flnal
aversge position, or oscillates around such a position. Such
an average position we shall call the equilibrium position.
Strictly speaking we should call it the stable equilibrium
position, since, like many physical systems, a sporanglo-
phore can te in a position of unstable equillbrium or indif-
ferent equilibrium as well., This will be more fully dis-
cussed later. The advantage of equilibrium experiments over
dynamic ones lies in the fact that the stable equilibrium
position 1s independent of the initial conditions of the
experiment, This 1s a particularly powerful advantage in
Phycomyces work since the phenocmenon of adaptation renders

the results of all dynamlc experiments sensitive to the con-
ditions of illumination before the experimental stimulus.
Another advantage of equilibrium experiments is that since

the equilitrium position is maintained by the sporangiophore
indefinitely, an experiment may be performed upon a number

of sporan;lophores at once and the resulting equilibvrium

positions recorded at leisure.
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2. Measurement of angular position

Let us now examine some of the practical problems in-
volved in measuring the equllibrium position qf a sporangio-
phore. First of all, does the sporangiophore really come to
a final position of rest? 1In peneral it does not. If one
records the angular position of the growing zone of a sporangi-
ophore which has been under constant illumination for several
hours, one is struck by the variation in this position as a

function of time. As willl be'discussed in a later section,
| the growings zone may show cyclic variations in direction
having amplitudes of 30 degrees or more. Or it may vary Iin
direction only to a slight extent, but with a complete lack
of regularity. Thus the angular position of the crowing
zone cannot be used directly to indicate the equilibrium
position. However, the mature part of the sporanglophore
just below the growlng zone provides a way to measure the
average position of the growinyg zone, Since the base of the
growing zone 1is transformed into mature sporangiophore, the
variations in growth direction of the growing zone are
translated into permanent bends, but with a greatly reduced
amplitude. Thus the regular, larce osclllations of the
growing zone mentioned above become gentle waves frozen Iinto
the mature wall, The mean direction of such an oscillating
growing zone can be obtalned very quickly by simply measuring
the direction of a line that is Just tangent to these frozen

waves at their crests. The small irregular varilations in the



-2l

direction of the growing zone are so smoothed out as to be
undetectable in the mature sporangiophore.

Another problem is to he sure that the sporangiophore
has reached its equilibrium position and that measurement
of the mature portion of the sporangiophore will give the
true equilibrium direction., The only positive test of equill-
brium is to repeat the measurement one or two hours later
with the same result., However, if the growlny; zone shows
stfong regular oscillations, resulting in regular frozen
waves in the mature wall, one can be fairly certain of equl-
librium, The reason for this 9111 be made clear later, butb
for the present it may be stated as an experimental observa-
tion that equilibrium position measurements taken on strongly
oscillating sporangiophores are generally very reproducible.
For non-osclllating sporangiophores, repetition of the meas-
urements is necesgsary,.

Another problem arises from the fact that the sporangio-
phore is not perfectly rigid, but sags slightly under 1ts
own weight. As an extreme example, let us take the case of
a sporanglophore whose true equilibrium direction is horizon-
tal, As 1t continues to grow horizontally, it begins to sag
downwards somewhat under its o&n weight. The growing zoﬁe
will correct for this distortion in its angular position by
bending upwards by the proper amount, The mature part of
the sporanglophore is inert, however, and remains in the
sageged position, If this process is allowed to continue for

some time, there may develop a substantlial difference between
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the angle of the very old mature part of the sporangiophiore
and that of the newly formed mature part. In such a case,
the angular position of the newly formed mature part of the
sporanglophore 1is the true equilibrium value, since it does
not vary with time.

In these experiments, the equilibrium positionsof sporan-
giophores were examined under conditions of illumination by
two light sources. The 1independent variables are the ancle
between the light beams, the overall intensity of light, the
relative intensities of the two sources, and finally the
orientation of the light beams with respect to the vertical,
The dependent variable 1s the equilibvrium direction of the

sporangiophore.

C. Results

1. Two sources of equal intenslty

If the intensities of the two beams are equal, three
types of equilibrium are possible, depending on the angle
between the beams, If this angle, ©, 18 less than 180 degzrees,
there is a position of stable equilibrium midway between the
beams (Figure 2)., If © is greater than 180 degrees, there
is a position of unstable equilibrium midway between the
veams, If © 1s equal to 180 degrees, then any position is
a position of indifferent equilibrium:

A physical analogy to tnis situation would be a cone
resting upon a horizontal plane. The position of stabnhle

“equilibrium is that in which the cone is resting upon its
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EQUILIBRIUM STABLE 6 < 180°
EQUILIBRIUM UNSTABLE 80°
/e
| /\
7 Y
EQUILIBRIUM INDIFFERENT ©® = 80°

Fig. 2. Arrangement of two equally bright light beems produc-
ing stable, unstable and indifferent equilibria. In
the stable and unstable cases the position shown is
a unique equilibrium positlon; in the indifferent case
there are many equilibrium poslitions on both sides
of the center,
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pase; it remains in this position if undisturbed, and if
tilted 1t returns to this same position., The bosition of
unstable equilibrium 1s that in which the cone is balanced
upon its point; it remains in this position if undlsturbed.
if displaced slightly it does not return to the equilibrium
position, but continues to move away. The position of ingdif-
ferent equilibrium is that in which the cone 1s resting on
its side. There are an infinite number of such posltions,
and if displaced from any one of these posi%iona, it will oc-
cupy another one. |

In the same way, if © is less than 180 degrees, a
sporangiophore will remain in the central position if undis-
‘turbed., If 1t is displaced from this position, 1.e., started
in some other position, the sporangiophore will bend back
to the position of stable equilibrium, If © 1s greater than
180 degrees, a sporanglophore will remain in the central posl-
tion if undisturbed., If started at a point a few degrees
away from this position, however, 1t will continue to bend
away from the center until it has bent through a full 180
degrees and has arrived at the positlon of stable equilibrium.
I7 0 is equal to 1&0 degrees.the sporanglophore will remain
at whatever poéitian it 1s started. Thus in this case there

are an infinite number of indifferent equilibrium positions.

2. Two sources of unequal intensity
If © is less than 180 degrees, there 1s a stable equllib-

rium position that i1s midway between the beams when they are
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of equal intensity. If the beams are unequal in intensity,
there is 8till a point of stable equilibrium, dbut now it

is shifted somewhat in the direction of the brighter beam., It
was the purpose of these experimeﬁts to determine the depend-
ence of this shift upon the overall intensity level, the
relativé intensities of the two beams, thelr angular separa-
tion, 6, and finally the orientation of the apparatus wlth re-
spect to vertleal.

The equilibrium was measured as the shift from the central
position, that is, the difference between the equilibrium
direction and the line that bisects 6. This angle we shall
call g. The functional dependence of @ on & and the intensity
ratio of the two beams was studied in three separate experi-
ments, |

In the first of these, the incident beams lay in the
horizontal plane, The diffusing screen was directly below
the pivot point of the arms, which then moved in horizontal
arcs. The microscope was mounted vertically over the sporan-
glophores. Thus the direction of equilibrium that 1s meags-
ured by the microscope protractor is the direction as seen
from above, i.e., the projection of the true direction onto
the horizontal plane. Any distortion of the equilibrium in
a vertical directlion, such as might be caused by gravity,
will not appear In these measurements, In the other two ex-
periments the incident beams lay in the vertical plane. In
all three experiments, © took the values of 30, €0, 90, 120,

and 150 degrees. In the experiment with horizontal beams,
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the overall intensity was -4,7 log, units, and the beam in-
tensity ratios usad-éere 1,45, 2.32, and 7.70. In both of
the experiments with beams 1n the vertical plane, the inten-
sity ratios were 1,28, 1.96, and 4.7¢; in one of %them the
overall intensity was -4.7 1032 units, while ih the other

t was -8.5 log, units, or about 1/16 as bright,

The results of all three experiments are shown in
figuré 3. In this figure & is plotted against the logarilthm
to the base two of the intensity ratio for the five dlifferent
values of @. The reason for taking the logarithm of the
intensity ratio is that this quantity has a significance for
Phycomyces; it is equal to the difference of the logarilthms
of the intensities of the two light beams as expressed in
log units. Each symbol represents an average of from one
to twenbty separate observations, the usual number belng
three. The range of varlabllity of the observatlons was
usually from 5 to 10 degrees, with two cases 1n which the
fange was 20 degrees. The possible reasons for this vari-
ability will be discussed later.

Bearing the variability in mind, it is evident from the
data that # is little affected by changing the overall in-
tensity from -4.7 to -8.5 log, units and that # iz not sensi-
tive to the orientation of the plane of the light beams wilth
respect to the vertical,

It 1s interesting to note the dependence of g upon 6 at
a fixed intensity ratio. For an intensity ratio of 2.0

(2 1.0 logy unit difference in the beam intensities), # in-
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tion of log;2 of the intensity ratio of the two 1lipht

beams, IR/IL. The effects of changing the anzle be-
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creases steadlly from a value of 2 degrees at @ = 30 degrees

to a value of about 42 degrees at 6 = 150 degrees. In other
words, the slize of the reaponsgse to a given intensity Inequality
can be magnified by lncreasing the angle between The beams,
HoWever, 1t does not follow from this that one can increase

a sporangiophore's senaitivity in detecting slight inequal-
lties in beam Intensities by simply increasing O, t i3 more
likely that this discrimlnatlon sensitivity has a threshold in
terms of intensity ratio,imdependent of 8. This fthreshold

w1lll be dilscussed later.

D, Discussion

| The fundamental idea of subjecting a phototropic organ
to illumiﬁatioﬁ from two directions at the same time 1s a
surprisingly old one, This was first done by Payer (1842),
Using seedlings of the "garden cress,"” he first showed that
they were positively phototropic, and then he illuminated
them wlth two light sources whose rays made an acute angle
with each other. He found that 1f the intensitles of the
sources were equal, the seedlings grew in the median plane,
'i.e., in the direction of the resultant vector. If the
sources were unequal in 1ntens;ty, the growth direction
tended towards the brighter light, though the exact amount
was unspeclified. Payer also illuminated his seedlings from
exactly opposite directions and found that if the intensi-
tles were equal or nearly equal, the seedlings did not bend

toward elther light. If the intensities differed by more
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than a certain amount (not specified) the seedlings bent to-
words the brighter light.

Much of the work following Payer's was concerned with
the so-called resultant law. This law 1s stated as follows:
2% the position of the vlant, let each 1llght source be repre-
sented by & vector whose direction ig towards that light and
whose length is proportlonal to the Intensity of the lisght,
The resultant law thén gtates that the nlant ghould orienc
itgell in the directlon of the resultant of these Hwo
tors. It is Important to notice that in the case of two
opposing light beams separated by 180 degrees, the resultant
vector 18 directed exactly towards the brighter source. In
the case of equal brightness the resultant has zeroc length
and hence no direction. Thus the only adequate test of th
resultant law is that in which the opposing beams make an
angle of less than 180 degrees with each other, |

One of the best experimental verifications ol the re-
sultant law was made by Hagem (1911) with Avena seedlings.

In this experiment a row 4 meters long of young seedlings was
placed on a table beneath two lamps of equal intensity. These
lamps were each 150 cm. above the table, each being directly
over one end of the row of seedlings. After 280 hours under
these conditions the angular position of each coleoptile was
measured. The resultant vector wés calculated for each plant
on the basis of the distance and direction of each lamp from
that point. The calculated values agreed with the exprerimental

determinations to within 3 degrees 1In all cases.
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Pringshelm (1920) also made a test of the resultant law
using Avena coleoptiles. Althoush his results are in substan-
tial agreement with the law, some difficulty wzs caused by

she radial asyumetry of the coleoptile., Instead of starting

e
et
[ 6]
-t

the experiment with the coleoptiles in 2 direction para’

3

Zee g 2.1
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plane of the light sources, as Hagem 41d, he usad

o

norizontal light beams 90 degrees apart and started with the
a@legptiles in a vertiecal position, Thus in Pringsheln's
experiments 1t 18 difficult to eliminate the influence of
“hie radial asymmetry of the coleoptile,

The use of exactly opposlte sources constiftuies a null
nethod. In a single experiment one can find out in this
way which of the two sources ls the more effective phototropi-
cally, but not the quantitative value of their relatlive effec-
tiveness. The moat precise use of this method can be made by
adjusting the 1llumination untll the null is reached. For
example, to measure the relative effectiveness of different
wavelengths of light, one would adjust the 1lntensity of one
of the beams until the null is reached; then the relative in-
tensities of the two beams are inversely related to their rela-
tive effectiveness, The null method can thus be used %o obtain
ctlon spectra of photetropic organs (Bergann 1930, Castle 1931).
ne null method can also be used to determine the "phototropic
discrimination threshold.” 1In this case one starts with

veams of exactly equal intensity and gradually increases the
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intensity difference until the specimen Jjust bvegins to deviate
from the null position., Some experiments along these lines
will be discussed later (Massart 1888, Pringsheinm 192C,

Castle 1931).

Rebturning to the resultant law, an interesting exanple
of a phototropic organ that violates this law is found in
the sporangiophores of Pilobolus (Van der Wey 1223), When
1llumlinated by two sources of equal intensity the sporangzio-
phores obey the resultant law as long as the angle bebween
the beams 1is less than about € degrees. If this angzle is
gréater than 6 degrees, however, the sporangiépbores oW
directly towards one light or the other (with equal frequency)
and nevep’invbetween. Van der Wey showed that this is due
o the pecullar optilcal properties of the Pilobolus sporangio-
phore, which 1limit fthe directions from which it can readily
"percelve’ lzht to an axlal regilon of about £ degrees in
diameter. Thus the sporanglophore cannot "see” two lights
at once unless they are closer than € degrees, in which case
it "percelves” them as a single light.

Buder (1919) discussed at considerable length the sip-
nificance of the resultant law in relatlon toc the phototropic
effectiveness of a single incident beam. If one assumes
that the phototroplc effectiveness of a beam of light is
proportional to the intensity of the beam and to the sine
of the angle between the beam and the axis of the phototropile
organ, then the resultant vector is‘simply that direction in

which the phototropic effectiveness of each of the two light
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beams 1s the szme. This result follows simply from.geometri~
cal considerations and 1s eguivalent o the statement that the
conponents of the beams perpendicular to the resultant are
équal.' Thus the resultant law implies the sine law and

vice versa. Although the resultant law was confilrmed for

Avena by Hagem (1011), Noack (1914) found that the sine law
was not obeyed in his experiments on Avena, Noack measured

the energy threshold for phototropism (scoring percentage

of plants bendinz) using different angles of incidence. He
found that the zreatest sensitivity occurred not at ¢0 degrees
as required by the sine law, but ai 15 degrees (angle between
beam and seedling axis). Thué it may be concluded that the
sine law holds for long term equilibrium experiments, but

not necessarily for threshold experiments.

Let us now examine the biological significance of the
sine law in those cases where 1t holds. It is clear from
zeometrical consilderations that if a {lat surface of constant
area is placed in a uniform beam of 1light, the amount of
energy striking this area per unit time 1s dependent upon
the orientation of this surface with respect to the direc-
tion of the beam. In fact this amount of energy 1is propor-
tlonal to the intensity of the beam and tc the sine of the
angle between the beam and the surface. Thus the sine law
is equivalent to the statement that the phototropic effective-
ness of a light scurce 1s proportional to the light energy
flux intercepted by the phototropic organ from that source,

Furthermore, thils 1s preclsely the type of behavior Lo ve
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expected 1f the phototropic response is 1nitially due to a
simple photosensitive chemical present in the protoplasm;
the degree of the photochemlical reaction should be dependent
only on the total energy flux.

Now it is of interest to find out which, 1f any, of these
laws Phycomyces sporangiophores obey. Because of the shadow
cast by the large sporanglum, the light flux is not strictly
proportional to the sine of the angle between the incident
beam and the axis of these organs. Thus the sensitlve zone
of the sporanglophore may be completely shaded and hence re-
ceive no flux at all, and yet the sine of the angle between the
beam and the sporanglophore is ﬁot‘zero. Also, it might be
expectedﬁthat the angle of incidence would strongly affect
phototropism aslide from the simple flux relation. The reason
for this possibility stems from the optical relations in the
sporangiophore. Although Castle's (1933) light ray dilagram
is correct in showing that a parallel incident beam is
focussed into a fairly broad bright band at the back wall of
the sporanglophore, this holds only for beams striking the
sporangiophore at right angles. When a beam strikes the cell
at an acute angle, the rays more nearly converze at the back
wall, and hence the bright band becomes brighter and thinner.
In fact, rough measurements on 11ying cells show that this
band reaches a minimum width when the angle between the in-
clident beam and the cell axls is about 30 degrees. For

angles smaller than this, the rays are brought to a focus
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entirely within the cell. Thus 1% would be interesting to
know whether or not the equilibrium position is a positlon
in which equal flux is received on both sides of the gprowing
'zone, especially in very asymmetrical cases. Such a case
micht be one in which a bright 1lirht impinging upon the cell
at an angle of 30 degrees is balanced by a dimmer light®

striking the other side at right angles.

E. Theoretlcal

1, The equal flux law and the resultant law

In computing the light energy flux for a Phycomyces
sporangiophore, it is evident that we need only be concerned
about the flux that reaches the regions of the cell that are
known td/be phototropically sensitive to light. Recent
studies by Cohen and Delbrtick (unpublished) indicate that in
the average sporangiophore the sensitive region exﬁands
from a point 0,5 mm., below the sporangium to a point about
2.1 mm, below the sporangium. Since the exact distributlon
of sensitivity within this zone is unknown, for purposes of
calculation the sensitivity will be assumed to be constant
throughout this region.

The 1llumination situation is diagrammed in figure 4.
The intensities of the right and left beams are IR and IL,
reséectively, the angle between the beams is © as before, and
ﬁ is the angle between the sporangiophore and the line bi-
secting ©. The radius of the sporangium is r. As nmeasured

from the center of the sporanglum, p is the distance to the
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Diagram of the billateral illumination of the sensitive
zone {cross-hatched) of a sporangiophore. The radius
of the sporangium is r, the distance from sporangium
center to the top of the sensitive zone is p, the
distance from sporangium center to the edze of the
shadow cast in the right beam is s, and the dlstance
from sporangium center to the bottom of the sensitlve
zone 1is d.
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upper boundary of the sensitive region, s 1s the distance
to the edge of the shadow cast by the spcrangium, and d is
the distance to the lower boundary of the sensitive reglon.

Now if (6/2-@) is vetween 0 and 90 degrees,

8 = r/éin(é/e-g) (1)

for the right beam, The calculation of the flux from the
right beam willl be divided into three reglons determined by
the locatlon of the sporangium shadow.

Entire sensitive zone shaded. If (6/2-g) is between

0 and arcsin(r/d) degrees, the sporangium shadow will fall be-
low the bottom of the sensitive zone, and the flux received
from the right bteam will be zero.

Sensitive zone partially shaded. If (6/2-g) is between

arcsin(r/d) and aresin(r/p), the sporangium shadow will fall
at some point within the sensitive region. In this case the
length of the illuminated portion‘of the sensitive zone will
be equal to d-s. Therefore the total flux received from the

right beam will be

Fp = kIg(a-s)sin(e/2-g) (2)
or

’

Fp = kIgld-r/sin(6/2-g)]sin(6/2-9) - (3)
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Fp = deR[sin(Q/?~¢) - r/d) (4)

where k 1s a proportionality constant.

Sensitive zone fully illuminated. If (9/2-F) is between

arcsin(r/p) and 180 degrees, the sensitive zone will not bve
shaded by the sporangium at all, In this case the length of
the 1lluminated portion of the sensitive zone will be equal

to d~p. The flux received from the right beam will thus be

Fp = kIg(da-p)sin(o/2-#) (5)

or

Fg = dkIp(1-p/d)sin(e/2-g) . (6)

The flux received by the sensitive zone from the left
(FL) 1s given by equations 4 or €, with the angle (9/2-¢)
replaced by the angle (9/2+#), and I replaced by I;.

In order to compare theory with experiment, we need to
compute & as a function of © and the intensity ratio, IR/IL.
However, since the proper cholce of equation depends upon
© and @, 1t is more expedient to calculate I/1; as a func-
tion of these two varlables.

The calculations are made as follows. First we assume

values for the three constants,
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r o= 0025 M,

]

{)075 mmo’
d

i

2.35 mm.

Then values of @ and & are chosen, This permits the selec-
tion of the proper equations for the right and left flux

and hence the calculation of the quantities, FR/'deR and
FL/deL:
Fp/dkIp = m (7)
he condition for equal flux is
Fp = Fp (9)
therefore,
IH/IL = n/m (10)

Since equation & involves a simple sine function, the
equal flux law does not differ from the resultant law as |
long as the flux from each side is given by this equation,
i.e., as iong as no shadow 1s cast on the sensitive zone in
either beam. Thus the two laws are identical as long as the

following inequalities hold:
o/2-¢ > arcsin r/p , (11)

6/2+% > arcsin r/p . (12)
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Combining inequalities and substituting 19.5 degrees for

arcsin r/p,

(19.5°-9/2) ¢« # < (8/2-19.5°) , (13)

The range of @ for which the resultant and equal flux laws

are identical is tabulated as follows:

Range of @ for whilch the

o laws are identical
150° -55.5% ¢ # ¢ +55.5°
120° -40.5° ¢ # ¢ +40.5°
90° -25.5° ¢ @ ¢ +25.5°
60° -10.5° ¢ @ ¢ +10.5%°
30°% (+4.5° <@ ¢ -84.5°), 1.e., no &

Therefore the best comparison between the two laws can
be made at @ = 30 degrees, since in this case they differ
for all values of @. 1In figure 5 the theoretical curves of
# as a function of log, IR/'IL are given at @ = 30 degrees, for
the resultant law and for the equal flux law. The individual
experimental observations are also plotted in this figure.
It is clear that the observations are more successfully ap-~
proximated by the equal flux law than by the resultant law
at this value of 6.

In figure € @ 1s plotted as a function of © and logy IR/Qy
as calculated from the equal flux law. On the same axes are

plotted the averaged data from the three experiments, Most
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of the experimental points lie within 10 degrees of the
theoretical values, There is 1little difference amoné the
three groups of data with respect to their agreement with

the theory, with one exception. The experimental observations
for the beams in the vertical plane at an intensity ratio of
2.25 1og2 units are rather consistently below theoretical

for all values of © except 30 degrees. A similar trend 1s

not seen for horizontal beams, This could be due to a gravity
effect, which would tend to decrease @ i1f the sporanglophore
were negatively geotropic. This possibility will be discussed
in the section on geotropisn,

We have seen that a sporanglophore illuminated from two
sides apparently seeks a stable equilibrium position in whiech
the light energy flux recelved on the two opposite sides of
the sensitive zone is the same. Since a sporangiophore at
any other position undergoes a tropic reaction that carries
it towards this position of equal flux, we might, postulate
that the fundamental phototropic stimvlus is an inequality
in the flux received by the sensitive zone on its two opposite
sides,

_This hypothesis can be stated as follows., A phototropic
response occurs only when the light energy flux receilved by
the sensltive zone 1s unequal on its twb opposite sides, and
if such a response occurs, it will be such that the sporangio-
rhore bends ﬁowards the side recelving the greater flux,

Thus it can be seen that in the case of stable equililbrium

with sources of equal intensity (Figure 2), a clockwise
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displacement of the sporanglophore from the central equili-
brium causes a greater flux to strlke the sensitive zone
Trom the left side than from the right principally because
sin(6/2+#) exceeds sin(9/2-F)., Hence the resulting tropie
reaction returns the sporangiophore to the equilibrium posi-
tion. |

Using similar reasoning, 1t is possible to acecount fgr
unstable eguilibrium and indifferent equilibrium as well, In
the unstable case the angle between the impinging heams 1is
greater than 180 degrees (Figure 2). Now, however, a clock-
wise displacement from the equilibrium position causes
sin{(e/2+F) to be less than sin(6/2-¢), and the tropic reaction
will be in the same sense as the displécement: the equili-
brium position 1s an unstable one. VWhen the impingins beams
are separated by exéctly 180 degrees, the situation is unique.
In this case sin(e/2+%) equals sin(6/2-g) for any g, since
/2 18 90 degrees. Thus, except for extreme values of & where
shading begins to play a role (& > 70°), the flux received
on the two sldes of the sensitive zone is the same, and no

phototropic response can occur,

2. The effect of the phototropic discrimination threshold

on the equal flux law

The threshold of phototropic discrimination has previously
been measured for Phycomyces as well as for higher plants by
uslng the null method, in which two beams 130 decrees apart

are balanced against each other in phototropic effectiveness.
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Massart (1888) measured this threshold for Phycomyces
sporangiophores. He plaééd many Sporangiophcrés at various
pvoaitions along the line Joining two light sources of equal
intensiﬁy. At the point midway between the sources the oppos-
ing intensities were equal, and no phototropism was observed,
Indifference was also observed for sporangiophores close to
the midpoint, but at a certain distance on both sides of
the miﬁpoiﬁt a definite phototrople reaction was observed
towards the nearer source, Assuming that the intensity of
each source was given by the inverse square law, Massart cal-
culated the intensity ratio at the points where the first
phototropism was observed. This ratio was found to be equal
to 1.18, independent of the intensities used.

Pringsheim (192¢) obtained a remafkably similar result
using coleoptiles of Avena, He illuminated the specimens
with two opposing beams whose intensities he varled by the
use of rapldly revolving sector discs., He then noted the
smaliest intensity ratio required to initiate a phototropilc -
response after four hours of exposure. The threshcld ratio
was found to be 1.25, also independent of intensity over the
range of intensities used.

Castle (1934) made a determination of this discrimina-
tion threshold in Phycomyces (Castle 1931) and stated it to
be about 1.08. The experiment in questlion was performed in
a manner similar to that of Massart. The sporangilophores
were illuminated by two opposite sources (of different spec-

tral composition) and were placed at different positions
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along the line Joining the two sources. Castle states (1931)
that he was able to determine the null position with a maximum
uncertainty corresponding to about an 8% change in the inten-
sity ratlo. However, this is not the same as a determination
of the discrimlnation threshold, The null position can be
determined quite precisely as the point halfway between the
two points at which the first definite phototropilc bending
occurs, The discrimination threshold corresponds to the dis-
tance between these two points and not necessarily to the
uncertainty in locating the null point. This uncertainty must
always be less than the discrimination threshold,

If it is indeed true that there exists a phototropilc
discrimination threshold, what effect will this have on the
position of stable equilibrium? It is clear that we must re-
vise our statement of the equilibrium position. The equili-
brium position is not the point of exactly equal flux, but
the range of points withia which the fluxes differ by less
than the threshold amount., For these points there will be
no tropism; hence they are all polints of équilibrium. Ir
one is restricted to thie range, these points may be con-
sidered points of indifferent equilibrium, although the en-
tire range constitutes points of stable equilibrium with re-
apect to polnts outside this range. This means that if a
sporanglophore 1s placed at any poslition outslde the range
of stable equilibrium, 1t will bend until it has passed into

this range. However, 1t 1s tropically indifferent at any



position inslde this range.

Thus the variabillty observed in the experimental de-
termination of the equilibrium position is to be expected;
it merely reflects the range of stable equilibrium positions,
In fact the range of variabillty in the experimental data
can provide an estimate of the flux inequality threshold.

As an example of how this can be done let us take the obser-
vations of @ for © = 120 degrees, log, IR/'IL equal to ,516,
with horizontal beams (Figure €). The observations of @
range from 10 degrees to 28 degrees, which correspond to a
range in the flux ratio of 0.30 to 0.92 log, units, or

0.62 log, units. The £lux inequality threshold would then
‘be one-half of this, or 0.31 log, units. Estimates of this
th?eshoid from two other simllar measurements are 0,28 and
0.2¢ log, units. Two rough direct measurements of the
threshold give values of about 0,18 and 0.31 log, units,
respectively. Massart's threshold ratio of 1.18 corresponds
to about 0.24 log, units, and Pringsheim's threshold ratio
of 1.25 for Avena corresponds to 0.32 10@2 units.

Assuming the flux inequality threshold to be about
0.3 1og2 units, the equal flux law can be plotted showing
the range of ﬁ thét would correspond to a range of 0.0 unlts
in the intensity ratio (Figure 7). In this figure, the
curve for each value of © 1s,a band with a horizontal width
" of 0,6 10@2 units. Most, but not all of the data fall within
these bands, the most consplcuous deviations being for the

case of large © and intensity ratio, with vertical beams.
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The effect of the photoftrepic discrimination threshold
on the equal flux law, The "bands" are obtained by
displacing the curves in figure € by 0.3 log, units on
elther side. Thus those points lying within a gilven
band are separated by 0.3 10,952 units or less from the
theoretical values given by the equal flux law., The
data from figure 3 are also glven.



As mentioned earlier, gravity probably plays a part in these

deviations.

F. Summary and Discussion

" First let us restate the theory.

1) There is no phototropic response unless the flux
received by the growing zone from opposlte sides
différs by more than a certain threshold amount.

2) If the flux absorbed differs on the two sides by
more than the threshold amount, the resulting
tropié response 1s towards the side from which
the'greater flux is received.

We have seen that this theory successfully explains

the phené@ena of stable, unstable, and indifferent equilibria
when the sporangiophore is i1lluminated by two light sources.
It accounts moderately well for the observed relation between
the relative intensity of the sources, their angular sepéraw
tion, and the position of stable equilibrium.

It might be interesting to try to extend the theory to
cover the general case of a sporangiophore illuminated by N
sources from N arbitféry directions. The three dimensional
analogue of the condition of equal flux on two sides of the
growing zone would be that the azimuthal distribution of flux
around the growlng zone haveva vector sum of zero, Since
no data are available for the three dimensional case, this

extension will not be discussed further here.
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Action spectra for phototropism are frequently determined
by the use of a phototropic null experiment (Castle 19631,
Bergann 1930). The exlstence of the discrimination threshold
for phototropism means that the null point is not a directly
observable quantity, since any intensity ratio less than the
threshold will lead to a state of phototropic indifference.
The only way to determine the null point is to exceed the
threshold intensity ratio on both sides of unity and ihtepm
polate the null point, Since the discrimination threshold
probably varies among individual specimens, especlally in
Phycomyces, it would be advisable to carry out the threshold
determinations on both sides using the same specimen. Al-
ternativeli, one might use large numbers of sporangiophores
and measure the average threshold on each side. A method
in which the threshold is automatically determined on both
gides and the nuil point determined as well, is provided by
the use of an oscillating sporangiophoyé. This will be dis-

cussed in the section on oscillation.
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V. PHOTOTROPIC-GEOTROPIC EQUILIBRIUM IN PHYCOMYCES

A, Earlier Work on Geotroplsm and its Relation to Phototropism

Geotroplism was discovered as an orienting influence in
plants by Knight’(IBOﬁ). In the forerunner of many such ex-
periments, he placed seedlings on a revolving wheel with a
‘horizontal axis and showed that they were oriented by the
centrifusal force, so that the shoots grew towards the center
of the wheel and the roots in the opposite direction. He also
placed seedlings on a wheel with a vertical axls and snowed
that they were oriented along the resultant of the centrifugal
force and gravity. ‘ “

A nﬁmber of theories'have been proposed to account for
peotropism in plants. According to Rawitscher's review (1¢37),
the statolith theory was first advanced in 1601 by Haberlandt
and ty Némec. Accordins to this theory, plant cells perceive
sravity by means of starch grains which tend to settle out
on the lower cell wall., The subsequent events leading to
the geotropic response are not speclfied. Véyue thourh the
statolith theory may be, it has nevertheless teen possible
in several cases to correlate semi-quantitatively the geo-~
tropic sensitivity of a plant with the amount of statoliths
in its cells., T e statoliths may be destroyed by storage
in darkness (Zollikofer 1618, cited in Rawitscher 1537) or
displaced by centrifugin- (Buder 194¢), and in both cases

reotropism is eliminated, As the statoliths are reformed
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foilowing these treatments, however, peotropic sensitivity
is gradually restored. BPBrain (1¢55) correlated the seasonal
variations in the amount of statoliths with parallel varia-
tions in the geotropic sensitivity.

In the Went-Cholodny theory of tropism (Went and
Thimann 1937) the appearance of curvature in geétropic organs
is explained by the lateral redistribution of auxin which
occurs when such organs are aubjécted to a lateral gsravita-
tional force. Tnis theory satisfactorily accounts for most
of the observations of higher plant geotroplsm (Kberg 1957),
but 1t 1is an incomplete theory since 1t does not specify how
gravity could cause such a redistribution of auxin,.

Geotropism has been correlated with a transverse inequal-
ity in sugar concéntration and metabolic rate (Ziegler 1¢51).
It has also been correlated with a transverse electrical
polarity in the Avena coleoptile (Schrank 1653).

In comparing these various theories and correiations, it
is of interest to consider what the possible primary gravity-
sensing mechanisms might be. In the liquid medium of the cell,
it is clear that gravity can act only by means'of forces
exerted upon rerions whose density differs from that of ad-
Jacent repions. Thus gravity may cause dense particles togoto
the bottom of the cell, but these particles must be of suf-
ficient size to overcome the randomizing effect of Brownilan
motion. Gravity certainly could not directly cause gradients
in auxin concentration as large as those observed, Indeed it

is estimated that gravity could not directly cause an auxin
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concentration difference of more than 0.003% over a distance
of 1 mm. It is also possible that largce fluid masses of
different densitles may be slightly redistributed under the
force of gravity. For example, if the density of the cyto-
plasm were greater than that of the vacuole, one might ex-
pect the layer of cytoplasm to be thicker along the lower cell
wall than along the other walls.

The 1idea of balancing a phototropic stimulus against a
geotropic stimulus is a very old one. Guttenbergz (1907) re-
fers to seven different publications on this subject before
1900, the earliest being from 1824, Guttenberg found that
if an Avena coleoptile is illuminated from bvelow, an intensity
can be found that suffices to balance the geotropic tendency
and maintain the coleoptile in a horizontal position., Fur-
thermore, it was found that if the coleoptile is illuminated
horizontally, this same intensity would balance the coleop-
tile in an equilivrium position 45 degrees from the vertieal,
More recently, light was balanced agalnst centrifugal force
(Sperlich 1915), and a combination of pgravity and centrifugal
force (Chance and Smithllgué). In all of these experiments
it appears that the orientation of the coleoptile is given by
the resultant law if the added vectors are light, gravity, and
centrifugal force.

One of the few experiments concerned with the geotropism
of Phycomyces sporangiophores 18 that of pilet (1956). He
found that Stage I sporangiophores are much more sensitive to

gravity than those that are more mature. The young 8poranglo-
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phores had a geotropic bending rate in the dark of about

20 degrees per hour, wnhile the older ones had a rate of only

ive degrees per hour., He also found that a light pretreat-

ment reduced the vending rate of the young sporanglophores
to that of the older ones. Since the oldest sporangiophores

used were only 1& ﬁm. in total height, the results may not

pertain to those in the present work, in which only ftrue

Stapge IV sporanglophores were used.

E., Egulilibrium Between One Light Source and Gravity

1, The effect of the orientation of the lipght bteam

with respect to the vertical

As mentioned In the last section, it was suspected that
gravity might ve having a very slight influence upon the
equilibrium position of a sporangiophore 1lluminated by two
sources. In order to study this effect, experiments were
carried out using a single beam of light which made various
angles with the vertieal.

The apparatus was essentially the same as that used for
the equilibrium work described 1n the previous sectlon. A
heat absorbing cell was used in the light source, and the
humidity in the glass box was maintained at 80% by means of
a small dish containing a saturated solution of Nﬁacl. A
screen was used to block off one light beam.

If a sporangiophore is illuminated by a single non-
vertical beam of light with an intensity of -5 10g2 units,

it reacnes an equilibrium position that is intermediate ve-
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tween the direction of the beam and vertical. This equilibrium
is stable and 1s characterized by regular oscillations of

about the same amplitude and periocd as those found in the

case of purely phototroplc eguilibrium. Table I shows the
relation found between.the position of equilibrium and the
angle the bLeam makes with vertlcal. Each value in the table

is an average of at least 14 separate measurements, and the
firgt and last entrles are averages of 25 separate measurements,
The range cof variability of the individual observations was

between 5 and 15 degrees,

2. Theoretical

Since the equilibrium 1s so similar in its stability
to that oﬁtaimed with two lights, 1t may be appropriate to
treat the gravity stimulus as due to a fictitlous light soﬁrce.
Since the sporangliophore bends away from the directlon of the
cravitational force, gravity must be represented by a light
source above the sporangiophore. It will turn ouvt that the
"intensity”® of'the gravity source must be assumed to be some
constant fraction of the intensity of the light source, inde-
pendent of the angle. Let us examine the properties of such
a hypothetical system,

Let the angle between the light beam and the sgrowing zZone
be a, and let the angle between the growing zone and vertical
he B, Let the intensity of the light source be I, and the
intensity of the gravity source be G. The light flux, FL’

absorbed by the sensitive zone 1is glven by an equation similar



Table I

¥

Position of phototropice-geotropic cquilibrium as a funcl:

of the oricntation of a gingle licht beam with rosp

the vertical (averared values).

Anple betueen
light beam and
vertical

Anple botween
light beam and
equilibrium position

10.0°
30.0°
50.0°
70.0°
90.0°

90

9.6°
13.8°
17.1°
18.0.°




to equation 4:
Fp = dkI(sina - r/d), (14)

where d, k, and r have the same meaning as before. Only one
equation is necessary here, since a 1s always less than 12.5
derrees, and the sensitive zone 1s always partially or com-
pletely shaded, The gravity flux, Fg, would surely not be
affected by a 'shadow" cast by the sporangium, and hence

might be assumed to be a simple sine function of B:

F? = k'Gsin B , : (15)

where k' is a proportionality constant.

It might be added parenthetically that the assumption
of a sine functiqn for the action of gravity 1s a rather
reasonable one. Most of the concelvable mechanisms for geo-
tropism would require the force of gravity to set up some
kind of gradient inside the growing zone in a direction per-
pendicular to its axis. The intenslty of such a rradient
would most reasonably depend upon the component of gravity
perpendicular to the growlng zone. The size of this com-
ponent would then be proportional to the sine of the angle
between the growing zone and the force of gravity. Fitting
(1905) found that this sine law for geotropism hdlda quite
well for Avena coleoptlles. .

Let us suppose that at the positlon of egullibrium the

gravity and light fluxes are equal.



F =F, (1€)
or,
dkI(sina-rM) = k'GsinB . (17)
Dividing by kId and rearranging,
sina = &'CG/kId)sing + r/d . (18)

| Equation 18 states that if our assumptions are correct,

sina should be a linear function of sinp.

Sina and sinf are tabulated for the experimental data
in Table II, and plotted against each other in figure 8. It
may be seen that these points conform fairly well to a straight
line. A 1line drawn by eye through these points has a slope
of 0.278 and an intercept of 0.0¢7. Although the latter value
differs somewhat from the previously assumed value of 0.12,
it should be noted that a simple resultant law would demand
an lntercept of zero.

In figure 9 1s plotted the geotropic deviation, a, agalnst
the angle of the beam of light, a + B, using the constants
in equation 18 as determined above, The averagzed experimental

data are also shown,

3. The effect of the intensity of the light source

As we have seen, the equilibrium position of a sporangio-
phore illuminated by a single beam of light of constant in-

tensity 1s dependent upon the orientation of the beam with
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Table II

Values of sina and ginp for the equilibrium positions glven

in Table Ii.

a+ B a B sing sinpf
10° .9° 5.1° .086 .08
30° . 9.6 20.l; 167 .348
50° 13.8 36.2 .239 +591
70° o 17.1 52.9 294 . 796

90° 18.4 71.6 316 949
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Fig.48. Sina versus sinB. A stralght line 1s drawn through
the experimental valuesg, which are from table II.
The equation describing this line 1s also gilven.
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respect to vertical. We shall now examine the dependence

of this equilibrium position upon the intensity of light if

the orientation of the beam 1s held coustant. In these ex-
periments the direction of the beam 1s always horizontal,
while the intensity is varied from -27 109;2 units to

+11.9 1052 units,

Since this range of intensity 1s too great to be obtained
with a single appafatus, different arfangemenﬁs were used,
1) The experiment at logy I = +11.9 was performed

using a General Electric type A-HE high pressure
mercury arc as a source. The light passed through
a water Jacket used to cool the lamp, a lens, and
a blue glass filter before reaching the sporanglo-
phore,

2} The experiment at log, I = +4.,5 was performea
using an incandescent lamp as a source. The light
passed through a lens and a blue glass fillter be-
fore striking the sporanglophore.

3) The experiments at intensities from -4.5 to -8.5
1og2 units were performed using the same apparatus
as that employed in the phototropic equilibrium
studies, One beam was horizontal and the other
beam was blocked off,

4) The experiments at intensities below -10 log,
units were performed using directly as a source

the combination of lamp, condensing lenses, blue
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filter, and diffusing screen employed in the
phototropic equilibrium apparatus, in these ex-
periments the intensities were too low to measure
directly with our photometer. To solve this prob-
lem these intensities were obtained by piacing
neutral filters of known transmittance in a light
beam of measurable intensity. Also for these
experiments, an Infrared-absorving {ilter coneist-
ing of a 1 cm. thick water cell was added.* The
complete sequence of elements was as follows:
lamp, heat absorbing cell, condensing lenses, blue
» %

filter, neutral filters, and diffusing screen.

The results are presented in figure 10. Each point is

an average of from two to 21 individual observations, the

usual number belng about five. The range of variability

of

the individual observations making up each average varied

from a few degrees up to 20 degrees except for the points

below log2 I = -25, For these points the range of vafiability

-4

Er s

To cool the heat ahsorbing cell a simple pump was used,
which operates on compressed air. The details of this
pump are glven in Appendix I.

To obtain extremely low transmittances, several neutral
filters of moderate transmittances were sandwiched between
the blue filter and the diffusing screen, It was found
that this placement insures that the transmittance of the
comcination is accurately given by the product of the
transmittances of the filters as measured separately

in this location.
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was enormous, in some cases as high as 90 degrees.

The most striking result apparent from figure 10 is that
the relative effectiveness of light and gravity is substan-
tially constant over the entire range of about 30 10%2 units,
or a factor of 109 in intensity. The shape of the upper
end of the plateau and ¢the exact cut-off point are not known
precisely; a normal equilibrium is obtained at +&.5, %Qt at
+11.9 there 1s no phototrople response whatever. Relchardt
(unpublished) has also found a disappearance of phototropism
at high intensities, although the growth response 1s normal.
The phenomenon of phototropic indifference at high intensil-
ties was also observed in Phycomyces by Oltmanns (1897) and
by Castle (1932). O'tmanns gives 25,000 M,C. as the intensity
required’to produce indifference. Assuming 250 M.C. in white
light to be equivalent to our unit intensity (Delbriick and
Reichardt 1956), this corresponds to about +6,6 log,, units.
The lower end of the plateau correaponds to the absolute in-
tensity threshold for phototropism. Buder {194¢) pives a
value of 2.5 x 1077 M.C. for this threshold, which is equiva-
lent to about -23.5 log2 units., As the lower end of the
plateau is reached, the rather abrupt change in the average
equilibrium position is accompanied by an equally abrupt in-
crease in the variability of the observations, This vari-
ability is probably due to two causes. It 1s quite likely
that all sporangiorhores do not have precisély the same in-
tensity threshold for phototropism; hence at intensities

near the average threshold some specimens are insensitive to
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light while others still have varying degrees of sensitivity,
Another reason for this variabllity 4s that geotropism is

very weak 1f not absent altogether in darkness. Thus those
sporangiophores being i1lluminated at an intensity below

thelr threshold not only lack orilentatlon by the light, but
lack orientation by gravity as well. Such indifferent sporan-
clophores would be expechted to have a strong element of ran-~
domness in thelr direction, leading to a large variability.

While there 1s no doubt about the constancy of the light-
gravity equilibrium with respect to the intensity of light,
the actual position of equilibrium is apparently influenced
by stray light of extremely low intensity. It was found in
,ene cage that the average equilibrium position of a group of
séven SpoéangiOphores could be lowered from 21.7 degrees above
horizontal to 14,1 degreeé above horizontal by shielding them
from stray light reflected from the celling of the laboratory.
"he intensity of this stray light was estimated to be about
0.15% of the intenslty of the horizontal light beam, a dif-
ference of about 9.5 1og2 units. In all of the other photo-
tropic-geotropic equllibrium experiments, the sporanglophores
tere not protected from this falnt light.

The open circles in Tlgure 10 are the results of three
experiments 1in which the glass box was removed and the air
cooler was shubt off to reduce alr turbulence. Under these
conditions the temperature way have risen 4°C. or more., We
note a dramatic change in threshold to -22 or higher, as com-

vared to -25 with the glass house. It 1s most unlikely that
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adding the glass house could lower the threshold three 10g2
units by any direct optical means, It seems more probable
that this effect was caused by temperature.

Another interesting phenomenon was noticed near the iIn-
tensity threshold for phototropism, The equllibrium positlon
plotted in figure 10 as the "angle above horlzontal” 1s ac-
tually the angle between the sporanglophore and the horizontal
beam of 1licht as projected onto the vertical plane passing
through this light beam. Thus gravity was found to cause a
deviation from the light beam in the vertical plane, Near
logz I = -25, however, there is a noticeable deviation from
the beam in the horizontal plane. Furthermore this deviation
is always found to be in the same direction; when looking
down on ghe sporanglophore the deviation is always clockwise
from the light beam, This declination was observed to be
about 20 degrees at -20 log, units, 35 degrees at -24, and
50 dezrees at -20. At -5 the declination 1s less thaﬁ 10
degrees and is usually undetected. The declination probably
arises from an interaction between phototropism and the
spiral growth of the sporangiophore, This splral 1s always
in the sense of a left-handed screw and so would be capable
of introducing an asymmetry lnto the phototropic rezction.
This phototropic asymmetry is also related to certain aspects
of oscillation as will be discussed in the last section., This
phenomenon was discovered by Buder (194¢), He rirst observed
it in Stage I sporangiophores and later noticed 1t in Stage;IV.

The declination was clockwise in both cases, and it was only
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observed near the absolute threshold for phototropism in
each case althougn that threshold was found to ‘be eight tlmes
lower for the Stage I sporangiophores than for those in
Stage IV. It is somewhat remarkable that the declination
occurs in Stage I, since according to Castle (193¢C) no spiral
growth can be observed at this time. Buder also observed

the decllination in sporangiophores of Pilobolus, and here

it was found to be in the opposite sense. No mention was

made of the direction of spiral growth in Pllobolus.

4, Geotropism in the dark and the effect of centri-

fugzal force

Geotropism in Phycomyces seems to show a remarkable
caupling‘éo the light sensitivity. Although gravity produces
a response that is constant when balanced against a 1arge
range of 1ntensities, this response disappears 1in the dark
or below the phototropic threshold. The evidence for the ab-
sence of geotropism in the dark is that sporanglophores left
in a glass box in the dark do not appear to assume any con-
sistent equilibrium direction. Rather, they are generally
found to be more or less randomly oriented. It 1is important
that such experiments be done in the absence of air currents,
which exert a strong tropic effect (bend against the current)
on sporangiophores in the dark.

Sporangiophores can be made to aﬁcw geotropism 1in the
dark, however, if the gravitational stimulus is increased.

This was done by mounting the vials contalning the sporangio-
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phores on an ara which revolved at 75 r.p.m. about a vertical
axis. The specimens were enclogsed in cardboard boxes to pro=-
tect them from air currents. The specimens were placed at
such a position on the arm so as to be subjected to 1 g. of
centripetal acceleration. Thus the net gravitational stimulus
achines on the sporangiophores was the vector sum of 1 g.
downward due to the true gravity and 1 g. horisontally away
from the axis due to the rotation. The vector sum of these
is a force of 1. . in a direction 45 degroes from vertical.
vhen the sporanglophores were subjocted to such a treatment
in the darlk they responded by assuming a {inal egulilibrium
vosition that was inclined approximately L5 degrecs ITron
vertical, in a direciion antiparallel to the net cravitational
sﬁimulus;x Sporangiophores were also placed where they
recelved 2 . of centrifusal force; in thils case they became
oriented at an angle of about 30 degrees f{ron horizontal.
In both sroups 1t was notlced that in the horizontal plane
the orientation was displaced slightly in a countercloclwise
ngse from the radius of rotation. This nepative déclimation
wag found to be independent of the sense of rotaticn of the

contrifuge

C, The &ffect of Graviitvy on the Equllibriuwaz Botween Two

Llzht Sources

Having thus characterized the ef fact of sravity when
only one light source 1s involved, we may wilish to lmow its

effect whon btwo sources are present, In particular we would
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like to know 1f the gravitatlonal deviation of the photo-
troplc equillbrium positlion is 1ndependent of the particular
confilguration of 1ight150urces that are inltially responsible
for that position. It appears that this is not so; the effect
of gravity 1s qulte different in the case of two light sources.

One example of this difference can be drawn {rom the data
pregented earlier on the’position of egquilibrium in the case
of two light sources., According to figure 9 the geotropilc
deviation {(a) should be about 10 degrees when the equilibrium
position is 33 degrees in the absence of gravity. Thué if
the effect were the same for two sources one would expect to
find in figure 3 a 10 degree separation of the triangles from
the circles for values of & around 30 to 40 degrees, the
ﬁriangles/being on top, Although the ftriangles on the whole
show & tendency to lle above the circles, and the difference
in one case reaches 10 degrees, the separation does not occur
in some instances, and the trend is not regular with respect
to the position g,

A more striking example is found when a sporanglophore
is illuminated by two beams in the horizontal plane, separated
by 120 degrees and having an intensity of -5 1og2 units each.
Each of these beams by itselfl would produce an equilibrium
position ébout 20 degrees above horizontal, but together they
produce an absolutely horizontal equillbrium position., In
this case, géavity definitely does not act like a light{ source,
for 1f a real light source of the same intensity as each of

the others is added above the sporangiophore, the new
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equilibrium position 1s considerably above horizontal.

It is interesting to note that Avena coleoptiles do not
assune horizontal positlonsunder similar conditlons.

Hagem (1711) found that in this case the doviation from
vortical was simply proportional to the macrnitude of the
rescltant vecter of the two lisht sources, but never reaches
90 degrees.

Since a thorough study has not yet been made of the
effect of gravity upon the equilibrium of a sporanglophore
illuminated by two sources, 1t 1s not possible to explain
theso curious effects. It is clear, however, thal sonslitive
1ty to gravity depends critically upon the distribution of

lisght in the prowing zone.

D. Discusgslon

The preceding experlmonts show that an intricate rela-
tilonshin exists betwcen phototropism and geotropism in .,
Phvrcoryeces. For Intensltles of light above the absclute
"threshsld, the balance betwe@n geotropiom and phototroplsm
is unaffected by thoe licht intensity. For intensities below
this threshold, however, geotroplc sensitivity is apparently
abolished. Furthermore, wihile insensitive to 1 g. of
acceleraticon in the dark, the sporanziophores do react to
1.y ¢, Thus light apparently affects the absolute geotropic
thregiiold in Phycomyces.

The indircct or tonle effect of licht on gootropism is

3
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rather widespread. Krones (191ly, cited in Rawlischer 1332)
und that protreatment of Avena coleoptiles with light

sirnificantly reduced Lq&ir geotropic gensitiviiy. An even

more spectacular offect was reported by Pilet (1950, cited

in Brauner 1954) in the stamens of Hosta caerulea. In the

dariz, these orpgans arc positively peotrople, but upon
exposure to light they bocome nepatively pgeotropic. Another
exanple is found in the work of Bennet-Clarik and Ball (1951)

on the rhizomos of Aegopodium peodagraria. It was found that

although these orszans seek a horizontal position (dia;eo;
ﬁropié) in tho dark, a 30 sccond lisht stimulus from ang
direciion causes a positlve peotropic response of aﬁuu

15 degrees. The rhlizomes come back to the horizontal

pogition in about 2 hours.



VI. OSCILLATIONS AROUND THE POINT OF STABLE
EQUILIBRIUM IN PHYCOMYCES

A, Introduction

One of the most outstanding properties of a sporangio-
phore in a state of stable equilibrium 1is 1ts tendency to
oscillate around its equilibrium”positicn. These oscilla~
tions were observed by the earllier workers, but they did not
make the frequent measurements that are necessary to show
the striking regularity of these movements. Oltmanns (1897),
for example, mentions perilodic bending in sporangiophores
illuminated continuously in a horizontal direction, but fails
to give a more detailed description., These oscillations were
probably around a position of phototrople-geotropic equili-
brium,

During the course of the equilibrium studies, 1t became
clear that an understanding of these oscillations would lead
to more accurate equilibrium experiments, since the equili-
brium direction is usually not a simple static point but an
average about which the position varies. As it turns out,
the study of oscillation also provides us with many new phe-
nomena by which we may accurately characterlze the basic
phototropic behavior. |

~In the following pages, the varilous conditlons which are
favorable and unfavorable for oscillation are examined, and

the effect of a number of exprerimental parameters upon the
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period, amplitude, and wavelength of oscillation is shown.
Finally, an attempt is made to analyze the phenomenon of
~oscillatlon iIn terms of baslc features of the phototropic
response., Also, 1t is shown that a sporanglophore is capable
of two modes of oscillation, which are apparently independent

of each other,

B, Description of the Oscillating State

A sporangiophore in stable equilibrium generally deviates
from its average line of growth, These deviations are of two
kinds,; irregular wandering and regular oscillation,

The extreme upper portion of a wandering sporangiophore
rarely errs by more than 5 degrees from the average direction
of growth determined over several hours. This 1s about as
straight as a sporangiocphore can be expected to grow under any
condiltions, and such a straight-growing specimen is to be
preferred for linear growth experiments., However the oscil-
lating state 1s interesting from the point of view of under-
standing the tropic reaction,

In the case of an oscillating sporangiophore, this same

upper end may frequently deviate by 30 degrees from the mean
growth direction. However, the most striking feature of the
oscillating state is the remarkable regularity of'the swings.
In {igure 11 the position angle of the tip of an oscillating
sporangiophore is plotted againét time. In this experlment
one light was directly above the specimen, while the other was

45 degrees to one side as seen from the specimen., The position
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angle o 1s measured from the vertical, Thus 1t 1s clear that
the sporanglophore overshiocots both light socurces at the ex~
tremes of 1ils oscillaticn., Probably the reason that the mid-
point of oscilllation 1s not at a =.22.5 degrees 18 that the
equality of lights was not carefully controlled in this early
experiment. To test the sinusolidal nature of the osclllations
the {irsi derivative was formed, by taking the dilfference be-
tween successive values of a. This 1is plotted on the same
time axis as a. It is evident that the motion of the sporan-
giophore tip is sinusoidal as a first approximation, These

osclllations will bve discussed in detall later on.

C. Recording Technique

The 11lumination system was basically the same as that
uged in the determination of equilibrium angles with the beams
in the vertical plane. However the light source was that used
in the lower tropic threshold determinations, VWorkilng back
from the circular ground glass screen we have: neutral f£1l-
ters made of photographic film and calibrated in the final
setup, a blue glass filter as before, condensing lenses, a
heat absorbing filter (1 em. thick disc of water), and a 200
watt ineanaescent lamp. In order to lessen the labor involved
in the continuous observation and recording of the position
angle of the sporangiovhore tip, a photographic recording
system was devised,

The camera was of the 35 mm. single lens reflex type,

with lens extenaion tubes permitting magnifications of 1:1
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and greater. For most of the work the magnification was some-
what less than this, permitiing an area of 4 cm. by 5.5 cm.
o be photographed on a single frame of film. The exposures
vwere made by the 1light from a microsco?e illuminator fitted
with a deep red filter, thus having no phototrople effect.
This red exposing light impinged on the sporanglophore from
the silde or from above and in either case made a small, bright
point of reflection on the spherical sporangium.

To record an‘experiment the canera was put in position
and focussed on the specimen, Then the shutter was opened
and held open for the duration of the experiment, The red
exposing light was connected to an adjustable interval timer'
so that gach exposure Wés about flve seconds long, and usvally
five minutes elapsed between exposures., Since hhe blue lights
were on all the time the shutter was open, care had to be
taken that the blue light did not expose the film appreciably,
perhaps obscuring the images prcduced by the red lights. In
this series, the blue light was so much fainter than the red
light, that when the camera lens aperture was set {or proper
exposure from the red light {f/22 for Kodak Plus-X), the blue
light made almost no contribution, In dealing with more
intense blue light, a simple solution %o this problem would
be to place a red filter over the camera lens, Figure 12
is a typiecal photograph. In this case the red exposing light
came from above the plant and was on for flve seconds every
five minutes. The position-history of each specimen is given

by a composite series of images spaced five minutes apart in
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Multliple exposure photograph of a group of osclllat-
ing sporangiophores. The experimental conditlons
were: © = 60 degrees, log, I = -3.8. Exposures were
taken every five minutes by red light. The diameter
of the vials at the bottom of the photograph is about
10 mm., The wavy line running up the center of each
trace 1s the image of the mature part of the sporan-

glophore.
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time. The brightest rart of each image is the bright reflec-
tion spot on the sporangium, and this point may be used to
indicate the position of the sporangium. These points are
always a Cixed distance froﬁ the center of the circular

image of the sporangium and always in the same direction pro-
vided that the red light 1s not too close to the sporansio-
phore.

Having obtained a photograph like figure 12,\one measures
the longltudinal and lateral position as a function of time.
From these data one can computé a variety of functions, such
as growth speed, amplitude and period of oscillation, and the
distance grown in a single cycle. The derivation of these
quantities will be discussed later. In order not to lose pre-
cision in measuring the position of the dots on the film, the
negatives were enlarged to about 18 by’25 inches. In order
to avoid the difficulties involved in producing such large
prints, a non-photographic technique was used. The negatives
were placed in the fllm-strip holder of a slide projector,
and the negative imepe was projected on a wall with the de-
sired magnification, Then a large sheet of cross-section
parer was fastened to The wall so that the desired lmaze was
superimposed on the paper, Using a pencil, the positions of
the reflection point of the sporangium were marked on the
paper as fine dots, To determine the scale of this final
tracing, a scale photograph was made at the time of the ofi~
ginal experimen@. This consisted of a photograph of a melric

scale made without changing the focus from the setting used
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in the experiment. This negatlive was then proJjected on the
tracing without changing the projector in any way. Thus

the actual scale of the tracing was known dlrectly., Such

a btracing is shown in figure 13, Position meagsuwrements can
be taken by simply reading off the coordinates of each point.
D. Results

1

1. Effect of light intenslty, angle between the light

beams, and sporangicphere height on the growth rate

The rate of growth of a sporangiorhore is very sensitive
to rapild changes in light intensity. Under steady illumina-
tion conditions, 1te growth rate is usually consldered %o be
relatively constant in experiments of less than one hour,
as 1n most growth response experiments. However most of the
present experiments covered ten hours or nore, and during
this time an unmistakable trend becomes apparent in the growth
rate, in spite of the constancy of 1llumination.

In figure 14 the growth rate of a typleal single aporangio-
phore 1s plotted against time. It can be seen that during
the first zaix or seven hours the rate rises linearly from
1.5 mm. per hour %to 3.8 mm. per hour. Soon aflter, the rate
drops slowly to 2.7 mm,. per hour at 15 hours., Some specimens
display a more rapid terminal decrease in growth rate, while
ovhers show a negliglble decrease endlng in a plateau. The
initlael rise is more reproducible, however.,

There ls a certain difficulty involved in comparing 4if-

ferent specimens with respect to this type of plot. This is
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due to the lack of a zero point on the time axis. As given
In figure 14, zero time 1is simply the moment of beginning
the exposure, and different specimens wlll in general be at
different stages and hence have different growth rates at
this moment. ¢ would be deslrable to measure time from a
specific stage in the development of the sporangiophore to
allow comparison between different specimens, Stage II was
chosen as the most sharply defined, since the sporanglophore
ceases growth at this stage, while the sporanglum is being
formed. Unfortunately, growth 1s resumed in Stage III only
very gradually so that the exposures fall too close together
to establish a definite tiﬁe. Hewever, although a time

Zero poin§ is difficult to determine,a height zero point is
guite easy to establlsh. Consider figure 12, In this experi-
ment, the exposures were started while the sporangiophores
were stiil in Stage I. Thus the rather over-exposed images
at the bottom of each serles fix the position of each sporangio-
phore at the time of transition from Stage II to Stage III,
The over-exposure is due to the perlod of non-growth as well
as the light color at this stage. Henceforth all sporangio-
phore heights are measured above thelr Stage II positions,

The growth rate data glven in figure 14 are replotted in
figure 15 as a function of sporanglophore helght., The initial
part of the curve 1s no longer linear; the growth rate is
proportional to the square root of the height, Otherwlge

the gross features are the same.
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In the case of a sporanglophore that 1is wandering‘but
not oscillating, the growth rate 1s simply defined as the
longitudinal distance grown in a certain time interval,
divided by that interval., This 1is usually done over one hour
intervals, |

The growth rate of an oscillating sporangiophore needs
a little more clarification. Of course it 1s clear that the
path traced out by the sporangium 1tself would have little
relation to the linear growth of a non-oscillating specimen.
One must measure the linear rate of formation of mature
sporanglophore wall., As may be seen from figure 12, this wall
has regular bends, or "frozen waves’  1n it, corresponding
to the regular changes in growth direction of the oscillating
sgecimen; Since 1t would be difficult to measure directly
the length of a sporangiophore if straightened out, 1t is
necessary to ascertain the difference in length between
kinked and unkinked sporangiophores for a given degree of
kinking. The relation between the kinked and unkinked lengths

is as Collows (see Appendix II for derivation),

S/L =1 + (‘\"i’a/L):'3 s

where S Isthe true or unkinked length, L is the apparent or
kinked length, and a 1s the amplitude of the kinks. Assuming
a value of 2.3 mm. for L and a maximum value of ©.1 mm, for
a, S/L is equal to 1.0187, Thus in this extreme case the
kinked and unkinked lengths differ by less than 2%, It is

evident that a satisfactory measurement can be made of the
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linear increase in mature wall by a simple length determina-
tion ignoring the kinks,

In addition to these difficulties, however, is one intro-
duced by the oscillations directly. If the component of
sporanziophore velocity in the mean direction of growth is
measured at two-nminute intervals, one finds violent cyclic
fluctuations in the velocity, having the same period as
+he oscillations themselves and bearing a constant phase re-
lation to them. These growth rate oscillations are partly ex-
plained by purely geometrical aspects, though they may also
stem from a fundamental oscillation in the elongation rate of
the growing zone,

In view of the above, veloclty measurements were taken
as an avérage over one complete cycle. The veloclty for one
cvcle 1s defined as the distance grown in the mean growth
direction between two successive extremes on the same side,
divided by the elapsed time.

The routine method of measuring the tracing of an oscil-
lating specimen is as follows (Figure 13), A smooth line
18 drawn connecting the points near each extreme, With the
help of a straightedge, a cross 1s drawn marking the longi-
tudinal and laﬁeral‘positions of the extreme. Then by inter-
polating between the points, the time éf the extreme 1s esti-
mated and recorded as are 1ts lateral and longltudinal co-
ordinates, The period 1s then the difference in times of
successive extremes on the same side, The wavelength is the

difference in longitudinal coordinates of successive extremes
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on the same side., The amplitude is one half the difference
in lateral coordinabtes of successive extremes on opposite
sldes, The growth veloecity then 18 equal to the wavelength
divided by the period.

'The experiments were performed under several different
conditions, The angle, 6, between the two lights took the
values, 0, 30, 6O, 90, 120, and 150 degrees, always being
symmetrical with respect to vertical. The total light inten-
alty was set at -3.8, -9.,8, -16.5, -21.0 log, units, as well
as complete darkness (log, I = -o).

In order to discover any possible effect of these condi-
tions on the growth rate, an attempt was made to summarize
the growth rate curves for each different set'of conditions.
Each suméary consists of the smooth curve that best approxi-~
mates the experimental points. In figure 1€ is given a typical
experiment. Four plants were used simultaneously in this
experiment, and the variabllity they exhibit is more or less
typical, The smooth curvé that summarizes the experiment 1is
roughly a smooth average of the four éxperimental curves. In
a few cases, one specimen behaves so differently from the
others that 1t is summarized in a separate curve,
| In figure 17 are the summarized results for varlation
in © with intensity held at -3.8 log, units. It can be seen
that while there 1s some variability, especially for heirchts
over 20 mm., no clear trend in growth rate can be seen corre-
sponding to the change in ©. This relative constancy is

especlally interesting in view of the fact, to be fully
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’discussed later, that 1n the case of 90 degrees and 30 degrees
the plants are oscillatling, whereas for 150 degrees and ©
degrees they are not. Therefore, it may be concluded that
the angle between the lights, 6, has no great effect on the
growth rate, either directly or indirectly by 1ts effect on
oscillation.

In figure 18 are the summarized results for variations
in intensity with © held constant at 60 degrees. Here again,
no significant trend can be seen in the growth rate pattern
corresponding to the lowering of intensity from -9.8 to -
log2 units. Comparison between this figure and the previous
one also shows no significant differences.

Having thus failed to £ind a significant variation in the
growth réte pattérn due to changes in @ and intensity, let us
lump all the experiments together and examine the data for
uniformity.

In figure 19 are the combined data of all the experi-
mentas, with a single smooth curve as a rough average. As
seen before, the data are more uniform below heights of
20 mm, than above. For heights between zero and 20 mm.,
nearly all the points lie within 15% of the value given by
the average curve. At heights between 20 and #0 mm, nearly
all the points lile within 20% of the average value, and above
40 mm, this variability is even greater.

Since the growth rate pattern is independent of 1light
altogether, we may assume that the increasing variability

of the sporangiophores as they grow higher is of physiological
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origin, The following evidence also supports this, t has
been polnted out earlier that upon reaching thelr peak
velocity, some specimens maintained that velocity, showing
thus a plateau in their growth rate curve, while other speci-
mens immediately began to lower their growth rates, showing
thus a single peak in thelr curves. HNow 1t was observed
upon several occaslons that the second or third crop of spor-
anglophores showed a definite plateau while the first crop
showed a decline after the peak., It 1s evident that, what-
ever may be the physioclogical difference between early and
late sporanglophore crops, this difference affects only the
later stages of sporangiophoré growth.

Although the overall trend in growth rate is independent
of light, some details of the growth rate curve appear o be
lizht dependent, The growth rate curves of specimens zrow-
ing in complete darkness are far smoother than the curves of
specimens in the light, although the general shape is the
same, The relatively iarge irregularities of the growth rate
curves 1in light cannot be due to brief transient growth re-
sponses, but must be caused by fairly long term fluctuations,
since the velocity measurements are each made éver periods

from 30 to €0 minutes (Compare Figure 1€ with Figure 15).

2., Effect of light intensity, angle between the lizht

beams, and sporangiophore height on the period of oseillation

et us now consider the period of an oscillating sporan-

giopnore and how 1t 1s affected by the light intensity and
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angle 6. In general, the period 1s from €0 to 70 minutes at
the start of a series of oscillations; when the helght 1s
about 5 mm., Then the period falls, at first rapldly and later
mofe slowly, reaching a final value of 30 %to 40 minutes
asymptotically.

In figure 20 we present summaries of a number of experi-
ments plotting period versus helght. The continuoug curves
are experiments holding the intensity at -3.8 logg units and
varying ©. Although oscillations were not generally {found
at © = 150 degrees, weak but measurable oscillations were ex-
hibited by one specimen over a short distance.

As can be seen, there 1s no trend distinguishable among
the continuous curves corresponding to the change in 9,

Also in flgure 20 are curves summarizing experiments in
which the intensiﬁy wag lowered to -92.8, -1£.5, and -21.C
log, units, holding 6 constant at $0°, These dashed curves
show a definite, striking effect. VWhile the curve for -9.,8
falls in readily with the other group, the two lowest inten-
sitles show a distincet deviation, For these experiments, no
lowering of the period from its initial level was obgerved.
Instead, bthe perilod remained at around €0 mlnutes for the
entire experiment.

Having thus shown that the summary curves all into at
least two distinct groups, the raw data are plotted so as to
show this difference in figure 21, All the observations at
intensities of -3.8 and -9.8 log, units are polnts, and all

observations at -16.5 and -21.9 are crosses. A smooth curve
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is drawn through the points, and a smooth curve is drawnl
through the crosses. Although the variability’in the c¢rosses
is rather large it remaing clear that these are two separate
groups. From 30 mm. to 50 mm, there is no overlapping at
all between the groups.

This last result provides information about the degree
of connection between the growth rate and the period of oscll-
lation., In all the experiments where the Iintensity was
-9,8 log, units or higher, there was an apparent correlation
between the rise in the growth rate and the drop in the period
(compare Figure 19 with Figure 21). Purther, since the growth
rate 1s relatively unaffected by light one might be tempted
to assign to it the fundamental pace-setting function from
which the period would be derived., The finding that this
correlation breaks down at lower intensitles raises certailn
difficulties, however, with this simple picture. One solution
might be to suppose that there is no fundamental connection
between the growth rate and the period of oscillation and that
the correlation is spurious. Or, one could imagine that the
connection exists, but only for the higher intensities. Thus
the perlod would be determined by the growth rate at high
intensity and by some other agent at low intensity. A pos-
sible candldate for the role of the other agent is the rota-
tion of the sporangium,which has a rather constant period.

These topics will be discussed in the last section,
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3. Bffect of lirht intenslty, danrle botween the

[
|
-
Gt
fou?
ot

beans, and gporansiophore J@L”“t on the wavelenoth of

The wavelongsth of an oscillating sporansiophore i1s the
lon~itudinel distance prown in the tine botwoon HWOo SUCCOS-

sive extremes on the same side. On a tracing of a mulbiple

t.—l'

expozure vhotosraph i1t is the wave length, or crest to erest
linear dlstanco.

The wavelongth is ponerally characterized by a lack of
veriation. During the course of an experlment the waveleongth
chanses by only about 20%.

The effeccts of changing intensity and © are shown in

firure 22. YHow since v = X/T (v = srowth rate, X =

T = Da?;od), and we Imow that v i1a nobt affected by changes in
intensity and 8, it follows that X should bo affecected by
intensity in a way simllar to the effect on the period. This
expectation 18 borne out in firure 22 (comparc with Firure 20
The experiments at 10?2 I = «3.6, 8 varying, are summarized

by the continuous curves. Nobe the very close aprecment of
these curves. The daghed curves summarize the cxperiments

where @ = 60 dogrees, and the Intensity was lowered. As in

5

k] " 'Q .é‘*g Oflr
alls in with te

the period case the curve lor lagg I = 3.0
-3.0 proup, bub the curvos for =10.5 and -21.9 fall into a

dlstinctly separatve proup. In figpure 23, the data are plottod
in two proups, with crosscs for logg I = =10.9 and =21.3, and

points for =3.0 and =9.08., As in the casc of the poriod, the

two rroups are indistingulshable at 15 mm., bepin bto separate
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at 20 mm., and diverge at 30 mm.

Although the wavelength summary curves (Figure 22)
sugpest an upward trend from the -16.5 curve to the -21.9
curve, the latter curve is based on only one specimen and is

thus not rellable enough to confirm this.

4, Effect of various parameters on the amplitude of

oscillation

As shown above, an oscillating sporangiophore shows
certain fairly regular trends with respect to its period,
wavelength, and growth rate. These quantities undergo an
orderly change as the specimen ages. |

~ In the case of the amplitude of oscillation there appears
to be somewhat more variability. This variability is of two
general kinds, one due to the external conditions and the
other due to physlological variations,

Regarding the first type of variabllity, it has been
shown that a specimen may be under such 1llumination and in
such a physiological state that oscillatlon 1s possible, and
yet it may remain in a state of low-amplitude, irregular
wandering. In such a case, a unilateral stimulus is all that
is needed to initiate full-scale oscillation,

Consider the following experiment, Two specimens are
selected at Stage 1. One is placed under a single vertical
light beam and the other 1s placed under two beams 60 degrees
apart. The first specimen will grow indefinitely without

ogcillating, whereas the second one will begin oscillation
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soon alter reachlng Stage IV. After the sccond specimen is
scillating normally, we transfer the first specimen to th
samo conditions, namely two beams 60 degrees apart. low
glthoush both plants are under identical conditions, only
the one that was started at Stape I will oscillate. The
other plant will continue 1ts irrccular wanderliy or Yy
sometines exhlbit low amplitude osclllation (double annliitude
less than 1 mme ). If ab this point a brief unilateral stimu~
lus is fiven {one source off for 10 minutes), osclllation:
willl appear in the specimen thatl was not oscillating previe
ously. Figurce 2l shows two specimens from such a stimulus
experiment. It may be seen that there ls variation in both
the time reqaired to begin osclllation as well as In the
raximun ampli tude achieved.

If the condltions are unfavorable for osclllation, such
a St Imulus has no eflect. For o.am@le if a specimen rrows
up from Stage I to Stage IV under beams 120 derrecs avpart,
thus showing little or no oscillation, a unilabtoral stimulus
will elicit only a single trovic resionse. “hen the otimulus
is over the sporanglophore soon rectums to the cenbtral
posltion and continues srowing with only the usual irrosular
wandsring.

It is possible that the sporanciophore behaves lllkc an
osclllating “"stom that has to be started". The occillations
can be described by a ginrle porameter which varics as a
periodic funcitlon of time; in a sporangiophore thils mirht be

the angle between the crowings zone and the eq:ilibrium
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directlion. DNow let usn supposc that thls ansle, a, can be a

o
W3

o,

pericdlc function of time omly if aja at t = O, That is,
the systeom must be displaced by a certain minimun amount, s
beflore oscillations will occur. In order to explain the
fact that a sporangicphore will oscillate without being
started i{ it is placed under favorable conditions while
still in 8tage I, we need only postulate that the threshold
8o is a function of the are of the speclimen. Specifically
we must assume that aé is very small for a sporangliophore in
Stage I or II so that even the slichtest irregular motlon
vi1ll set off the oseillation., It is safe to assume that a
sporansiophore is never entircly free from sliéht irrosular
trepic moﬁion. Ag the specimen matures, however, a, would
increase,:éc that these spontaneocus wanderings are no longer
sufficient to set off osclllation and a much larcer displace=-
nent iz rogquired. This point will bo discussed in tho last
gsection.
The second source of variation in amplitude appears to

be physiological, that is, 1t is correlated with the age of
he culture itself., TFigure 25 shows a striking example of
this effect. All specimens were placed under O0 decree beams
at 3tage I, bubt two specimens were from four day old émltares
and two were Irom seven day old cultures. It can be seen
that althourh the curves are fairly similar up to 15 mm.,
above this heisht the specimens from the older cultures show

a strilking drop in amplitude around 33 mm. and finally a
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recovery at around U5 mm. This effect does not gonerally
appear until the cultures are five or six days old; even
after seven daya not every specimen shows 1t to the same
degree.

Another culture age effect that can be seen to slight
degree in the same figure is that ﬁhe specimens from younger
‘cultures have a more graduel inlitial rise in amplitude and
reach thelr peak later. This effect is extreme in tho first
crop of sporanglophores, which generally arise {rom three day
old cultures. These sporangiophorces have an extremely slow
initial increasge in amplitude; the double amplitude. renalns
below 035 mri. until a height of from 10 to 15 nm. is roached.

In order to examine the effecct of @ on the amplitude of
osaillatién, it 1s necessary to mininize these variations.

The envirommental variation was minimized by starting
the specimens at Stage I, thouph some were started ot
Stares 1II and 1II. The wvaristions due to culture age could
be minimlzed by uaing the seme age, e.g. five éays.A
Unfortunately this oculture age effect was not discovered
untlil most of the data were taken. Thus for most specimens

he culturs age is unlmown.

Hevertheless some use can be made of the data. Looking
back to fipure 25, it is evident that in the rercion of 10 to
15 mm. in height the variation due to culturc arse is at a
minimum. Therofore we shall take the amplitude at 12 mm. to
bo the amplitude characteristic of a cortaln specimen under

certaln conditions.
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Fipure 26 shows that this amplitude at a heirht of
12 rm, ig relatively indevendent of the culture age. In
thls case, five separate cxnorviments were rerformed, each
at a dlfferent culture age but all under the same experimental
conditions (8 = 60 degroes, logs, I = -3.0). The only sipni-
Tlcant change in anplitude 1s that for threo day cultures.
Since three day culturcs (the first crop of sporanglophores)
were never used in any of the other experinonts, we nay assume
that for those experimonts culture ape has no effect on the
amplitude at 12 mm. |

The effect of @ on the omplitude at 12 mm. is ghown in
fipure 27. For O degrees and 150 deprees no repular oscllla=
tions generally occurred, but the double amplitude of
irrecular wanderinw was estimated at 0.3 to 0.4 rm. The
value at 60 degrees is an average of the data from the culture
are experiments excluding that for three day culturcs. As
can be seen from the fisure, high amplitudes were observed
for 30 derrees, DO degrees, and 90 degreos, & very low amplie
bude for 120 desrees, and no oscillation for O degrees and
150 degrecs. “he amplitude for 90 degrecs is probably not
sipnificantly higher than that for 30 degrecs or 60 derreos.
Actually at 150 degrees, one speclmeon was observed to
oscillate weakly between helghts of 25 and L0 mm. with a double
amplitude of about 0.6 mn. Thus the sransition Trom oscilla-
tion to wandering is rather pradual on the side of larre 9.

It must be pointed out that in cases of transition

between osecillation and wanderins it is often difficult to
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DOUBLE AMPLITUDE AT
l HEIGHT OF 12 mm.

e individual
X average

specimens

3.0 R —
6=60"°
mm
=-38
quZI
2.0
L 4

o—o----x‘;:—D

Q

3 4 5
CULTURE

6

7 8 9
AGE (DAYS)

Fig. 20. The amplitude of oscillation at sporangiophore
heights of 12 mm., as affected by the age of the
culture. The culture age 1s measured from the
date of inoculation of the vials.
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e individual specimens

DOUBLE AMPLITUDE AT X average
HEIGHT OF 12 mm. W irrequiar wandering
+ log,l = - 3.8
3.0 — O
3
2.0 » S
L ] /)1%‘
- - \
mm

30 " 60 90 120 150

© (DEGREES)

Fir. 27. The amplitude of oscillation at sporanglophore heights
of 12 mm., as affected by the angle between tThe
light beams, 6. The value at © = €0 degrees is an
average of all the 1ndividual observations given in

figure 26.

The amplitudes given for 1irregular

wandering are estimated averages.



distingulsh between these states. n such cascs, only
records showing regular oscillations over at least two
complete cycles were consldered to be truly oscillating.
Thus in most records classed as wandering, there are small

replions that suggest oscillation but are too irregular or

of too small an amplitude. Pigure 20 1llustratos these
statements. Records I, II, and III are classed as wandering,
and IV is classed as oscillation. Rocord II shows osclllatory
motlons of small amplitude for brisf periods, and III has
irregular motions of quite large amplitude. In IV the
oscillations are not as unliform as usual, but thoy arc

rosular enourh to distinguish it from III.

The effect of intensity on amplitude of oscillation 1o
perhaps tﬁé least well characterized of all the oflecctls
mentloned so far. 1t 1s perhaps best to discuss individually .
the results obtained at each intensity.

At log, I = =3.0 and @ = 60 degrees the oscillations are
larce in amplitude and of long duration as discussed previ-
ously. ,

At logz I= -9.8’amd 9 = 60 degrees only twe out of tho
five specimens oscillated (Fisure 29). The amplitude of
oscillatlion was considerably lower than that encounteored at
1032 I = «3.0 at a comparable heirht. The remaining three
sporangiophores wandered, having double amplitudes as high
as 0.5 rm.

FPor 1og2 I = «16.5 and 8 = 60 deprees a new phenonenon

appeared. As shown in figure 30, the amplitude undorgoes



" T "
E .
£
. ° .
I: " C I SOV
- 6:=0° S ©=60 " 8:=60"
log,l=-00", log,[=-44 i - log, =-16.5 “log,l=-21.9

Flz. 28, Traces of the photographic records of four sporan-
giophores, showling the gradations from irregular
wandering to oscillation., Records I, II, and III
are wandering and record IV is oscillating.
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violent changes in a relatively short interval of time.
Floure 31 is a tracing of tho original record which shows
the abruptness of these changes. The significance of thils
phenomenon 1s nobt knowm, but 1t may have some rclation to
tho change in period of oscillation that 1s encountered at
this intensity. That is, there may be some fundamental
differences in mechanisnm between a sporangiophore oscillating
at log, I = =3.8 and one at ~16.5. Three out of four speci-
mens oselllated, two of them showling this viclent change of
amplitude. |

For log, I = =21,9 and @ = 60 deprees oscillation was
encountered as shown in figure 32. Only one out of the four

specimens oscillated.
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Fig, 31. Trace of the photo-
' graphic record of a

6= 60° - gsporanglophore oscil-
: lating at log2 I =

log,l = 165 -16.5.
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E. Summary of General Characteristics of Oscillation

Growth rate. The growth rate lncreases regularly with

the height of the sporangiophore until a height of about

25 mm., is reached (measured above the position at Stage II).
As the sporangiophore continues to grow, the growth rate may
either stay constant or decrease slowly, depending on the
physiological condition of the sporangiophore. This pattern
of growth rate dependence on the age of the sporangiophore

is completely unaffected by the amount or direction of 1llumi-
nation,

Occurrence of Oscillation. Regular sinusoidal cscilla-

tions in the direction of the growing zone occuernly under
certain circumstances. 6 muat be greater than O degrees

and smaller than 150 degrees. The sporangiophore mﬁst be
placed under condltions favorable to oscillation while still
in Stages I, II, or II1I; otherwise a phototropic stimulus
must be given in order to initlate oscillation, When the
spcrangiéphore reaches a helght of about 33 mm,, osclllation
is more likely in young cultures than in old ones. Finally,
the oscillations seem to be more uniform and more reproduc-
ible at an intensity of -3.8 log2 units than at lower inten-
sities,.

Period of Oscillation. At intensities of -3.8 and -9.8

10@2 units, the period of oscillation decreases regularly from
60 minutes to 30 minutes as the sporangiophore 1ncreases 1n

heisht. At intensities of -16.5 and -21.9 log2 units, however,
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the period flucturates around a value of about 55 minutes,
1hdepen§ent of the growth of the sporangiophore. The period
is independent of 0.

| Wavelength of Oscillation. At intensities of -3.8 and

-0.8 10@2 units, the wavelength is roughly constant at about
2.3 mm., and at intensities of -16.5 and -21.9 log, units 1t
is roughly constant at 3,0 mm. The wavelength 1s independent
of 6.

| Amplitude of Oscillation., The maximum amplitude of

oscillation is about 1.0 mm. and the amplitude reaches this
maximum only if @ = 30, 60, or 90 degrees., At an intensity
of -16.5 log, units the amplitude undergoes characteristic
extreme changes in magnitude.

Irregular Wandering. A sporangiophore that 1s not

- ogcillating undergoes irregular lateral motions whose ampli-
tude 1is usually about 0.2 mm, In some cases, the motion of
an oscillating sporanglophore beccmes so weak and erratic
that it becomes indistinguishable from an irregularly wander-

ing sporangiophore,

F. Discussion and Analysis of Oscillation

The purpose of this section 1s to consider in detail
the properties of an oscillating sporangiophore and as far as
possible to explain these properties in terms of other charac-
teristics of the phototropic response.

By meahsfcf a qualitative argument, i1t is possible to

make plausible the appearance of oscillations when a sporansio-
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phore is in stable equilibrium between two light sources.
Let us imaglne such a sporangiophore displaced a certain
distance to the right of the central, stable position. Now
the flux from the left exceeds the flux from the right, and,
if this flux difference is greater than the threshold amount
needed to inlitiate tropilsm, tropiéHbending will take place
towards the left after a certain time lag., If the photo-
trople stimulus hés been sufficiently great, the sporangio-
phore will bend past the central posltion to the left side,
As it bends to the left of center, the {lux inequality will
now favor tropism back to the right, The important point
here is that the sporangiophore does not respond unﬁil after
the time }ag, at which time it is even deeper into the left
slde. It seems reasonable that conditions might be arranged
80 that such overshooting would build up osclllations of
considerable magnitude. U'timately, one must be able to
predict all the parameters of such osclllations as well as
the conditions under which they will occur, on the basis
of independent knowledge of the general characteristics of
the phototropic reaction. Since such detalled knowledge 1s
still lacking, only a start can be made in this direction,
If a time-lapse photograph of the type described earlier
is made of an oscillating sporangiophore simultaneously from
two mutually perpendicular directions, a record can be ob-
tained of the position of the sporangium in three dimensions
as a function of time. When this is done it is found that the

oscillations do not occur in a plane, but are really in the
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form of an elllptical hellx., Pilgure 33 shows winat would
be the top view of such a helicai path if the‘axis of’ the
h@lix‘were vertical, The sporanglum travels around this path
in a counterclockwise direction, continually rising with the
growth of the sporangiophore. The major axis of the ellipse
is inclined about 30 degrees to the plane of the lipght beams.
On the basis of our.simple picture of the oscillatory mech-
anism, 1t is evident that when the direction of trbpism
changes at the end of a single swing, the new tropism does
na% begin in the plane of the beams., Rather, it begins in a
direction that is almost at righﬁ angles to this plane and
only at the other end approaches the plane in direction,.
When the sporanglophore swings back, the initial tropism is
also nearly perpendicular to the plane of the beams, dbut in
the opposite direction. v

Let us clarify the three-dimensional desecripticn of this
phototropic reaction. In figure 34 are shown three mutually
perpendicular directions, x,v, and z. Z is parallel to the
sporangiophore and running from bottom to top, ¥y is in the
direction and sense of the main tropilc reaction, and x is in
the direction and sense of the inltial sidewise troplc reac-
tion. Thus in a half-cycle of oscillation the x troplsm
begins first and reaches a maximum rate by the time the y
tropism begins. The y tropism also reaches a maximum rate,
about twice that of the x tropism. Towards the end of the
half-cycle, the rate of x troplsm drops before the rate of

y ftropism, and by the time the y tropism has ceased the x
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Pig. 33.

A projection in the horizontal plane of a three-
dimensional record of an oscillating sporangiophore.
The sporangium traces out an elliptical path as
seen from above. The y axis 1s parallel to the
plane of the two light beams. Only one cycle of

oscillation is shown.
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main tropic reoction

_______ N X
% initio(tropic
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Fir, 34, A three-dimensional diagram of the direction of
the maln tropic reaction and the initial (sidewise)
troplc reactlon. The x and y correspond to the
x and y axes in figure 33, since the main tropic
reaction takes place in the plane of the two beams.
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tropism has already changed siyn to begln the next hall-cycle.

There is independent experimental evidence that the
separation of the tropic response into x and y troploms is
a fundamental proporty of this response and not limited to
oscillation. Let us consider the following dynamic tropisnm
experiment. A sporanglophore is allowed to roach a stable
non=osclllating equilibrium between two light beams. Then
one of the beams is cult of. Under these conditions, the
first troplc response 1is observed in about five minutos in
tho direction of positive =, Afbter two minutes or so, the
main reactlon takes place in the y direction, reaching a much
higher rate.

This general properity of troplsm can also be demonstratoed
by means df a rather unusual dynamic experiment. In this
experiment, & sporangiophore is illuminated by a single
harizontai licht beam, while at the same time it is slowly
rotated (period two hours) about a vertical axis. Alter
several hours under these conditions, the sporanglophore will
be found growing along a helical path such that the continuous
phototroplec bending towards the 'light source just neuvtralizes
tho tendency of the applied rotation to turn the sporangiophore
away from the light source. The axis of this helix is verti-
cal, so that the growing zone romains essentially stationary
in a roughly horizontal position, perpendiculér tc the bean
of 1light, while the mature part of the sporangiophore is

"unwound" beneath it. However, il the beam is precisely
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verpendicular to the axis of the applied rotation, and if
the tropic reaction wero solely In the directlon of the beanm,
then the resulting helix would have zero pilteh, i.e., it
would wind onto 1tself like a waﬁch‘apring. Since in fact
the pitch 1s nonezero, we may concludo that there is a
component of troplasm transverse to tho beam dirocctlon.
Experimentally, we find a striking confirmation of the hypo-
thesis of the x and ¥y troplsms: 1f the applied rotation is
counterclockwlse as seen from above, the helix will spirsl
upwards, but if the rotation is clockwise the helix will
spiral dowvnwards. These two situations are diasrammed in
firure 35. In both cases the v troplsm is directed towards
the 1light source, but the gz direction is opposite in the two
cases. ﬁénce, the x directlon will be opposite in the two
cases, as was found.

It 1s probable that this property of the trople response
originates in the spiral growth of the growing zone. This
spiral is nearly always in the sense of a left~handed screw,
so that all parts of the growing zone are rotated in a clock-
wise sense as seen from above. Thus tho x tropism nisht
arise from sections which were orliginally illuminated from the
vy direction but whose response was somehow delayed until they
were rotated clockwise throurh 90 degrees by the spiral growth
occurring beneath them in the growing zone.

Any hypothesis that attempts to explain oscillation must

account for its strongy appearance at @ = 90 degsrees or less.
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Diagram of the formation of helices when sporangio-
rhores are placed on slowly revolving turntables in
a horizontal beam of light. It is necessary to form
a right angled bend in the sporangiophores before
starting the experiment; otherwise the downward-
spiralling sporanglophore would collide with its

own mature stalk.
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While this cammot yet be done with certainty, an attompt
will be made to show how 1%t might be done. Pirst we make
the assumption, reasonable but unproven, that if the flux
ratio is raised from unity to some sufficiently high value
for a {ixed time interval and then returned to unity, the
resulting troplc reaction will bond the rrowlng zone through
a fized ancle. hen a sporanglophore is under two~llchi
11llumination, the flux ratio is a definite function of the
angle of the rrowlng zone (Figuro 6). Therefore osclllation
can oceur only if the tropic stimulus on one side of center
is strong emough to carry tho growing zone sufficlently far
on the other side of conter so that it can recelve a strong
enough stimulus to come back apain. How let uc oxamine the
experimﬁﬁﬁal paraneters as far as they are knowm.

It was previcusly estimated that the flux inequallty
threshold for troplsm was about 0.3 lcgz unitas. Thereflore
using the theoretical curves siven in firsure 6, we can read
off the value of @ corresponding to thls flux ratio for the
various values of ®. Using these curves, we can also find
the angular width of that central zone within which the
fluxes differ by less than 0.3 log2 units. These widths are
rsiven for the varlous values of @ in Table III. Also in
this table are given the widths of the zones within which the
fluxes differ by less than 1.0 1032 units. These particular
values of the flux differencc werce choson becausc 1t 1s

falirly certain that a respectable tropic reoactlon resulis
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Table II1I

Effect of 8 on the width of the central resion of phobtotropic

indifference according to the ecqual flux law.

width of zone Width of zone
. in whiec!: fluxes in which fluxeos
differ by less differ by lesa
Q than 0.3 loga units than 1.0 log2 unit
30° 2° 6o
6o° 7° 21°
90° 1z2° 3g9°
120° 20° 60°

150° L2° 102°
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from & flux difference of 1.0 unit and that no tropic
reaction results from a flux difference of 0.3 unit or less.

Thus in order for oscillation to occur at & = 90 degrees,
the phototropic reaction resulting from a flux differcnce of
1.0 unit must be sufficient to rotate the growing zone thaough
at least 39 degrecs. lHow if we assume that such & ﬁlgx
differenco ls just barely sufficlent to produce this rotation,
then it is clear that there can be no osclllation at
8 = 120 degrees. The reason for this is simply that the
phototrople reaction would not be sufficient to carry the
sporangiophore to o point where 1t could recelve a gtrong
enough reverse stimulus.

Table III also sugpests an explanation of another
property’éf the oscillatory state. It will be recalled
that a strong phototroplc stimulus is sometimes required to
initiate oscillation. It is now clear why a sporanglophore
will not oscillate at © oqual to 90 degreoos unless it ls
first displaced beyond the central 12 degree region in which
no tropic reactlon can take place.

Table I1I suggests a reason for the fact that cguilibrium
position determinations are more reproducible if a
sporangliophore is oscillating than 1T it is not. For examplo
let us take the case of a sporanglophnore i1llunminsted by besans
of equal intensity separated by 90 degrees. If such a
specimen 1s not oscillating, 1t may assume any posltlon

wlthin the central 12 degree zone of indifference, and hence
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measurements of its equilibrium position may differ by as
much as 12 degrecs. If the sporangiophore is osclllating,
howevor, lts equlillbrium position is halfway between the
oxtremes of 1lis osclllations. Since theso extremcs are
cutslde the indlifferent gone, there is less uncertainty in
thelr positions, and hence less uncertainty in the equilibrilum
position. Thus the phenomenon of oscillatlon appesars to
enable a sporangiophore to plot a more accurate course
between two light sources than it could otherwisc.

It is possible that the use of oscillating sporangiophores
‘might increase the accuracy of actlon spectrum measurements.
Suppose a sporangiophore is illuminated by two beams of
‘different wavelengfh separated by 90 degrees, and the inten~
sity of ahé beam is adjusted so that the equillbrium position
is at g = 0°., If the sporangiophore is not oscillating, the
intenslty ratlio is uncertain by 0.3 10@2 units, but with an
osclllating sporangiophore the uncertainty should be leas.
According to filgure 6, an uncertainty of 2 degrees in measur-
ing @ corresponds in this case to an intonsity ratio
uncertainty of only 0.1 logzbuﬂits;

The most fundamental prbp@rty of the oscillatory state
is the period of oscillation. Since the period differs at
low and high intenslity, we may consider them separately. At
high intensity the drop in period with the increase in
aporangiophore helgcht may be related to the simultaneous
increase in growth speed, bubt 1t cannot be related directly

to the period of rotation of the sporangium, which remains



constant at about L0 minutes. Conversely, the constancy in
period at low intensity may be related to the period of
rotation of the sporanglum, bup it cannot be related directly
to the rrowth speed whiceh rises as before. If the oscillatlion
has basically the same mechanism at both high and low inten=
sities, then 1t probably 1ls directly rclated to neithe@\ﬁ?owth

rate nor sporanglum rotation.
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VII. SHORT SUMMARY OF OBSERVATIONS OF SHORT-PERICD
.OSCILLATION

During the course of the experiments reported thus far,
1t became evident that & sporangiophore is capaple of a
second mode of osclllation, characterized principally by an
extremely éhort period. The following 18 a brief account of
the sallient features of this phenomenon.

Fast oscillation has been observed in sporangiophores
illuminated by two light beams separated by 60 degrees, 90
degrees, 120 degrees, and 180 degfees. It also was observed
in the case of a single beam striking the sporangiophore from
one side, The fast oscillations often do not appear until af-
ter many hours of steady illumination, and they may disappear
for no apparent reason.

The period of oscillation varies from 5 minutes to 7.5
minutes, but the variatlion in the period of a single sporangio-
rhore during a single experiment is usually not more than one
minute. There may be a tendency for the period to be longer
when © is smaller,

The amplitude of the oscillation is usually about two
degrees, The oscillation appears to be confined to a plane
which is roughly parallel to the plane of the light beams
when two beams are used. |

Fast osclillation has heen observed in the absence of any

other tropic activity. It has been observed when superimposed
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upon irregular wandering, when superimposed upon a steady
tropic bending towards a single light source, and when
superimposed upon the usual long period oscillation (Fig—
ure 36), However, the fast oscillation is not invariably
assocliated with these phenomena,

The culture age has no effect upon the fast oscillation.
Varying the intensity within the range of -4 to -8 log, units
also has no effect. The amplitude of the oscillation is
somewhat less at 30% relative humidity than at 80%, but the
perlod is the same,.,

The fast oscillation ceases altogether about flve minutes
after the illumination is turned off, as does the long period
oscillation. |

Thus; while the fast oscillation is the result of the
light sensitivity of the sporanglophore, it appears to be
rather independent of the usual phototropic reactions., It
may well be due to a mechanism entirely different from that

of long period oscillation,
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VIII. CONCLUSIONS

We have seen that although phototropism in Phycomyces is
related to the positive growth response to licht and to the
lens action of the cell, no entirely satisfactory theory has
vet been proposed to explain it. In the first place, it is
difficult to account for the oeccurrence of phototropism over
2 long period of time, since the growth response to an in-
creagse Iin light intensity 1s only transient. In the second
place, all theories so far completely neglect the effect of
the spiral growth of the growing zone. Spiral growth occurring
below the region of bending would be expected to introduce
rather severe non-planar curves in the sporanglophore dur-
ing a continuous phototroplec response., Since at intensities
above the threshold region, the sporanglophore bends directly
towards the light (except for the initial lateral component),
the phototropic response must somehow compensate for the rota-
tion imposed upon 1t by the spiral growth.

In view of the lack of understanding of phototropism in
Phycomyces a series of phototropic equilibrium experiments
were undertaken, As a result of this work several new and
interesting facts have come to light. It was found that a
sporangiophore comes to equilibrium at a position in which
the flux received by the sensitive zone is the same on the two
sides. This equal flux law, though describing the experimental

facts better than the resultant law, does not directly lead
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to a greater insight as to the mechanism of phototropism,
Since gravity appeared to affect slightly‘the phototropie
equllibrium position In the case of two lircht sources, a
serlies of experiments were performed in which the equilibrium
position was studled usling only one lizht scurce. Here a
strong geotropic effect was discovered. However, the posi-
tion of equilibrium between light and gravity over a very
wide range of intensities is vnaffected by the intensity of
the light. This fact seems even more curious in view of the
finding that gravity does not affect the growth direction of
specimens in the absence of light, PFinally, it was found
that under some condiltions of 1llumination with two sources,
gravity does not influence the equilibrium position as might
be expected., Thus 1t seems that sporangiophores respond to
gravity only when they are illuminated in a particular manner,
These illumination requlrements are apparently met particu-
larly well when only one light source is uged. It should be
noted here that the geotroplc effect was originally noticed
in the phototropic equilibrium experiments only for large
intensity ratios. It seems llkely that in such cases one
light 1s so weak that the specimen is beginning to behave
as i 1lluminated by only one source. For an intensity ratio
of 2.25 10@2 units, differences between the experimental
points and the curves calculated on the basis of the equal
flux law had been found and been suspected of being due to

geotropism, It may now be seen that these differences indeed
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correspond to those represented in figure 9.*

his remarkable relation between ge@tfﬁpism and vhoto-
tropism in Phycomyces certainly deserves a more thorough in-
vestigation,

Another phenomenon that has been discovered in the course
of the phototropic equilibrium work 18 that of osclllatlon.
There seem 40 be two general types of oscillation, One of
these has a period of around 45 minutes and can be explained
in @& reough way in terms of the general characteristics of the
phototropic response. It has also been shown how certain re-

guirements for the initiation and continuation of oscillation

In making this extrapolation from the case of one light
source to the case of two sources, we assume that the direc-
tion of the single light beam corresponds to the equilibrium
position predicted by the equal flux law (Figure 6). In

the following table the difference between the experimental
and theoretical values of @ (Figure 6) are compared with the
ceotropic deviation of the egquilibrium position for a single
light beam (Figure 9), making this assumption,

Theoretical & Theoretical @ minus o from Fig., O;
6 |at logp Ig/Ip= experimental & (a+B) =
2.25 (Fig., 6? (Fig., €) theoretical &
logp I = logo I7$ from Fig. €

30° 5° 0.5° -1.5° L,0°
£0° 17.5° 4,5° 5.5° €.8°
90° 31° 9.0° 2.0° 9.7°
120° e 9,0° 8.5° . 12.6°
150° 63° 12.5° 12.0° 15.7°

This rough extrapolation of the geotropic effect from the
case of one light source to the case of two sources does not
cive a similar agreement for lower values of the Intensity
ratlio.
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can be explained in terms of the phototropie discrimination
threshold, which causes a zone of rhototropic indifference
around the position of stable equilibrium,

Pinally the second type of oscillation was brilefly intro-
duced. It seems likely that these short-perlod oscillations

are independent of the other type and indeed are prohably not

related to the state of stable equilibrium at all,
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APPENDIX I

The pump used to circulate water through the heat-absorb-
ing cell is a convenient one in situations where it 1s neces-
sary to recirculate wéter through an isolated system. In
the pregsent case this recirculatidn WaAS necessary because
of the lack of a convenlently located sink. A continuous
supply of compressed alr is used to power the pump which 18
made of a large glass cylinder, a test tube, and three pleces
of zlass tubing. As shown in Figure 37, the test tube 1s
inside the cylihder, and two pieces of tubing are inserted
into the test tube. One of these is connected to the com-
preased air supply so as o partially 111 the test tube with
air bubbles. The third glass tube is placed in the c¢ylinder,
outside the test tube. he principle of operation is that
the air bubbles cause the hydrostatic pressure in the test
tube to be considerably less than that outside of the tube at
the same vertical position. Thus the water will flow through
the system from the region of high pressure to the region of
low pressure, i.e., from the cylindef to the test tube. As
the water enters the fest'tube at the bottom, an equal amount
is removed from the top by spillling over into the cylinder,
To prevent excessive loss of water from the system due to
evaporation, the compressed air should be saturated with

water vapor before 1t enters the pump.
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APPENDIX II
Let cne cycle of the frozen waves be arproximated by

v = a sin(2x/L),

where X, ¥y, a, and L are as given in the following diagram:

The problem 1s to find the length of the curve, S, in

terms of the amplitude, a, and the wavelength, L.

We have
L 1
S = (ﬁx2 + dye)§ ,
8]
or
' 1
L
212
S = 1+ (ggg cos 2%5) dx .
0

Since a is small, we have approximately,

L 2
S = 1+é(§%@-cos—2%§-) dx ,



or,

oy

or
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errgé‘? Yo o
L+--—-§'~— COS(T)dX;
L
0
2 2
s= L+ L2
~ PR
pE1s (327,
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