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Abstract

The sporangiophores of the fungus Phycomyces are sensitive to
light, to gravity, to mechanical stretch, and possibly éo a gas.

In order to understand the processes by which these stimuli evoke
response from the organism, the relationships between these input
stimuli and the output responses of the fungus have been studied.
The light stimulus was chosen because of its ease of quanti-
fication.

To study these responses better than in the past, automated
equipment has been developed to improve the precision of obsérvation,
the control of the environment, and the collection of data. The
heart of this equipment is a tracking system which stabilizes in
space the sporangium, which serves as a convenient spherical marker
just above the sensing and responding growing zone. Stabilization
of this zone makes uniform stimulation relatively easy. Further
the automatic system makes possible 6 or more hours of measurement
on a single sporangiophore without requifing much operator inter-
vention. Aftér suppression of noise by means of a low pass filter
of bandwidth 0.07 Hz, the growth velocity of typically 50 um/min was
measured to a precision of better than 5%. This compares favorably
with manual techniques which optimally have a precision of about 20%
for the average.growth velocity over a 30 sec period. -

Use of this machine as well as of conventional experimental



techniques on the newly available mutants of Phycomyces has provided
a clearer understanding of the stimulus-response system. The effect
of light scattering and of absorption of light inside the sporangio-
phore on the response to light has been investigated. These studies
have resulted in appreciation of the quantitative effect of the lens
focusing of the cell and in an improved action spectrum.

Evidence is preéented that a major factor causing phototropism
is the cell's natural twist (spiral growth) of about 6°/min in the
middle of the growing zone. Each region of the cell locally adapts
to the local light intensity. However with the twist of the cell,
at one edge of the focused band which is produced by the lens
focusing of the cell there will be a continuous entry of dark
adapted area into the higher intensity band, thus giving rise to
transient positive growth responses in a succession of surface
elements. The response to this stimulus is expressed slowly in
time and as it is expressed, it is carried around at the twist rate
of the cell. This model has successfully explained both our
experiments and a number from the literature.

Using the machine, latency and shape of response have been
characterized as a function of temperature, stimulus size, level of
adaptation and incident light wavelength. Latency is dependent
on the logarithm of the absolute adaptation level and there is no
wavelength dependence of the stimulus response curve. For larger

stimuli the shape of the response changes markedly, with the rising
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of an early peak in the growth velocity and inhibition of a later

second peak.
Study of mutants defective in the chemical pathway from light
stimulation to response show a great variety of mutant types implying

a relatively large number of biochemical steps from stimulus to

response.
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I. GENERAL INTRODUCTION

Phycomyces sporangiophores (spphs) are sensitive to light, to
an unknown gas, to gravity and to mechanical stretch. The responses
are either a tropic or a time dependent growth rate change. Since
thcomzceé is easy to grow and is amenable to genetic analysis, it
seems to be a good microorganism to study the signal handliﬁg which
is exhibited by all organisms.

Part of our laboratory's goal has been to understand the early
stages of one of the transducer chains; specifically to identify
the photoreceptor(s) for the case of the light response.

Other parts of the transducer chain have also been studied to
understand the phenomena of tropism and growth response.

The main effort of this thesis work has been to establish
experimental techniques of sufficient quality and speed to make
possible the study of many mutants; with respect to their tropic
and growth response. The second effort has been to charactérize
and improve our understanding of the mechanisms underlying the tropic

and light growth responses with the aid of mutants.



II. REVIEW OF SENSORY PHYSIOLOGY OF PHYCOMYCES

The sensory physiology of Phycomyces is discussed at length in
the review paper, "Phycomyces'" (Bergman, et al,1969). In this section

I would like to acquaint the reader briefly with the fungus and its

known responses.

Development

After the fungus mycelium grows for 3-4 days,long cylindrical
aerial hyphae, the sporangiophores,are sent up. A spph starts out
as a single pointed tube (Stage I). Then elongation stops, the tip of
the spph swells and a colored sporangium is formed. After an apparently
inactive period the elongation of the spph resumes slowly and the
sporangium darkens. Finally, after a moderate twist counterclockwise,
the spph starts twisting clockwise and then slowly over several hours
the speed of twist increases to 10-15°/min measured at the sporangium.
During thisltime the growth rate increases to 50 pym/min. It is this
final form called Stage IVb (Castle, 1942) that is used in most
physiological experiments.

Only the top 2 to 3 mm of the stalk below the sporangium are
growing and involved in the light, gravity, stretch and "avoidance'
responses. A longitudinal cross-section is shown in Fig. II-1 with
three transverse sections; the first near the top of the growing zone,

the second near the bottom of the growing zone, and the third below

the growing zone.



Fig. II-1.

Longitudinal and transverse cross-section of the sporangiophore
of Phycomyces. The first transverse section is taken near the top
of the growing zone, the second near the bottom of the growing zone,

and the third below the growing zone.
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Light Responses

For convenience investigators have separated the light responses
of the spph into two types. The simplest to evaluate is the light
growth response in which a transient change in cell elongation rate
is producea by a time-dependent light change over the whole cross
section of the growing zone. The second is the phototrbbic response
in which asymmetric elongation is produced by an asymmetric intensity
distribution in the spph. Thus light causesva redistribution of
growth either in time or in space. The growth rate under constant
conditions from complete darkness to sunlight is typically at about
50 um/min.

Both of these responses have the same spectral sensitivity
(Delbriick and Shropshire, 1960), the same approximate intensity
range of sensitivity, similar latency for response, and similar
kinetics of light and dark adaptation. Both of these responses
are graded. For a light pulse of duration 1 sec to 1 min the growth
response is a function of only the pulse size S, which is'the product
of intensity (I) and duration (t). The tropic response is dependent
on the dissymmetry of light intensity from one side to the other.

The growth response is a transient response lasting about 40 minutes
with a peak at about 5-7 minutes while the tropic response can continue

indefinitely (Dennison, 1965).



Adaptation

The light responses also have a range adjustment mechanism in
which the growth response depends on the intensity to which the specimen
had been adapted before the stimulus. The level of adaptation, A,
has been defined (Delbriick and Reichardt, 1956), either as the actual
intensity to which the specimen had been adapted or as the virtual
intensity to which it would have to be adapted to give a corresponding
response to a standard stimulus. This effect of adaptation can
be expressed by saying the responses are a function of S/A which
has a dimension of time. The initial kinetics of changes in the level

of adaptation approximates the equation

dA _
qc = (I-A)/b (II-1)
where b is the time constant of adaptation and I is the light
intensity. Thus if a specimen is brought to a certain level A and

the adapting light is turned off, the level of adaptation will drop

by a factor e during the time b. At 20°C, b equals about 5 min.

Phototropic response

The tropic response continues for as long as the geometrical
relationship between the growing zone and the light source is kept
constant. Also the bending rate stays constant after a short latency

and initial transient phase. The steady bending rate is independent



of the light intensity over the small "normal" range (.04 uwatts/cm?

to 10 uwatts/cm? blue). Over the range 10~/ uwatts/cm?, to .04 uwatts/
cm? the bending rate is a linear function of the logarithm of the
intensity (Reichardt and Varjd, 1958). If a specimen is first adapted
to a symmetrical high intensity and then tested for tropic response

at a lower intensity, there is a delay in addition to that of the
normal response latency before troping occurs. During this extra
delay the general level of adaptation drops to the low level.

The explanation of the steady state of the tropic response
involves a cardinal difficulty. It cannot be interpreted by saying
that the specimen over the whole cross section is adapted to the
locally prevailing light intensity. If it were so adapted the growth
rate would be uniform all around the specimen and no differential
growth would be maintained. To avoid this difficulty four different
approaches have been suggested. One suggestion (Bergman et al, 1969,
sec 15, Castle, 1965) is that light adaptation is uniform over the
cross-section of the cell and the level of adaptation corresponds
to some average of the prevailing intensity. This would imply some
rapid process of communication over the whole cell in ordef for
this spreading of adaptation to be rapid relative to other time
constants of the system. Phototropism then occurs, because locally
the regions of higher light intensities are always compared to a
lower average level of adaptation. Jaffe (Cohen and Delbriick, 1959)

suggests that much slower spreading of adaptation (too slow to



travel from one side to the other within the time constants of the
system) is sufficient to cause phototropism. This also fits
observations that local regions of high intensity illumination are
adapted to a higher intensity than local regions of lower illumination
(see section IV.C-4a). Reichardt and Varjd (1959) suggest that
rotation of the cell and presumably the adapted region has an influence
on phototropism. Rotation brings material adapted at relatively low
intensities into the regions of higher intensity, thus resulting in
local stimulation and phototropism. Castle (1966) accepts the idea

of local adaptation, but suggests that prior irradiatiop establishes

a local difference in the size of some metabolite reservoirs from
which light and another unknown parallel reaction catalyzes a product
that regulates the growth rate. (How phototropism works is the subject
of section IV.C.). In any event, phototropism or growth dissymmetry
is caused by the dissymmetry of irradiation, due to the lens properties
of the cell which focus the light inside the cell. Somehow this
dissymmetry leads to faster growth on the side of the cell distal to
the source. The local growth rate, v, will be azimuthally asymmetric
according to the equation v(y) = v(1 + € cos ¥) where y is the azimuth
angle. Typically for wild type in unilateral blue light the bending
rate is 2.9°/min with do/dt = €¥/r (r = radius of cell)., This implies
¢ =2 0.05, i.e., on the proximal side a growth rate 5% below average
and on the distal side 5% above average. Such excess in growth is

transiently produced by a rather slight growth response elicited



by stimuli for which S/A = 4 min. In fact S/A = 2 min gives a barely
measurable response. Thus, in blue light, phototropism may be looked
upon as a relatively small continuous local growth response. Below
300 nm there is sufficient absorption by the material lying between
the proximal and distal photoreceptors so that we observe a negative
phototropism. This phenomena is due to the greater growth of the
side of the cell proximal to the light source.

The action spectrum for these responses is shown in Fig. II-2.
This graph is a composite from the available data (Curry and Gruen,
1959; Delbriick and Shropshire, 1960) and the present author's work.
This action spectrum is typical of that observed for a number of
different organisms. Four of the most detailed action spectra are
shown in Fig. II-3. In addition to the growth response of Phycomyces,
they are Fusarium carotenoid synthesis (Rau, 1967), Pilobolus
phototropism (Page and Curry, 1966), and Chlorella 0, uptake

(Kowallik, 1967).

Light controlled spph initiation

Bergman (1972) has sﬁown that short periods of blue light shone
on an otherwise dark-grown mycelium causes enhanced numbers of spph
about 24 hrs later in the region which was the mycelial front during
illumination. He showed that when light is turned off spph initiation

is inhibited for a few hours.
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Fig., II-2,

Action spectrum for the light response from 235-520 nm. ' This
is a composite from the available data of Curry and Gruen (1959),
Delbriick and Shropshire (1960), and the present author's work
correcting for internal screening. The (relative quantum efficiency)™!

is plotted on a logarithmic scale as a function of the wavelength.
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Fig., II-3.
Action spectra of processes sensitive to blue light: 1light

growth response of Phycomyces blakesleeanus (Delbriick and Shropshire,

1960); carotenoid synthesis in the ascomycete Fusarium aquaeductuum

(Rau, 1967); phototropism in Stage I of the zygomycete Pilobolus
kleinii (Page and Curry, 1966); and oxygen uptake in Chlorella

(Kowallik, 1967).
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Geotropism

If a spph is placed horizontally it bends upward until the
direction of growth is vertical. The bending rate is proportional
to the angle of its orientation relative to the vertical and is
generally about 0.3°/min at 90° with a variable latency of from
30-180 min.

A phototropic—-geotropic equilibrium takes place when spphs are
left for sufficient time with weak light from one side. Near photo-
tropic threshold gravity wins out and brings the spph toward the

vertical.

Avoidance Response

A spph placed close to a solid barrier grows away from it. The
response is quantitatively similar to that of a tropic response to
llight. For a barrier at about 1 mm distance tropism occurs at
about 2°/min. If a symmetrical barrier or a four sided "house"
encloses the specimen,a transient growth response is observed similar
to a light growth response. Although the mechanism is not understood
it is hypothesized that a "gas' released by the spph itself causes
local inhibition or excitation of growth (R. Cohen, Y. N. Jan,
private communication).

Stretch
The application of a longitudinal force of about 1 dyne stretching

the cell results in a negative growth response. The growth rate drops



~15-

within 2 min after the stimulus and remains below normal for about

5 min. Response to reﬁoval of this stretching force is a positive
growth response with similar latency. An applied lateral force acts
locally in the same way, resulting in a rapid tropic reaction opposing

the applied bend which continues at about 5°/min for about 5 min.
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III. MATERIALS AND GENERAL-  METHODS

A. STRAINS, MUTANTS, AND CULTURE CONDITIONS

The wild type strain of Phycomyces blakesleeanus Burgeff used

in these experiments was a sexually minus strain obtained from the
National Regional Research Laboratories (Peoria, I11.) NRRL1555.
Another strain used was the minus strain UBC24 obtainéd from R. G.
Bandoni (Botany Department, University of British Columbia, Vancouver,
B. C.). Mutants isolated by others were also used. The mutants

used in this work are described in Table III-1 after Bergman (1972)
and E. Cerdd-Olmedo (private communication).

Various mutagenesis procedures were used. In Procedure #1 the
spores are mutagenized and killed directly with the chemical mutagen
N-me thyl-N'-nitro-N-nitrosoguanadine (Aldrich Chemical Co.). 1In
procedure #2 the chemical mutagen is applied to growing mycelia and
the surviving nuclei eventually enter spores. After the spores are
harvested X~rays are used to kill to a survival rate of 10% (Bergman,
1972).

In most physiological experiments the spphs were grown in shell
vials (12x35mm) containing potato dextrose agar (PDA) medium or
lactate (LAC) medium (Zankel et al, 1967) filled to 10 mm from the
top. In order to prod;ce healthy spphs, a concentration of 1-2

viable szpores was planted in each vial (so that in some of the vials
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Table III-1

Origin of Phycomyces Strains

Strain Genotype Origin

NRRL1555 ) From Northern Regional Research
Laboratories (Peoria, I11.)

UBC24 : =) From Botany Department,
University of British Columbia
(Vancouver, B. C.)

c2 car-5(-) From NRRL1555, by procedure #1

C5 car-10(-) From NRRL1555, by procedure #1

C9 carR21(-) From NRRL1555, by procedure #1

c21 mad-7(-) From NRRL1555, by procedure #1

C47 .mad-35(-) From NRRL1555, by procedure #1

C63 mad-54(-) From NRRL1555, by procedure #1

Cc68 mad-59 (=) From NRRL1555, by procedure #1

Cc1l10 mad-102(-) From NRRL1555, by procedure #1

C149 mad-120(-) From NRRL1555, by procedure #2

S=5 From UBC24

S-14 From UBC24

S-37 From UBC24

S-18 From UBC24
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mycelia did not form). The vials were first incubated enclosed

in glass jars in room light at about 20 uwatts/cm? until the first
crop of spphs had appeared. This crop was removed and the vials
were then incubated with the top of the glass jar removed in a light
box with a 15 watt tungsten lamp above a diffuser yielding approxi-
mately 4 uwatts/cm? at the spphs. The box was humidified to 60-80%
and kept to temperature of about 22°C. The first crop was rarely
used for experiments and élways discarded during analysis of results.
For most experiments only the second and third crops were used to

keep variability due to age of the specimens at a minimum.
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B. MANUAL TECHNIQUES

Using red backlighting from a 15 watt tungsten bulb and Schott
RG610 cut off filter or equivalent, the sporangiophore was observed
with a measuring microscope (Gaertner Scientific Corp.) with a M220
(32 mm focal length, 35 cm working distance) objective. For angle
measurements in the plane of the stimulating light a M205 protractor
eyepiece with M242 eyepiece was used. For vertical growth measurements
a filar micrometer eyepiece was used and measurements were taken

typically every minute.
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C. AUTOMATED TECHNIQUE

1) Introduction

To improve the precision of observation and of control of the
environment and to facilitate the collection of data I designed and
built a machine to track the growth of Phycomyces. This electro-
optical-mechanical device keeps the growing zone (about 2 mm long)
in constant view and in perfect focus at all times, allowing film
or videotape recording at high magnification. In addition it outputs
an analog growth velocity during the experiment onto a strip chart
recorder and a permanent digital record of the sporangium's trajectory
in three dimensions in computer memory and mégnetic tape for later
analysis.

The main advantage of this new machine over previous microscope
observation and manual recording of data is the accurate control of
the environmental stimuli: light, gas, temperatufe, humidity, etc.,
comb ined wiﬁ1pre¢ise synchronization of stimuli with automatic
handling. A second advantage, is the convenience of visual
observation, since the growing and responding region is fixed in
space. Concomitantly the problem of providing a uniform stimulus
is greatly reduced. In fact, some experiments are possible only

in this configuration. A third important advantage is a non-fatiguing
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precision in measurement of the spph's growth behavior over a long
period, such as 6 hours. The experimenter may analyze his data

while the machine does the tedious work of making measurements.

Using microphotography and a glass fibre glued on top of the sporangium
Castle making use of the twist of the spph has claimed, for the
relatively short period of 15 sec, uncertainties of +24 (Castle, 1940)
for growth position. For microscope observation with a filar
micrometer +5 microns is considered good for the average experienced
observer. This could be improved with relatively inexpensive
electronic aids and experimental care to *1 microniin the vertical
direction. The machine's present precision is about *0.5 um in
sporangium position determination. Using this tracking technique

the probable accuracy limit is about #0.2 ym at .l Hz bandwidth.

The machine also has the potential to measure troping angles to

+,05°, reducing the considerable error in vertical (Az/At) velocity
measurements due to sporangiophore bending and non-vertical
orientation.

Estimation of the inherent biological noise is rather subjective
since for any experiment it depends on the measurement criteria and
how many of the environmental variables are controlled. Using
Oort's criteria for response (Oort, 1932), i.e., taking the maximal
positive growth deviation above what would have been the growth

rate without the stimulus, data were taken for a number of responses
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to a pulse of intensity 100 times the adapted level for 30 sec,
run at 45 min intervals on two specimens. Specimen 1 gave a response
of 76.1 * 4.5 where 4,5 is the standard deviation of seven measurements.
By comparison the second specimen gave 70.8 * 5.3. Using as positive
response the positive area of the growth velocity curve above

the line that separates an equal area# of negative undershoot,results
in less variability. For this size of response the machine is
probably accurate to better than *10% in the measurement of itigﬂ
size, whereas the combined noise is probably a little less than

+20% on a single measurement. No account has been taken of

systematic changes of spph due to changes of spph diameter, time

from Stage II, or growth rate.



-25-

2. Sporangiophore growth tracking system

The heart of the machine is the tracking and servo system which
maintains the sporangium of Phycomyces fixed in space. The sporangium
is suited for traéking because: (1) it reaches its final constant
diameter during stage II; (2) the growing and responding zone of
the stalk is directly below the sporangium; and (3) the sporangium
is opaque and spherical in shape.

The idea of a servo system to maintain the growing and responding
zone fixed in space came from the requirement to look in detail at
the growing specimen on videotape or film without loss of focus,
yet with a field of view of only 3 to 4 mm at the specimen. Early
attempts were made by Ed Peterson using a TV image and light sensors.
Analysis of the TV signal for two dimensional tracking has been
successful for tracking microorganisms (Davenport et al., 1970) and
for Aplysia (Strumwasser, 1971). Both systems employ a computer to
carry out the pattern recognition and calculate the movement.

However, the system I adopted was that employed by the astro-
physicists to stabilize the image of the sun on their telescopes,
only in reverse contrast,as suggested by Denis Matson. The shadow
image of the opaque sporangium against a lighted background serves
as the '"negative sun'. Howard Berg (1971) has built a three
dimensional tracking machine for bacteria. He stabilizes the microscope

image of the bacterium thereby fixing the bacterium in space.
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See Fig. III-1, for the Phycomyces tracking system.

As seen at the left of this figure, the sporangiophore growing
in its culture vial sits on a pillar supported by a stage. The
sporangium lies in the tracking light beams which are 90° apart in
the horizontal plane. Both beams come from the HeNe laser (632.8 nm)
via a beam splitter and two prisms. Phycomyces is known not to be
sensitive to the light of this colour. Lenses project a 50X magnified
shadow at a plane at 1.5 m distant. Using mirrors both images are
projected onto a common plane, one for the X-axis and the other for
the Y and Z axis. Consider the X-axis. A light pipe is centered
on each edge of the shadow image. The purpose of the system is to
stabilize the sporangium image. The lights from the two light pipes
are compared to provide an error signal of the sporangium position.
If the image shifts leftward the right light pipe picks up more
light than the left one. These beams are brought out to a light
chopper which alternately allows the light from the right and left
edge of the sporangium to fall on the X-axis photomultiplier.
Information on which is incident at any time on the photomultiplier
constitutes the phase information, i.e. which direction the stage
should be moved. A small IR lighf and a silicon photodiode at the
chopper plate pick up this information. With the AC coupled photo-
multiplier signal these signals together provide the direction and
magnitude of the positioning error. This appropriately amplified

and filtered signal drives a motor driven XYZ stage in order to
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null the error signal and thereby keep the sporangium in one place
along that axis in space. The horizontal Y-axis works similarly.
Stabilization of the vertical z-axis image is not so easy to obtain
because the sporangiophore stalk is attached below the sporangium.
Therefore it is necessary to sacrifice the two edge comparison with
its sensitivity and accuracy and place only one sensor on the.top
edge and one on the background light to at least eliminate light
fluctuation errors. For additional detailed information including
circuit diagram see Appendix A, p. 18L New technological alternatives
are also briefly discussed there. |

The precision of the tracking is limited (1) by the diffraction
of light which limits the resolution of the error signal; (2) by
mechanical response of the stage drive motors and the ball bearing
stage; and (3) by vibration. In the absence of sporangium vibration
using a low pass filter of bandwidth 0.1 Hz the probable limit in
principle with the technique is a knowledge of the velocity to about
+ 2% at normal growth rates, or * 1 um/min. The present system seems
close to * 8% at this bandwidth. This does not take into account
that Az/At may not be the most accurate measure of the sporangiophore
growth rate.

In the presence of high frequency movement of the sporangium,
either due to mechanical vibration or to wind, which causes the

sporangiophore to oscillate like a reed, the horizontal accuracy is
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determined by the total amplitude of vibration and the vertical
accuracy is the vertically coupled horizontal vibration. This is
less than lum for about 40 pym peak to peak horizontal oscillation.
To prevent such vibration the apparatus rests on a heavy steel
table and mechanical vibration sources are mounted separately.

The spph is secured by tape and grease to the top of the vial and
when possible is shielded from wind by an enclosure. Removal of
vibrations is discussed in Appendix A, p. 196.

Experiments are limited to about 6 hours of continuous tracking
because the stage has a range of only 2.5 cm. A possible limitation
is that the specimens at angles greater than 80 degrees to the vertical
cannot be followed due to interference of the stalk with side edge
detecting light pipes.

More seriously, one cannot stimulate at exactly the same beam
directions as the tracking beam. For example, a large opaque
avoidance barrier cannot be placed close to the fungus. Also the
system measures the sporangium trajectory and does not measure
directly the angle of troping. It is impossible to calculate
accurately the troping angle from the trajectory because the troping
bend cannot be assumed to be at a constant distance from the top.
Even if this bend distance is assumed constant, the calculation is
numerically unstable. Finally, there is sag of the specimen with

growth so that the angle of trajectory does not correspond to the
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relevant troping angle. This limitation may be overcome by building

a separate angle-measuring sefvo (see Appendix H, p.239).
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3. Data Collection

The sporangium is kept continuously fixed in space by the tracking
system. Elongation of the stalk is determined by how much the stage
has been moved to keep the sporangium fixed (see Fig.III-2, ''Data
Output"). As can be seen in the upper left box of the figure, the
sporangium is centered in the tracking light beams. The sporangiophore
vial sits on a pillar supported by the motor driven xyz stage. The
position of each axis is measured with a linear variable differential
transformer (LVDT), The core of the transformer is rigidly fixed
to the moving element of that axis. The stage is of piggyback design
so that coils of the z axis are connected to the machine table and
stage support and the core of transformer moves with the z axis slide.
The other axis cores and transformers are similarly mounted. The
cores exert negligible friction on the transformef coil casing so
that the transducer does not interfere with the stage performance
or cause sticking. The transformer consists of a primary coil
excited by a voltage-stabilized 10 Kz oscillator. There are two
secondary coils connected in oppesition. The amount of signal induced
in these coils is controlled by the moving core. This arrangement
provides an AC signal proportional to the position of the core with
"infinite'" resolution (practically about .25 um corresponding to

10 ppm) of the 2.5 cm range. The signal goes through an amplifier
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and detector circuit which changes the signal to é DC level proportional
to position of the transformer core and thereby to the displacement

of the sporangium relative to the stage. This signal is fed to a
differential amplifier which provides DC balance control and some
further amplification and filtering. Given the limitations of
accuracy and time response capability of the machine the signal band-
width of .1 Hz has been chosen. First there is a third order low

pass filter with about 3 sec time constant. This filtered signal is
sent to analog-to-digital (A/D) convertors and for the vertical

z-axis to an analog differentiator. The .1 Hz filtered differentiator
output which corresponds to the velocity of sporangiophore growth is
fed to a graphical recorder for immediate observation.

The A/D convertor digital output is stored in the memory of a
instrument computer (Fabri-Tek model 1060) and can be also stored on
magnetic tape for later computer analysis or displayed on the
oscilloscope. The computer can be controlled automatically from the
"experiment programmer' which will be discussed later in section II.C-6d.

Tor details of the data collection system see Appendix B, p.
and for details of the data analysis using the computer see Appendix

C, p. 214.
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4, Visual Observation

At 45° to the x aﬁd y tracking beams is a visual observation
light beam. This light backlights the sporangium to provide a 5 mm
field of view. Either a movie camera or TV camera may be used to
record the view. Although only wavelengths of light above Phycomyces
visual sensitivity may be used there is no difficulty in providing
enough light for an inexpensive vidicon tube, since such a tube has
considerable sensitivity from 600 to 800 nm. A videotimelapse
recorder can be used if a léng record is required. A TV monitor in
the adjacent electronics room enables one to see whether the specimen
is properly tracking. The technique will become especially valuable
if cell rotation experiments are being done since markers on the
specimen may easily be seen to move around the sporangiophore.

For further details see Appendix D, p. 219.
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5. Environmental Control

Since it has not been clear whatvthe effectsbof avoidance, wind,
temperature and humidity are on the growth of Phycomyces, the best
procedure is to minimize changes in these variables when investigating
effects of light stimuli. Some indication of these effects are included
in avoidance (see Section IV.G) and temperature sections (IV.D-1),

Avoidance experiments with the machine suggest that in the
absence of wind and thermal gradients the removal and insertion of
walls near Phycomyces of a 2.5 cm square house has only a small
effect on the growth of Phycomyces. A 1.5 cm square house however
produces a significant response. The design of the spph house
actually used provides ~ 2.5 cm in all directions to walls and the
servo system fixes the reactive growing zone in one place relative
to these barriers. Thesg precautions should reduce '"avoidance" ,
influence.

The effect of wind is reduced by limiting air flow by almost
completely enclosing the spph in its house. Thermal stabilization
of the house and the keeping of heat sources out of the chamber
prevent internal thermal gradients from causing winds.

The spph house is an approximately 15 x 7.5x 10 cm milled out
aluminum block, with windows and a door. The heat conducting block
minimizes temperature gradients. Three thermistors (Fenwal Electronics),

a GB31J3, 1.5K at 25°C,mounted against the aluminum block in series
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with two GB41L1 (10K) thermistors connected in parallel hanging

in free air near the sporangium,detect the chamber temperature.

These form one leg of a wheatstone bridge (circuit diagram Fig.III-3).
Another leg ié a temperature controlling potentiometer allowing
adjustment from 15° to 30°C. Output drives electrically in series
two thermoelectric devices (Borg-Warner type 930, 19 watts of cooling
each) mounted on the outside of the aluminum block one on each side.
If necessary, two additional elements type 492 (2.6 watts each)

could Ee added near the position of the spph.

The thermistor on the block anticipates the change of the air
temperature and so reduces overshoot during changes in heat load or
temperature setting. Gain changes can be effected by the bridge
amplifier gain.

The chamber is dull black anodized to reduce reflections and to
be non-toxic to the spph. The black paint originally used reduced
the growth rate.

Humidity can be controlled by feeding into the chamber
appropriately humidified air at a slow flow rate. The procedure is
to finely bubble filtered tap air through a water container at
room temperature. This almost saturated air is passed through a
multi-trayed aluminum chamber ~ 3 x 3 x 4", The input air is forced
to pass over successive water filtered aluminum trays and out the
top. The chamber is kept at a constant temperature from 0°-30°C

using two thermoelectric devices (Borg-Warner model 950, 30 watts
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each) with essentially the same circuit explained for the spph house.
Two JA3851 (8K) thermistors are used in contact with the metal case
and GA45P2 (50K) in the air outlet.

The air is then passed to the spph chamber, heat exchanged with
it and then bled in.

The warm saturated air loses water at the lower temperature of
the humidity control chamber, i.e., it takes the saturated vapor
pressure at the lower temperatures and then is warmed to the spph
house temperature. The final relative humidity is the ratio of
the two saturated vapor pressures.

The humidity is measured with a Yellow Springs Instrument dew
point hygrometer model 91 using the 9101 probe and a 731 temperature
probe in the spph house. Temperature of the gumidity control |
chamber is checked at the air outlet with a 708 probe. This

instrument provides the ambient and dewpoint as an electrical

recorder output and can be recorded during the experiments.
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6. Experiment Control

a. Light Sources

Various light sources have been used in the physiological
experiments and here their technical specifications are
summarized.

1. Argon ion laser RCA LD2108 with 28x expansion Spectra

Physies collimator covers ~ 1 cm? of area and gives 6 mwatts

of 488 nm monochromatic light.

2. Bausch and Lomb High Intensity monochromator was used
with a Bausch and Lomb 5 element quartz-fluorite achromatic
focusable condenser lens. Two types of sources and
gratings were used; one, a quartz iodide tungsten source,
6.6 A/T2 %- Q/CL 45 watt, with a 500 nm blazed grating with
32 nm/mm dispersion and second a Bausch and Lomb 30 watt
deuterium source with a 250 nm blazed grating, 64 nm/mm
dispersion. The monochromator has an f/3.5 optical system

and has variable bandwidth controlling slit which was used

with a bandwidth of 2 to 10 nm.

3. Double Jerral Ash .25 meter Ebert monochromator

model 82-410 was used with two gratings for each part. One
for the visible region 380-800 nm blazed at 600 nm and
with 3.2 nm/mm dispersion and one for ultraviolet blazed

at 300 nm with 1.6 nm/mm dispersion. This monochromator



-40-

with the visible grating was used with a 3.3 nm bandwidth.
i) Ultraviolet light came from a deuterium lamp with
suprasil windows (Schoffel Instrument Corp 30/60 watt
lamp L201) and their LPS201 power supply (.017%,
ripple, .01% line, < .017% current). The light was
focused on the monochromator slit with two lenses
symmetrically placed at one focal length separation.
These lenses were 50 mm f.1. 1" diameter quartz

(Oriel Optics Al1-641-20).

ii) Visible light comes from a Q 6.6 A/T4/CL 200 watt
quartz jodide tungsten lamp with a 50 mm diameter
20 mm f.1l. spherical mirror (Rolyn Optics L-48-02)
behind the lamp to increase the useable amount ofA
light. This light is focussed on the slit with two
symmetrically placed lenses at approximately focal
length separation (Rolyn 58.8 mm f.1. achroﬁatic
lenses) and reflected by a 50 mm cold mirror
(410-650 nm at 45° incidence) from Rolyn (C50-83PSP2).
The power was regulated via a 500 watt solar
transformer (1% load and line) feeding a 1% Cal-
Power Corp 24-32 V, DC power supply. (Unfortunately,
rather a bulky item and should be replaced with light

feedback control or constant current control,
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e.g. Kepco JQE 36-8M, which takes 1/10 the space

and gives superior performance.)

iii) High intensity arc lamp with a xenon light
source, 500 watt Pek 500-A was used with a 1000 watt:
Hanovia Model 27801 power supply. A mercury-xenon
lamp Hanovia 941B~1 is available but never was used.
A better supply would be one with a photoelectric
feedback, e.g. Christie Electric SCX1200-12S, as one
of arc lamps main problems is variable output even at
constant current.

The lamp housing was from Electropower Corp,
their Universal Short Arc Lamp Housing Model 371 with
front surface spherical mirror, 62 mm diameter 42 mm
f.1. quartz convex lens to focus onto monochromatic
slit and external controls to allow precise alignment
of the optical center of the lens with the lamp arc
and spherical mirror. Light is reflected onto slit
with UV "cold" mirror (Rolyﬁ C45) or the visible

cold mirror.

iv) Line source calibration was done with a Oriel
C-13-~63 Hg lamp with C73~12 power supply and a homemade

He Jlamp.
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v) The "standard" lamp was a 150 watt GE 1958 quartz
iodide tungsten lamp run at a controlled 24 V. The
identical power control was used as for the visible
monochromator source. Voltége was checked with a
Fluke differential voltmeter across lamp terminals.
This light was collimated with a Bell and Howell

gunner sight lens.
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b. Light Source Selector

Certain types of experimental control are required
frequently in the routine handling of Phycomyces.

One is the programming of the wavelength of
the source and direction of its incidence. For example, to
determine the action spectrum of wild type or a mutant of
Phycomyces one standard technique is the growth response null
method. One alternates the illumination between a standard
wavelength and a test wavelength and then on successive
alternating cycles varies the test intensity and obtains by
interpolation the intensity resulting in no growth respounse.
To get straight growth, both sides of the sporangiophore have
to be illuminated. A system of two movable mirror selectors
is used. One mirror selects the light source and the other
the side of the sporangiophore to be illuminated. Both are
controlled electronically. See Fig. III-4 ''Source selector and
beam alternator". The side selector is alternated rapidly to
provide illumination on both sides.

Another action spectrum that can be measured by a null
method is that of the phototropic response. One light source
is shone on one side while the standard light source is shone

+ha

on the other side. After a period of time the sides are reversed

[N

producing a bending synchronized to this period. This is easily
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accomplished with the same system described and can be immediately
programmed so that one can compare tropic and growth balances

on the same specimen for an estimate of focusing advantage and
screening. |

Of»courée other systems may be used. A source consisting
of a circular array of light pipes converging on the spph has
been considered. For visible light this would provide several
capabilities, one is as a non-directional source as uniform as
possible around the specimen for stimulus response ﬁeasurements
(Appendix H-3). A rotating light source may also be provided
this way.

Since light pipes do not transmit UV an alternate system
is necessary. Such a system could bekbuilt using a rotating
mirror (see Appendix H-3).

See Appendix E, p.220 for details on the light source

selector.



46—

c. Light Source Intensity Control

The intensity is controlled by a 6 inch diameter circular,
optical flét, 220 to 700 nm neutral density wedge which may be
rotated quickly from one density to another by a stepping motor
providing an essentially continuously variable intensity and
easy programming. The wedge is a Kodak inconel A 6040 on GE-105
quartz which is operated to provide about 750 positions between
0.15 and 4.0 0.D.

Ramp and pulse experiments as well as step changes of
intensity are easily accomplished. Versatile programming of
intensity can be set up. See Fig. III-5 "Programmed intensity
control." Of course additional filters may be added in the
light path to provide a wider range of intensities.

The control program illustrated in the figure shows how
the light intensity is changed from one level to another level
always through intermediate intensitiés. A number corresponding
to the actual position of the wedge, is kept in a counter.

When a new position corresponding to anothér number is requested
the wedge is rotated in the appropriate direction until the
correct position is reached,

See Appendix F p. 225, for details.
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d. Experiment and Data Handling Programmer

Control of a variety of experiment program functions have
been put togethér into an expefiment programmer. Two of these
functions, the light source selector and light beam alternator
and the programmed intensity control have already been briefly
discussed.

There are several other functions included in the programmer,
a ramp or light pulse clock, an address control and a digital
display of the 0.D. Wedge position and present computer memory
address.

The clock divides down a 1 KHz signal from the main computer
and allows flexibility in setting the rate of a "sunrise"
experiment, i.e. the rate the 0.D. wedge is stepped providing an
exponentially increasing light level. This clock can also be
used to set the length of a pulse stimulus.

The address control is a counter which keeps track of the
instrument computer's address. Address corresponds to time
in the signal averager's cycle.

Means have been provided to initiate anvexperimental change
by setting digit switches at any two variable addresses or
their corresponding times. A third digit switch sets the
number of addresses in any cycle and coupled with the instrument

clock's time interval between each address, this digit switch



~49-

sets the length of the cycle.
| The digital display tells the 0.D. wedge position and present
address to ease the anxious experimenter.

All the various functions are linked together with a
patch board (Fig. G-4) allowing the experimenter to program
the various functions together to do action spectra, stimulus
response curves, ''sunrise' experiments or whatever.

See Appendix G, p.231 for details.
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e. Light Intensity Measurement

Light measurements are given in units of watt/cm? with
designated wavelength, A. These values can be converted to
picoeinsteins/cm2 sec or quanta/cm2 sec through the following

formulas:

1 wwatt/cm? = 5.03 x 1012 (A um) quanta/cm? sec
1 picoeinstein/cm? sec = 6.02 x 1011 quanta/cm? sec

1 pwatt/cm? = 8.35 (A um) picoeinsteins/cm2 sec

Delbriick and Reichardt (1956) introduced a logarithmic
intensity scale with a unit intensity (logp I = 0) equal to
10 uwatts/cm? of an incandescent source with a Corning  5-61,
5 mm thick filter. The logarithms are taken to the base 2 so
that each unit on this scale corresponds to a doubling of the
intensity;

Comparison to this scale which was designed for broad
blue light (see curve, Bergman et al., 1969, section 38)
can be made approximately through use of the action spectra
(Fig. 1IV-3 and Fig. IV-4). According to Delbriick and
Shropshire (1960) 22 nwatts/cm? at 440 nm corresponds to an
intensity of I = - 8 in the Delbrlick and Reichardt scale.

Table III-2 gives a comparison of the different units for

the important intensity levels of Phycomyces data.
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Light has been measured with several different pieces of
equipment and these are summarized below:
1. To check intensity as a function of wavelength
a) Hewlett Packard Radiant Flux Meter 8335A with a Model
8334A Radiant Flux Detector option 013 with T19 Supersil 1
optical window. This has a flat response %37 or less
from 180 to 1300 nm but is poor below one uwatts/cm?
incident energy.
b) Charles M. Reeder RBL-500 thermopile with #7049 Corning
Quartz window measured with a Keithley 150B microvoltmeter.
2. A more sensitive broad range detector was also used. United
Detector Technology Schottky Barrier ultraviolet enhanced
photodiode (PIN 10 UV). The current was measured with a Princeton
Applied Research PAR 134 electrometer.
3. Also available to measure the lowest intensities is a EMI
6256B photomultiplier tube with 1 cm cathode, spectrosil window
and type S-13 sensitivity.
4, Often Ealing calibrated quartz inconel neutral density
filters were used additively and the light intensity was
determined to sufficient accuracy by measuring the light without

the filters and then adding the calibrated values.
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IV. EXPERIMENTS, RESULTS AND DISCUSSION

Mutants of the carotenoid pathway were among the first to be
isolated from Phycomyces. They were selected for their color, either
albino or red due respectively to the absence of colored carotenoids
or to the presence of lycopene. One particularly transparent mutant
has provided us with an excellent opportunity to obtain an undistorted
action spectrum in the visible region. These mutants which differ
in the extent of absorption by screening pigments and scattering by
particulates have allowed us to study the effect of these two
causes of attenuation on the tropic and growth responses. The
relative effect of these pigments and scattering interspersed or
interposed between the receptors can be assessed by experiment.

These studies also permit an estimate of the focusing effect of the

cell on the tropic response.

A. CAROTENOID MUTANT ABSORPTION SPECTRA

Essential to this discussion are the absorption spectra of wild
type (NRRL1555) and of several carotenoid mutants. The transmission
of light through the smali photosensitive regions of individual spphs
(Fig. IV-1) has been measured using a Cary model 15 spectrophotometer
with a microscope attachment (Zankel et al, 1967). A narrow 5 um slit
of light 100 um long aligned with the cell axis was focused in the

center of the spph with a 20X, 0.5 N.A. (numerical aperture) microscope
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Fig. IV-1. Absorption Spectra

Strain NRRL1555 , C5 (6] Cc2 Cc2

Genotype Wild type (=) car-10 carR21 car-5 car-5

media PDA PDA PDA PDA LAC

mean diameter 100 81 68 103 104
(pm)

cytoplasmic 27 21 17 26 30

- thickness (1m) :

number of 7 3 1 4 1

specimens

A 5 um by 100 um slit of light from the Cary 15 spectrophotometer
was aligned with the cell and centered 1.3 mm down from the base of
sporangium. The amount of transmitted light was measured.

PDA

potato dextrose agar

]

LAC = Lactate (Zankel et al, 1967)
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