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I. INTRODUCTION

Protosiphon botryoides Klebs is a cosmopolitan alga

belonging to the order Chlorococcales. Its life cycle and

cytology were amply described by Bold (1933), but not until

recently has the genus been recognized as containing more

than one species. Thomas (1968) has discussed the tax

onomic position of Protosiphon, and in the process also

described ten additional species.

Most early investigations on the physiology of

Protosiphon were concerned primarily with factors affect

ing the production and release of zoospores. O'Kelley and

Herndon (1959, 1961), O'Kelley and Deason (1962), and

O'Kelley (1965) devised experiments to determine the influ-

Denton (1966)other factors on zoospore production.

studied the effect of a strontium replacement for calcium

on carbohydrates and other products of photosynthesis in

He noted very little difference between theProtosiphon.

qualitative composition of calcium- and strontium-grown

cells.

ence of alkaline earth elements, nitrogen, sulfur, and
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As early as 1896 Klebs noted a relation of light to

zoospore formation in this alga; dim light or darkness

induced swarmer formation. Maher (1947) noted that bright

light inhibited motile cell formation, while in diffuse

light many zoospores were produced and in darkness maximum

numbers of zoospores were formed. The effects of various

wavelengths of light on production and motility of zoo

spores were studied by Williamson (1962). Even though

precise control over light intensity was not maintained.

she noted that fewer zoospores were produced in blue light

than in green light, red light or darkness. Also the

period of motility was shorter in blue light. Stewart and

O'Kelley (1966) studied various environmental factors which

affected zoospore formation in Protosiphon. They observed

that of the light regimes tested the most suitable for

synchronous zoospore production was 36 hours cool-white

light alternated with 12 hours of darkness. However,

complete synchrony was not attained in that division was

restricted to the dark period but only part of the cells

of the culture divided during one cycle.

In order to evaluate Tamiya's hypothesis (1964) that

the active synthesis of food materials and the initiation

of zoosporogenesis are processes which compete for energy
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provided initially as light, Durant, Spratling, and

O'Kelley (1968) investigated the effects of monochromatic

light on zoospore production by Protosiphon. They found

that monochromatic light of 400-500 nm inhibited zoospore

production and light of longer wavelengths stimulated the

They also suggested that Protosiphon might beprocess.

synchronized by alternating blue with longer wavelength

light on a 12-12 hour or longer regime. Using these sug

gestions it has been possible to obtain almost complete

synchrony of zoospore formation by alternating cool-white

light with its yellow-red component on a 36-12 hour cycle

(Carroll, Thomas, Dunaway, and O'Kelley 1970).

found that alternation of light quality could be usedwas

to synchronize spore formation in other algae.

This study is concerned with the development of

synchrony, the effects of monochromatic illumination on

growth and DNA, RNA, and protein production throughout a

cycle in the synchronized growth of Protosiphon. It was

undertaken in order to elucidate insofar as possible. the

mechanism of synchronous division in Protosiphon and

other algae.

Also, it



II. MATERIALS AND METHODS

Protosiphon botryoides Klebs, strain 99 from the

Indiana Culture Collection of Algae, Indiana University,

was used in this investigation. Stock cultures were main

tained on agar slants prepared by adding 1.5 grams agar

(BBL) to 100 ml modified Bristol's medium, prepared

according to Deason and Bold (1960). Two to four weeks

prior to use as inoculum, cells from the slants were

transferred to 200 ml of the liquid medium in a 500 ml

Erlenmeyer flask. Both slants and liquid medium stock

cultures in flasks were kept at 22-25° C on a 12-12 hour

light-dark cycle. The liquid medium stock cultures (used

as inoculum for larger scale cultures) were illuminated

with cool-white fluorescent bulbs (Sylvania). I1lumination

intensity at the culture flask surface. as measured by a

3YSI Kettering Radiometer, was 6 x 10

Cell Counting TechniquesA.

All cell counting was done using a calibrated Coulter

Counter, Model Fn. Cell measurements were made in Isoton,

and cell size distributions were calculated through an

especially prepared Fortran IV program and an IBM 360
computer.

ergs/cm^-sec.
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Action Spectrum for Zoospore FormationB.

Protosiphon cells were illuminated with cool-white

light, ca 500 ft c. and bubbled with 1% CO2 in air for 36

hours prior to being subjected to monochromatic light for

study of the cell division response. Twelve aliquots.

10 ml each, of these cells were placed in 60 mm diameter

Petri plates which had been painted flat black on the out

side. covered with two inch square Schott Narrow Band

(Type DAL) Interference filters, and illuminated with

monochromatic light for 10 hours. Illumination of the
3 ergs/samples was maintained at an intensity of 1.5 x 10

,2cm2-sec in an apparatus previously described by Durant

(1968).et al. At the end of 10 hours illumination. the

number of zoospores in each illuminated sample was deter

mined using the Coulter Counter. Dark controls also were

counted and the amount of zoospores produced at each wave

length was expressed as percent of zoospores produced in

darkness. This action spectrum was prepared from measure

ments made under conditions such that it was possible to
compute the light intensity (quanta/cm^-sec) needed to

produce a standard response of 20% stimulation or inhibi-

The reciprocal of this quantum intensity is plottedtion.

against wavelength (nm), as suggested by Clayton (1965).
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Synchrony ProceduresC.

Liquid cultures 2-4 weeks old were selected as inoc

ulum for an apparatus designed for continued culture of the

alga (O'Kelley 1966). Culture vessels containing 10 liters
of modified Bristol's medium were used to establish syn
chronous cultures of Protosiphon. Illumination with cool

white fluorescent bulbs (Sylvania) was maintained at 8.7 x

ergs/cm2-sec at the culture vessel surface for 36 hours.

One percent CO2 in air was bubbled through the culture

during this period of cool-white illumination. At the end
of 36 hours the light was changed to cool-white filtered

through Cinemoid (Kliegl Bros. Universal Stage Lighting

Co., Inc.) #1 yellow filters. These filters are opaque to

light from 400-500 ran, begin transmitting at 500 nm and

continue through the visible into the far-red part of the

spectrum; that part of the spectrum which is transmitted

is designated herein as yellow-red light. When the light

ing was changed to yellow-red, bubbling air replaced the

one percent CO2 in air and the culture density was re

adjusted to 0.2 ml packed cell volume per liter of culture

medium by axenically removing part of the culture and

replacing it with fresh medium. Two to three of these

environmental cycles in succession were required to

104
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establish synchrony to the extent that more than 99% of

the cells at the end of each yellow-red period were newly-

formed zoospores.

Monochromatic Light and PhotosynthesisD.

Actively growing Protosiphon cells illuminated by

cool-white light approximately 12 hours after being formed

by zoosporogenesis were used in these studies. First, an

in vivo absorption spectrum of Protosiphon was obtained by

placing a piece of opal glass in both the sample and

reference beam of a Beckman DBG spectrophotometer and by

recording a scan of the absorption of whole cells from

to 400 nm (Shibata et al. 1954).7 50 nm Wavelengths

corresponding to particular peaks or troughs of the absorp

tion spectrum were then selected to determine part of the

action spectrum for photosynthesis. Monochromatic light.

675, and 730 nm respectively. was

obtained by passing incandescent light through combinations

of Cinemoid and liquid filters as indicated in Table 1.

lO^ ergs/The light intensity at 425 nm was set at 2.5 x
,2cnr-sec as measured by a YSI-Kettering radiometer, model

Radiation intensities of the other wavelengths were65.

adjusted so that the Protosiphon suspension irradiated

with any one of the four wavelengths would receive an

with peaks at 425, 555,
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equivalent photon flux (Table 2) . The photosynthetic

capacity of the Protosiphon suspension at these various

wavelengths and intensities was then monitored by a YSI

Biological Oxygen Monitor connected to a 10 mv VOM 5

Bausch and Lomb recorder.

Monochromatic Light and Cell EnlargementE.

A prior study has shown that cell division in Proto

siphon is inhibited by blue light and promoted by light of

longer wavelengths (Durant, Spratling, and O'Kelley 1968).

en

largement in Protosiphon have not been studied before,

since such a study demands a synchronized culture and an

instrument of the nature of the calibrated coulter Counter.

Intensities required for equivalent photosynthesis

using blue (425 nm) and red (675 nm) light were determined

(Table 3) . This was accomplished by removing a sample of

from an actively growing, synchronized, Protosiphoncells

culture 12 hours into the cool-white part of the cycle.

The sample was concentrated approximately four fold in

order to give a suspension of cells dense enough to pro

duce a detectable rate of respiration or photosynthesis
within 15 minutes, but not so dense that erroneous photo

synthetic rates were produced because of shading. A sample

However, the effects of monochromatic light on cell
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TABLE 2

IRRADIATION INTENSITIES NEEDED TO PRODUCE AN EQUIVALENT

PHOTON FLUX OF MONOCHROMATIC ILLUMINATION

WAVELENGTH

3425 2.5 x 10
3555 1.9 x 10
3675 1.6 x 10
31.4 x 10730

TABLE 3

IRRADIATION INTENSITIES NECESSARY FOR

EQUIVALENT PHOTOSYNTHESIS

WAVELENGTH

425

675

ENERGY 
ergs/cm3-sec

ENERGY 
ergs/cm2-sec

9.0 x 103

2.5 x 103
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with a density of approximately 100 Klett colorimeter

units (using a red filter) was found to give reproducible

results. The rates of photosynthesis and respiration were

measured with a YSI Biological Oxygen Monitor connected to

a 10 mv VOM 5 Bausch and Lomb recorder. Blue light

(obtained by passing incandescent light through filter

combinations as shown in Table 1) intensity was set at
ergs/cm2-sec as measured by a YSI Kettering

Radiometer. Oxygen evolution or consumption due to photo

synthesis or respiration respectively was measured and the

true photosynthetic rate was calculated for light of this

wavelength and intensity. Filters were changed so that

the sample could be irradiated with red (675 nm) light.

The distance of the light source from the sample was

adjusted so that a true photosynthetic rate equal to that

This intensity wasobtained in blue light was obtained.

Finally, to study thethen monitored with the radiometer.

effects of monochromatic blue and red light on cell en

largement, a cell suspension was taken at the end of the

yellow-red period from a synchronized culture, irradiated

with either blue or red light of predetermined intensity

for 36 hours and supplied with bubbling 1% CO2 in air.
Samples withdrawn every 6 hours were counted and sized in
Isoton using the Coulter Counter.

2.5 x 103
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DNA, RNA and Protein Determinations Throughout theF.

Cell Cycle in Synchronized Cultures

Beginning with the zoospore stage in a synchronized

culture, 500 ml cell suspensions were removed at 6 hour

intervals (0,6,12,18,24,30,36 hr) during the cool-white

light part of the cycle.

cool-white period the culture was split into three equal

One aliquot received cool-white light and 1% CO2parts.

in air, a second aliquot received yellow-red light and air.

and the third received air but was not illuminated. Under

these regimes, samples were removed every 4 hours for 12

hours. DNA, RNA, and protein were extracted by procedures

summarized in Figure 1. Samples from the entire 48 hour

cycle were concentrated in an RC2 Sorvall refrigerated

centrifuge. The resulting pellet was extracted according

(1961).to the procedure of Tamiya et al.

tracted from the pellet by hydrolyzing for 30 hours in

C IN HC1O4. The extract was treated with

Orcinol Reagent according to Schneider (1957) and the

color intensity read at 660 nm on a Beckman DBG spectro-

The pellet remaining after the RNA extraction.photometer.

containing DNA and protein, was hydrolyzed twice at 70° C

These two extracts were combinedwith 5 ml 0.5 N HCIO4.

10 ml 0.0°

RNA was ex-

Then, at the end of the 36 hr



Summary of procedures for extraction and separa-Fig. 1.

tion of DNA, RNA, and protein from Protosiphon

botryoides.



Pellet from Culture Sample

Pellet

10 ml Cold 90% Methanol (20 min)
1

Pellet

10 ml Cold 80% Ethanol (20 min)

Pellet

Pellet

I
Pellet

I
Pellet

Residue
(Discard)

Extract 
Acid 

Solubles 
(Discard)

Extract
Lipids & Related

Materials
(Discard)

1---
Extract 
Protein

Extract, 
Chlorophylls 

(Discard)

Extract twice with (3:1) 
Ethanol:Ether 70° C

Solublize 30 min in 
Boiling IN NaOH

I
Extract 

RNA

I 
Extract 

DNA

Extract Twice 
with

0.0°C 0.5N HCIO4 (20 min)

Hydrolyze in 10 ml 
0.0° C 1.0N HC104 (30 hr)

Hydrolyze twice with 5 ml 
70.0° C 0.5N HCIO4
(20 min each)

Extracts, 
Chlorophylls & 
Carotenoids 
(Discard)
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and the DNA content was determined by the diphenylamine

reaction according to Burton (1956) . The remaining pellet

was solubilized for 30 minutes in boiling IN NaOH. This

supernate was used to determine protein content by the

Lowry procedure (Lowry, 1951).



III. RESULTS

Action SpectrumA.

The results obtained were similar to those obtained

though the parent cells were grown under different envi

ronmental conditions and the method of counting cells was

changed. From the action spectrum (Fig. 2) it can be

observed that light from 402 nm to 475 nm inhibits zoospore

production, as compared to darkness. Maximum inhibition

occurs at 430-460 nm. Light from 480 nm to 730 nm stim

ulates zoospore production, as compared to darkness, with

the peak stimulation, 6-7 times, occurring at 550 nm. In

comparison with earlier results, Durant et al. (1968) , it

should be noted that the degree of stimulation by yellow-

red light of division of synchronized actively growing

cells is much greater than it was for aged cells from

standing cultures.

Synchrony ProceduresB.

Alternation of light-dark stimuli of circadian or

longer duration induced only a portion of the Protosiphon

cells of a culture to divide during a single dark period

earlier by Durant, Spratling, and O'Kelley (1968), even



An action spectrum for the effect of monochromaticFig. 2

light on zoospore production in Protosiphon

Points below the control line (dark-botryoides.

ness) are in reference to 20 per cent inhibition;

those above the line refer to 20 per cent stimula

tion.
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(Stewart and O'Kelley, 1963). The action spectra obtained

for zoospore formation by Durant et al. (1968), and the one

in this study suggested initially that Protosiphon might be

synchronized by alternating blue with longer wavelength

(yellow-red) light. When cool-white fluorescent light

which has a strong blue component is alternated with

of this type (with other conditions as previously indicated)

are sufficient to synchronize the culture to the extent

that more than 95% of the cells of the culture cleaved to

form zoospores near the end of the yellow-red period (Figs.

3,4,5) . Figure 3 shows the increase in cell number of a

synchronized culture over three successive 48 hour cycles.

The cell number did not increase significantly during the

36 hours of cool-white illumination. Shortly after the

cycle was changed to yellow-red illumination, the cell

number began to increase until a maximum was reached by the

end of the 12 hours of yellow-red irradiation. The in

crease in cell number observed during the yellow-red period

of each cycle indicated that 8-10 zoospores are produced

The cell number and size distribution ofper parent cell.

(0,6,12,18,24,36 hr) in cool-white light is shown in

a synchronized culture as monitored at 6 hour intervals

yellow-red light on a 36-12 hour cycle, two to three cycles



Cell number in a synchronized ProtosiphonFig. 3.

botryoides culture. The light portion of the

horizontal axis represents the time of cool-white

illumination; the heavy horizontal axis represents

yellow-red illumination.
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Protosiphon botryoides cell size distribution inFig. 4.
The first graph (0 hr)a synchronized culture.

represents size distribution at the end of a 12 hr
yellow-red illumination period and the beginning
of the cool-white 36 hr illumination period.
Other graphs show cell size distribution after

The horizontal axes show cell volume ranges in
cubic microns and the vertical axes, percentage
of total cell number.

6, 12, 18, 24, 30, 36 hr cool-white illumination.
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Protosiphon botryoides cell size distribution inFig. 5.

a synchronized culture. The horizontal axes show

cell size ranges in cubic microns and the vertical

per cent of total cell number. Fig. 5 (a) .axes,

Cells that have been in yellow-red light 4 hr

(40 hr of total cycl^. Fig. 5(b) Cells in yellow-

red light 8 hr (44 hr of total cycle) . Fig. 5(c)

Cells in yellow-red light 12 hr (48 hr of total

cycle). Fig. 5(d). Cells in darkness 12 hr (48

hr of total cycle).



I00-] 100-1

90- 90-

80- 80-

70-

60- 60-

50- 50-

40- 40-

30-

20-20-

10- >o-

16 20 24 28 32 36 40 44 48 52 (2 16 20 24 28 32 36 400 0 48 12 8

I 10CELL SIZE LIMITS.CUBIC MICRONS

100-j 100-1

c D90-90-

48 hr dork48 hr80- 80-

70-

6060-

50-50-

40-40-

30-

20-20-

IO- 10-

12 16 20 24 28 32 36 40 44 48 52 56 600 8 12 16 20 24 0 4 8

CELL SIZE LIMITS, CUBIC MICRONS x 10

88888

< 
o

B
44 hr

U-

5
21

A
40 hr

o
5
21

£ 30- 
*

& 30-

«>
d TO-

S 70‘



21

Figure 4. With increasing culture age there was not only

an increase in cell size but also an increase in cell size

This non-uniform increase in cell size occurredrange.

even though the culture was being stirred and maintained

under uniform environmental conditions. After 36 hours the

lights were changed to yellow-red, and samples were mon

itored at 4 hour intervals (40,44,48 hr) (see Fig. 5).

Some zoospores were released at 44 hours and all at 48

hours. Figure 5 also shows the size distribution at 48

from cool-white light and placed in darkness at 36 hours.

In darkness only a fraction of the parent cells cleaved

and produced zoospores.

Monochromatic Light and PhotosynthesisC.

The in vivo absorption spectrum of Protosiphon (Fig. 6)

is typical of that of other algae of the class Chlorophy-

There are two main absorption bands. The strongestceae.

absorption occurs in the blue region and the next strongest

in the red region, with the yellow-green and the far-red

Critical parts of anregions showing little absorption.

action spectrum of photosynthesis, obtained by measuring

oxygen evolution from a sample of Protosiphon irradiated

hours of an aliquot, a control for this experiment, removed

with an equivalent photon flux of either 425 nm, 555 nm, or



In vivo absorption spectrum and partial actionFig. 6.
spectrum of photosynthesis of Protosiphon
botryoides. The curve represents the absorbance
of whole cells from 400-730 nm. The vertical
bars represent microliters of oxygen evolved per
minute at the designated wavelengths.
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67 5 nm peak wavelength light, were superimposed on and

correspond to the absorption spectrum. The 425 nm wave

next in efficiency, and the 555 nm wavelength was least

efficient in photosynthesis.

Monochromatic Light and Cell EnlargementD.

Red (675 nm) and blue (425 nm) light were selected for

the study of the effect of monochromatic light on cell

enlargement. Only in these regions, could photosynthetic

rates be elevated significantly above the compensation

point with the available equipment. The irradiation inten

sities of the 425 nm and the 675 nm light were adjusted to

give equivalent rates of photosynthesis, which meant that

the photon flux of the red light was greater than that of

the blue light. The cell size distribution was determined

on zoospores used to start the cell enlargement study, and

on enlarging cells at 6 hour intervals thereafter (6,12,18,

24 hr) and at 36 hours in both red and blue light (Fig. 7) .

The cells grown in blue light showed a more rapid rate of

cell enlargement than did cells grown in red light. One

pecularity was noted when the Protosiphon cells were grown

in either monochromatic red or blue light. There was an

apparent decrease in cell size which cannot be attributed

length was the most efficient, the 67 5 nm wavelength was



Protosiphon botryoides cell size distribution ofFig. 7.
cells grown in either blue or red light. The
first graph (0 hr) represents size distribution
at the end of a 12 hr yellow-red illumination
period of a synchronized culture and the beginning
of the blue or red 36 hr illumination period.
Other graphs show cell size distribution after

The horizontal axes show cell volume ranges in
cubic microns and the vertical axes, percentage
of total cell number.

6, 12, 18, 24, 36 hr blue or red illumination.



% OF TOTAL NUMBER OF CELLSOF TOTAL NUMBER OF CELLS%

88S8S3SS8no qi
O O O 8 38 o6

-w

CD

66

.... ....J

CD

*>8
&

o

8 
r

cn
N 
m

n

co
M

CM 
CD

g

Z 
o
o 
cn

o
□D 
o

E

o
5 
o

z
a
o
m



25

to either experimental error or some gross culture abnor

mality . The phenomenon first was noted in the blue light

irradiated culture after 6 hours exposure, but was not

found until 6 hours later (12 hr) in the red light irradi

ated culture. This lag in cell enlargement lasted only a

short time and cell size measurements at the following

interval indicates that growth had resumed. The shape of

zoospores is lenticular, while the young mon-motile cells

produced from them are essentially spherical. Possibly a

change in shape is being represented in the coulter Counter

data as a reduction in size (Hurley, 1970) .

E.

In order to gain more information about the cellular

processes and the possible regulatory mechanisms in a

synchronized culture of Protosiphon, the quantities of DNA,

and protein present in the culture were determinedRNA,

throughout the cell cycle (Fig. 8) . Colorimetric determi-

cated in the Materials and Methods, at 6 hour intervals

during the 36 hour cool-white irradiated part of the cycle.

and at 4 hr intervals during the 12 hr yellow-red part of

The results are expressed in milligrams of com-the cycle.

The initial sample was takenpound per liter of culture.

nations of DNA, RNA, and protein were performed, as indi-

DNA, RNA, Protein and the Synchronized Cycle



DNA, RNA, and protein production in a synchronizedFig. 8.

culture of Protosiphon botryoides throughout the

complete cell cycle. The vertical axis represents

milligrams of compound produced per liter of

culture. The light portion of the horizontal axis

represents the time of cool-white illumination;

the heavy horizontal axis represents yellow-red

i1lumination.
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at the beginning of the cool-white period (end of the

yellow-red period of the previous cycle) from a culture

which had a cell density of 10 Klett Units (with the red

filter) or approximately 60,000 cells per milliliter of

The cell number remained constant (Fig. 3)culture medium.

through the 36 hours of cool-white illumination, began

increasing in the yellow-red period, and increased approx

imately ten fold by the end of the cycle.

Even though the cell number does not increase during

the 36 hours of cool-white illumination, there is a rapid

increase of DNA, RNA, and protein. One notes an apparent

lag of DNA synthesis during the first 6 hours of the cycle

that is not noted in either RNA or protein synthesis.

During the next 18 hours of the cycle there is almost a

linear increase in all three compounds, and the rates of

synthesis of all three compounds decrease slightly between

the twenty-fourth and thirty-sixth hour of the cycle.

During the last 12 hours of the cycle, DNA again increases.

RNA does not increase during this time but, instead.

decreases slightly throughout the yellow-red part of the

Protein synthesis is noted to continue through thecycle.

total protein declines slightly for the last 8 hours of

first 4 hours of the yellow-red irradiation, and then the
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the cycle. The decline in total protein begins at about

the same time that zoospore release occurs.

Aliquots of the synchronized culture taken at the end

of the cool-white period (36 hr) and either illuminated

with cool-white light, yellow-red light, or placed in dark

ness for 12 hours, were sampled at 4 hour intervals and
analyzed for DNA, RNA, and protein (Fig. 9) . The results

indicate that in darkness the synthesis of DNA, RNA, and

protein comes to a halt and the levels of these compounds

remain essentially constant throughout the dark period.

The results obtained from cool-white light and yellow-red

light cultures are in contrast to this. One notes

continued synthesis of all three compounds occurred in

The synthesis of DNA in coolwhite light-grown cultures.

white light parallels DNA synthesis in yellow-red light

first 8 hours, plateaus at the eighth hour andfor the

almost constant between the eighth and twelfthremains

RNA synthesis plateaus at 4 hours, and proteinhours.
synthesis continues for the first eight hours of cool-

Between the eighth and twelfth hour of coolwhite light.

white illumination a decrease in total protein is noted.

As compared to the dark treated aliquot, and the

cool-white treated aliquot, yellow-red light appears to



DNA, RNA, and protein produced by ProtosiphonFig. 9.

botryoides when aliquots removed from a syn

chronized culture after 36 hr cool-white illumina

tion are either illuminated with yellow-red light.

cool-white light or placed in darkness for 12 hrs.

The vertical axis represents milligrams of com

pounds produced per liter of culture. The hor

izontal axis represents cycle time in hrs.
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In contrast, no yellow-red lightstimulate DNA synthesis.

stimulus is noted for RNA and protein synthesis. RNA syn

thesis ceases when the cells are placed in yellow light.

Protein continues to be synthesized for the first 4 hours

of yellow-red illumination, but the total protein declines

between the fourth and twelfth hour of illumination. The

results of the protein analyses of yellow-red-illuminated

cells are similar to those of the cool-white-illuminated

occurs 4 hours earlier in yellow-red grown cells.

cells, except that the observed decrease in total protein



IV. DISCUSSION

In observing light inhibition of cell division in

young cells of Chlorella ellipsoidea, Tamiya (1964) sug

gested that an assimilatory metabolism driven by a high

rate of photosynthesis prevents cell division in younger

cells. According to this hypothesis, in darkness an alter

nate metabolism occurs which promotes cell division; when

older cells may divide when illuminated. Various factors

affecting cell division and consequent zoospore production

in Protosiphon botryoides have been studied by O'Kelley and

Herndon (1961), O’Kelley and Deason (1962), and Stewart and

O’Kelley (1965). Since Protosiphon belongs to the same

like Chlorella, divides to produceorder as Chlorella and,

spores preferentially in darkness, an action spectrum of

zoospore formation by Protosiphon was considered a useful

tool in elucidating possible mechanisms of zoospore forma

tion on cell division in Chlorella and related organisms.

According to Tamiya' s hypothesis, an action spectrum of

cell division should look like an upside down action

cells age, photosynthesis and assimilatory metabolism are

supposed to lessen even when cells are illuminated, so that
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spectrum for photosynthesis. This was found not to be the

(Durant, Spratling, and O'Kelley 1968) . Instead,case

they found that light from 400-500 nm inhibited cell divi

sion and zoospore formation as compared to darkness, and

light from 500-730 nm stimulated the process. They further

tested the hypothesis of Tamiya using DCMU, and were unable

to find any evidence of an inverse cause-and-effeet rela

tionship between photosynthesis and zoospore production.

The action spectrum for cell division obtained in this

study is markedly similar to the one obtained by Durant

(1968), even though the parent cells were grownet al.

under different experimental conditions; maximum inhibi

tion in both cases occurred at 430-460 nm. theHowever,

range of the stimulating wavelengths as well as stimulation

peaks differ somewhat from the results of Durant and co

in this study, light from 480-730 nm (with aworkers.

maximum at 550 nm) stimulates zoospore production. Durant

noted two stimulation peaks; one at 584 nm and theet al.

These differences might beother at approximately 640 nm.

attributed to the accuracy of the counting procedures used

Also, a greater degree of stim-by Durant and co-workers.

ulation and inhibition of zoospore production is noted in

The increasedthis study as compared to the earlier study.



33

spore production is probably due to experimental handling

of the cells prior to monochromatic illumination. The

cells used in this study were exposed to cool-white light

and 1% CO2 in air for 36 hours prior to monochromatic

illumination, whereas the cells used in the previous study

were from 6-week old standing cultures which had not been

provided CO2 other than that normally available in air.

The absorption spectrum of a pigmented substance is

often a useful property for its characterization in biolog

ical systems. Measurement of absorption spectra may pro

vide a nondestructive method of both qualitative and

quantitative analysis that can be carried out on very small

samples. However, prior to the development of the opal

glass technique of shibata (1954), absorption studies were

necessarily done on cell extracts. Cell extracts are

necessary for the complete separation of pigments, but the

absorption spectrum of whole cells gives a more accurate

overall picture of pigmentation in the living cell.

It is a fundamental photochemical law that light must

The effectiveness withbe absorbed to have an effect.

which different wavelengths cause a photochemical or photo-

biological response is proportional to the absorption

Comparison of action andspectrum of the active pigment.
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absorption spectra may therefore lead to an identification

of the pigments sensitizing the photobiological process.

However, in some cases the active pigment may occur in

small quantities, masked by larger quantities of inactive

pigments, so that no identifiable bands corresponding to

it occur in the absorption spectrum. For example, the

action spectrum for phototaxis of the dinoflagellate

Prorocentrum shows a peak at 570 nm, although the absorp

tion spectrum of this organism has no special features at

this wavelength (Halldal, 1958) . Also, action spectra of

the photomorphogenetic effects of light on plant develop

ment led to the discovery of phytochrome, whereas absorp

tion spectra initially did not indicate the presence of

such a pigment. Interpretation of action spectra of multi

pigment systems is further complicated by intra-pigment

The in vivo absorption spectrum obtainedenergy transfers.

from Protosiphon is typical of a green alga and lacks any

special features which would distinguish pigments involved

The importance of light in thein zoospore induction.

growth and development of plants has been recognized for a

However, only in the past decade hasnumber of centuries.

the importance been realized of particular wave-bands as

Several photoopposed to the total visible spectrum.

morphogenetic studies of algae to date have dealt with the
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blue and/or red part of the spectrum. Emerson and Lewis

(1943) showed that the rate of oxygen uptake by Chlorella

pyrenoidosa increased after exposure to low intensity blue

light; light of 480 nm stimulated maximum oxygen uptake.

Kowallik and Gaffron (1966) demonstrated that blue-green

light (wavelengths less than 550 nm) markedly enhanced the

endogenous respiration of starved Chlorella in a revers

ible manner. Kowallik (1967) observed that low intensities

of blue light increased the endogenous respiration in

Chlorella. Stimulation peaks occurred at 450 nm and at

375 nm. Reasoning from the action spectrum he suggested

the involvement of flavins and cis-carotenoids. Hess and

Tolbert (1967) working with Chlamydomonas and Chlorella

reported an accumulation of glycollate by cells grown in

blue light. They noted that after exposure to

brief time in either blue or white light, approximately

14,C had accumulated in the30% of the total soluble fixed

'C; in red light these algae

accumulated less than 3% of the soluble

Becker, Dohler and Egle (1968) observed thatglycollate.

Chlorella excreted glycollate into the medium when exposed

to red light, but did not do this when exposed to blue

light; also, carbohydrates were produced more effectively

in red light while protein synthesis predominated in blue

14C fraction into

14C02 for a

major product glycollate-^-4!
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A requirement of blue light for the induction oflight.

two dimensional growth in the gametophytes of some poly-

podiaceous ferns contrasts with filamentous one-dimensional

growth in red light (Raghavan, 1969) .

Both chlorophyllous and achlorophyllous organisms have

been studied for blue light effects on growth and division.

White light from cool-white fluorescent bulbs was inhib

itory to the growth of Prototheca zopfii (an alga) ,

Saccharomyces cerevisiae (a yeast) and Tetrahymena pyri-

formis (a protozoan). Light from incandescent lamps of

equal intensity was less inhibitory, and radiation from

black light fluorescent lamps was much more inhibitory

In higher plant cell tissue, cell(Epel and Krauss, 1965) .

division has been reduced by irradiation with blue light;
blue light inhibited both cell elongation and multiplica
tion in rice root seedlings (Ohno and Fujiwara, 1967),
with no accompanying evidence of red and far-red inter

Fraser, Loening and Yeoman (1967) studying theaction.

effect of light on cell division in non-green callus

cultures of Helianthus tuberosus, noted that irradiation

other than dim green had a strongly depressive effect on

Wolf, Fives andcell division as compared to darkness.

(1967) observed that both green light (546 to 577 nir)Klein
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and near-UV suppressed mitosis in onion root tip meristem

after a minimum of one hour irradiation, and that green

radiation was less effective than near UV. Other work by

Klein (1964) with nonphotosynthetic plant tissue cultures,

and by Klein, Edsall and Gentile (1965) using an alga, a

fungus and various higher plants, showed that near UV and

green wavelengths repressed growth of these cells. Klein

and Edsall (1967) reported the same effects of these wave

lengths (365 nm and 546 to 576 nm) on the growth of liquid

cell cultures of Ginkgo pollen and monolayer cultures of

Hela cells.

Ingold and Nawaz (1967) observed that light of wave

length 400 to 500 nm was necessary for overall sporophore

development in the fungus Sphaerobolus; however, during

the last few days of development, light of 640 to 700 nm

accelerated the process more than blue light.

In the green alga, Acetabularia crenulata, blue light

(440 nm) is necessary for growth (Terborgh, 1965) . Maximum

growth was witnessed in continuous blue and relatively

little growth was observed in continuous red. Clauss
obtained(1963), working with Acetabularia mediterranea,

This perhaps can be explained by thesimilar results.

(1968) who found that in blueresults of Schael and Clauss

light (300 to 500 nm) A. mediterranea evolved oxygen at an
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almost constant rate, but in monochromatic red light the

rate of photosynthesis decreased within 2 to 3 weeks to

Clauss (1970) observed that the Hill activityzero.

(reduction of trichlorophenol indophenol) of isolated

chloroplasts from A. mediterranea decreased with time of

monochromatic red light irradiation so that after 2 to 3

weeks only 30 to 40% of the activity remained. The iso

lated chloroplasts in blue light showed no such loss of

activity. He concluded that the observed changes were due

to an alteration of the photosynthetic apparatus.

A prior study (Durant, Spratling, and O'Kelley, 1968)

has shown that cell division in Protosiphon is inhibited

by blue light and promoted by light of longer wavelengths.

ment of Protosiphon cells have not been studied. Mono

chromatic blue with its peak at 425 nm and monochromatic

red (67 5 nm peak) were selected for a study of the effects

of monochromatic light on the growth of Protosiphon

These wavelengths were selected because ofbotryoides.

their opposite effects on zoospore production and because

illumination with these wavelengths resulted in photo

synthetic rates that were significantly elevated above the

In connection with this study, and ascompensation point.

However, the effects of monochromatic light on the enlarge-
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a prelude to it, a partial action spectrum for photosyn

thesis was obtained. This partial spectrum matched an

absorption spectrum obtained using whole cells; as expected,

photosynthesis was most efficient in the blue and red

regions of maximum absorption and least efficient in the

region of minimum absorption.

Photosynthesis rates were equalized experimentally by

varying light intensity; as a result the culture receiving

67 5 nm monochromatic light received a greater photon flux

than the culture receiving light at 425 nm. As Figure 7

indicates. the rate of cell enlargement of Protosiphon was

much greater in monochromatic blue than in red light.

These observations are consistent with previous short-term

experiments on the growth of algae in monochromatic light.

SynchronyA.

Various techniques have been employed by investigators

in order to obtain synchronous populations of cells for

A synchronous culture of cells is one intheir studies.

all cells pass through the same stages of the lifewhich

In this way characteristics of aat the same time.cycle

single cell are transferred into the large scale of a cell

Such a culture is desirable for the study ofsuspension.

age-linked physiological, morphological, and cytological
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characteristics. Synchronous cultures of some organisms

may be obtained by mechanical selection of the starting

material or subjection of randomly growing whole cultures

to a synchronizing environmental factor. Much of the

earliest work was done with Chlorella. Tamiya (1953) and

co-workers were one of the first groups to maintain syn

chrony in an algal culture, when they placed a mechanically

selected homogenous population of Chlorella ellipsoidea on

Lorenzen (1957) was ablea 12-12 hour light-dark regime.

to synchronize Chlorella pyrenoidosa by submitting the

culture to a regime of alternating periods of 16 hours

He also found that synchronylight and 12 hours darkness.

could be maintained indefinitely by regularly diluting the

Other species ofculture at the end of each dark period.

Scenedesmus, Ankistrodesmus and Hydrodictyon, to mention

only a few, have been synchronized by manipulation of light-

Earlier attempts to synchronize zoosporedark regimes.

production in Protosiphon botryoides by light-dark treat

ments were successful only in that division occurred at the

only part of the cells of the culture divided during one

The action spectracycle (Stewart and O'Kelley, 1966).

same restricted time in the environmental cycle; however,

Chlorella, as well as various species of Chlamydomonas,



41

for zoospore production suggested that alternation of blue

with longer wavelength (yellow-red) light might be used to

synchronize cell division in Protosiphon. However, with

available filters and light sources, it was not possible

to obtain blue light of sufficient intensity to permit

adequate growth. Instead, cool-white fluorescent light,

which has a strong blue component, was tried in place of

monochromatic blue and alternated with its yellow-red com-

A number of experimental regimes alternatingponent.

cool-white with yellow-red light were tried; 12-12, 24-12,

36-12, The cycle which yielded the bestand 48-12 hours.

results was the alternation of 36 hours of cool-white with

Figure 3 illustrates the effect12 hours yellow-red light.

The lack of divisionof this regime on cell number.

during the cool-white illumination period and the burst of

division in the yellow-red part of the cycle illustrates

that the culture is synchronous in that division is lim

ited to one small segment of the total cycle rather than

One must keep in mind that cell division asbeing random.
monitored in this case is cytoplasmic and is not neces-

Figuressarily indicative of concurrent mitotic events.

4 and 5 further illustrate that synchrony has been obtained.

The cells within the 10-40 cubic micron range represent
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the zoospore population and those zoospores which have

just lost motility. Even though the increase in cell size

is not uniform during the 36 hours of cool-white illumina

tion, no increase in cell number is noted in the 10-80

cubic micron range. The non-uniform cell enlargement.

despite efforts to maintain uniform environmental condi

tion.

While the primary stimulus for inducing and maintain

ing synchronous division in Protosiphon is the alternation

of light quality, the actual regime alternates two other

sets of factors simultaneously with light quality (wave

length) . One is intensity, which is automatically lowered

when the blue component of cool-white is removed. This

decrease in intensity has been observed to exert some

synchronizing effect (Stewart and O'Kelley, 1966). How-

that yellow-red light and not merely a reduction of light

intensity is stimulatory to cell division and thus zoospore

The second factor is CO2 which is removedproduction.

when yellow-red light is supplied because CO2 is a known

inhibitor of cell division in algae (Sorokin, 1962) .

Recent observations in our laboratory indicate that 1% CO2

tions, can only be explained as inherent biological varia-

ever, the control shown in figure 5 is further evidence
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when supplied throughout the complete cycle of Chlamy-

domonas gymnogama does not inhibit cell division or affect

the synchrony of this organism (J. P. Thomas, Personal

Communication 1970).

Synchronization by the alternation of cool-white with

yellow-red light is not a peculiarity of Protosiphon,

since at least two other species, Chlamydomonas gymnogama

and Chlorella pyrenoidosa have been synchronized using

cool-white alternating on a 12-12 hour regime with yellow-

red light (Carroll, et al. 1970) . As with Protosiphon,

this method of alternation of light quality to obtain

synchrony proved superior to the alternation of light-dark

periods.

The effects of blue light on the production of

nucleic acids and proteins in cells have been studied by

Pirson andseveral researchers with varying results.

(1964) studied some of the responses of synchroKowallik

nized Chlorella cultures grown in either blue or red light.
Marked differences in cellular composition at equal net

Cells grown in blueproduction (dry weight) were noted.
light had a higher content of ribonucleic acid and protein
than cells grown in red light, which had a higher content
of total carbohydrate.
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Senger and Bishop (1966) working with an achloro-
phyllous mutant of Chlorella found that the synthesis of
nucleic acids was light dependent; RNA synthesis was more
strongly light dependent than was the synthesis of DNA.
In the presence of DCMU (a photosynthesis inhibitor)
nucleic acid formation was still stimulated. From their

results they suggested that pigments other than chloro
phylls. possibly a carotenoid, absorb light, stimulate

nucleic acid formation and induce cell division. Senger

and Bishop (1968) , in studying the action spectrum for

nucleic acid formation in this mutant, found only a very

slight enhancement of DNA production, and this only in

the blue region of the spectrum. Blue light caused a

sharp enhancement of RNA production. The main peak of the

action spectrum for RNA formation was between 465 and

Other researchers (Sokawa and Hase, 1967) working480 run.

with glucose-bleached Chlorella protothecoides observed a
repression of DNA synthesis and cellular division by

most effective and red light least in suppressing these
They also found (1968) that light suppressedresponses.

the increase of deoxythymidine monophosphate kinase activ

ity in the alga cells; this activity increase normally

visible light of relatively low intensity; blue light was
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occurs in advance of active DNA synthesis. Again, blue

light had a stronger suppressive effect than did red light.

In fern gametophytes, blue light initiated an increase

in protein synthesis; Deimling and Mar (1967) demonstrated

that blue light controlled the rate of protein synthesis

at the stage of polypeptide formation and not through the

synthesis of amino acids. Raghavan (1969) observed that

addition of RNase A or B to medium containing gametophytes

of Asplenium nidus growing in blue light prevented the

development of the two dimensional morphology that is

normally induced by blue light. Treatment of red light-

irradiated cultures with the same concentrations of RNase

markedly stimulated the filamentous growth normally

observed in red light. They reasoned that filamentous

growth of the sporelings is mediated by RNA insensitive

to RNase, while two-dimensional growth requires the syn

thesis of new RNase-sensitive RNA.

Starting at the point in the synchronized cycle of

Protosiphon where light is changed from yellow-red to

there is an increase in RNA and protein withcool-white.

The rate of increase diminishes somewhat near thetime.

When the light isend of the 36 hour cool-white period.

changed to yellow-red, the RNA content of the culture

remains level for 8 hours, and diminishes slightly during
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the last four hours; the protein level of the culture con

tinues to rise for four hours in yellow-red and then

diminishes slightly. The reduction in protein and RNA
may represent materials lost during zoospore release. In
contrast to the RNA and protein curves, the DNA curve

through the 48-hour cycle shows two periods of rapid DNA

increase; one is centered between 12 and 24 hours and the

second between 36-48 hours. A circadian rhythm is appar

ent; since the light changes invoked are not at regular

12 hour intervals, it is possible that the rhythm is under

endogenous control.

One characteristic difference observed between aged

cells from standing cultures (Durant, Spratling, and

nized cultures is their division response to darkness as

Cells from standing culturescompared to yellow-red light.

generally will zoospore in darkness when provided fresh

nutrient medium, although some stimulation is provided by

the 36 hr cells from syn-In contrast,yellow-red light.

chronized cultures in many cases will not divide in dark-
most or many of these cells required yellow-redness ;

light in order for division to occur.

O'Kelley, 1968) and mature (36 hr) cells in the synchro-



A comparison of protein, RNA and DNA changes in cells

subjected at this age (36 hr) to different light regimes

failed to point out a clear relationship between an appear

ance of either of these materials and zoospore production.

While it is observed that the DNA increase was greatest in

yellow-red light where zoospore production was optimal,

DNA increase and zoospore production were inversely related

when cool-white and darkness were considered. A possible

explanation is that some 36 hour cells are mature enough

to divide without further illumination, while others

require additional long wavelength light to reach this

state of maturity. Reaching this state of maturity may

depend on additional DNA production. If this is an

accurate explanation of what is involved, it is then

necessary to propose that the blue component of cool-white

inhibits zoospore production by some mechanism independent

If it were a matter of bulkof an effect on total DNA.

DNA synthesis, cells in cool-white should sporulate more

profusely than those in darkness and this is not observed.

Pirson and Kowallik (1964) noted that for ChloreIla

ellipsoidea cell division was delayed and spore formation

The bluewas reduced in blue as compared to red light.

light-grown cells had a higher RNA and protein content
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than did red light-grown cells, which had a higher DNA

and carbohydrate content. The results obtained in this

study with Protosiphon agree rather closely with those

obtained for Chlorella ellipsoidea.

Ever since Tamiya and co-workers synchronized

Chlorella pyrenoidosa, researchers have sought the mechan

ism as well as the factors which induce synchrony. One of

the older concepts which has been revived and defended in

various forms is that a certain cell size is somehow

operative as a stimulus for the triggering of cell divi

sion. Such ideas as the ratio of cell surface to cell

volume and the nucleocytoplasmic ratio belong in this

Pirson and Lorenzen (cit. Hoogenhout, 1963)category.

consider that they have demonstrated the existence of a

light-controlled endogenous time factor in Chlorella

According to their scheme the time at whichpyrenoidosa.

cell division will take place is fixed at the onset of

Wanka (cit. Hoogenhout, 1963) postulatesi1lumina ti on.

the formation of a compound C which controls the induction

Compound C is supposedly not synthesizedof cell division.

direct result of illumination, but instead is formed

reversibly from two other compounds, A and B. Cell divi

sion is induced only when enough of C has been formed.

as a
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certain amount of photosynthesis and concomitant growth

must take place before the cell can divide.

The term cell division sometimes is used loosely in

studies of synchrony in algae. Some reports have failed

to distinguish carefully between nuclear and cytoplasmic

division because it has been assumed that the latter auto

matically follows nuclear division. Cytoplasmic cleavage

is not automatic after nuclear divisions in organisms like

Protosiphon which have a coenocytic stage in their vegeta

tive life cycle. It apparently has been assumed by some

investigators that the environment, specifically light,

exerts its synchronizing influence directly and wholly

While the results of theupon the nucleus of the cell.

present investigation do not completely refute this state

ment, neither do they lend complete support. In any

Photo-tity) affects cytoplasmic cleavage in Protosiphon.

synthesis pigments, i.e. chlorophylls, do not appear to

be intimately involved because the red and blue effects

antagonistic and because yellow is also effective.are

Phytochrome is not implicated since red and far-red do not

A different photoreversiblehave opposing effects.

event, it is evident that light quality (as well as quan-

However, this may be another way of recognizing that a
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pigment system may be at work; this, like the phytochrome

system, would involve a single pigment that alternates

between a blue-absorbing form and a long wavelength

absorbing form. As yet, no direct evidence for its exist

ence has been found, and some experimental results indi

cate blue light inhibition and yellow-red stimulation are

independent effects. If this is true the effects must be
mediated through separate photoreceptors. The blue
absorbing pigment may be a carotenoid or flavin. At this

time no pigment known to be a component of Protosiphon has

an absorption spectrum that matches the action spectrum

obtained for the stimulation of zoospore production. This

pigment would absorb long wavelengths preferentially and
the energy absorbed could stimulate DNA synthesis as well
as zoospore production.



V. SUMMARY

Protosiphon botryoides Klebs was used to study the

effects of monochromatic light on cellular development,

including zoospore production and the factors involved in

synchronous growth.

An action spectrum of zoospore production revealed

that blue light (400-47 5 nm) inhibited zoospore production

as compared to darkness; maximum inhibition occurred at

430-460 nm. On the other hand, light from 480-730 nm

stimulated zoospore production, as compared to darkness;

peak stimulation occurred at 550 nm.

Synchronous zoospore production was established by

alternating, on a 36-12 hour regime, cool-white fluorescent

light with cool-white lacking its blue component (yellow-

Using this regime, better than 90% of allred light).

cells of the culture were induced to form zoospores during

the 12 hour yellow-red part of each 48 hour cycle.

The in vivo absorption spectrum and the partial action

spectrum of photosynthesis was found to correspond to that

Theobtained for other algae of the class Chlorophyceae.

42 5 nm wavelength was the most efficient, the 675 nm wave

length was next in efficiency, and the 550 nm wavelength
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was least efficient in photosynthesis.

The effects of monochromatic red (675 nm) and blue

(425 nm) light on cell enlargement were studied under con

ditions of equivalent photosynthesis. The cells grown in

blue light showed a more rapid rate of cell enlargement

than did cells grown in red light, even though the cells

in red light received a greater photon flux.

Synchronized cultures were used to study the quanti

ties of DNA, RNA, and protein present in the culture

throughout the cell cycle. During the first 36 hours

(cool-white period) of the cycle a rapid increase of all

three components was noted. During the last 12 hours

(yellow-red period) of the cycle only DNA continued to be

synthesized. Aliquots of a synchronized culture taken at

the end of 36 hours of cool-white illumination and placed

in darkness ceased synthesizing DNA, RNA, and protein. An

aliquot, left in cool-white light, continued synthesizing

all three compounds.

The possible relationship of the synthesis of these

three compounds to synchrony is discussed.
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