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ABSTRACT 

In the present study, the pyrenoid of Zyfi-ncma was 

examined under various experimental conditions. The 

morphology of the pyrenoid as affected by light and by 

chemical agents such as Amido-Schwarz, Pronase, Triton 

X-100, sodium dcoxycholate, streptomycin sulfate, and 

nitrogen-free medium is described at the light microscopic 

level. Procedures for staining pyrenoids and for the 

isolation of chloroplasts and pyrenoids are discussed. 

Filaments of Zygneina were found to grow rapidly on 

agar when filaments were chopped and transferred in liquid 

medium with a syringe, k ml of cell suspension per plate. 

With this technique, filamentous growth covered the agar 

surface in 10 days. 

Pyrenoid division, which consisted of three stages, 

followed nuclear division and cytokinesis and occurred in 

the dark portion of a 12:12 hr light:dark cycle. On a 

6:6:6:6 hr light:dark:light:dark eye]e there were two peaks 

of pyrenoid division. Pyrenoids did not divide after 12 hr 

in the dark without additional light. With continuous 

illumination, pyrenoids divided every hour in a 24-hr 

period. Starch synthesis occurred in the light and in the 

dark on the surface of the pyrenoid as it divided. 

xv 
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When filaments were kept in the dark for eight or 

more days, the cliloroplasts changed in profile from a 

stellate to a circular form. During this process starch 

disappeared. After* starch Wcis metabolized from the surface 

of the pyrenoid, the pyrenoid began to disappear. When 

cells without pyrcnoids were illuminated, they did not 

synthesize starch. Cells which had pyrenoids and had 

recently lost their starch in the dark showed a positive 

test fo3r starch with IKI within 1/2 hr after exposure to 

light. 

A staining procedure providing positive identifica

tion of the pyrenoid was developed and was found to be 

useful in determining the effects of certain agents on the 

pyrenoid. The use of Amido-Schwarz and Pronase provided 

evidence that the pyrenoid of Zy g:n em a is a protein body. 

Treatment of filaments with 10% Triton X-100 for 1/2 hr 

caused breaking up of the pyrenoid, and the staining 

properties were altered. Filaments treated with 10% deoxy-

cholate for 1/2 hi' would not stain for pyrenoids. Cells on 

streptomycin sulfate (80 mg/l) or on nitrogen-free medium 

ultimately lost their pyrenoids. 

Chloroplasts of Zygn ema were isolated by taking 

starch-free filaments and chopping them with razor blades 

in Honda medium and centrifuging the resulting suspension 

on a 35%/'l0%/50% (wt/wt) discontinuous sucrose gradient. 

Morphologically intact chloroplasts were found at the 
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Wo/50% sucrose interface after centrifugation for 1/2 hr 

at 22,000 rpm (49,250 X g average) in a SW 25-1 rotor. 

Intact unfixed pyrenoids were isolated by blending 

starch-containing filaments in a buffered sucrose solution 

and passing the suspension over a graded series of nylon 

filtei's . The resultant suspension was placed on a 

35%/40%/50?6 (wt/wt) discontinuous sucros e gradient, and the 

greatest concentration of pyrenoids was found at the 

k0%/30% interface after 1/2 or 1 hr at 22,000 or 25,000 rpm 

(49,250 or 63,580 X g average) in a SW 25-1 rotor. Evidence 

is presented which suggests that a soluble component of the 

pyrenoid is lost or altered during the isolation procedure 

unless filaments are fixed with 95% etlianol before blending. 



INTRODUCTION 

The pyrenoid has been the subject of numex'ous 

studies, yet it remains one of the least understood 

organelles in the algal cell. It is the morphology of the 

pyrenoid that has received greatest emphasis in previous 

studies, a brief review of which will present the most 

thoroughly understood aspects of this structure. 

A clear, spherical body was found in the algal 

cliloroplast by Vauclier in 1803 and was called the pyrenoid 

by Sclnnitz in 1882 (Cz.urda, 1928). This body is present 

in members of the major algal divisions, except in the 

blue-green algae, but may not appear in all members of a 

division or in all cells of a species (Evans, 1966, 1968). 

Pyrenoids have also been found in the liverworts Anthoceros 

and Notothyl as (McAllister, 191^» 1927; Kaja^ -195^i 

Wilsenach, 1963) . 

Since pyrenoids may disappear (l) under conditions 

of starvation (Dangeard, 1921; Czurda, 1928; Andreyeva and 

Sedova, 1965)? (2) during cellular differentiation 

(McAllister, 19l'l-» 1927)5 and (3) during reproduction 

(Cz.urda, 1928; Bisalputra and Weier, 196'l ; Arnott and 

Brown, 1966; Hoffman, 1968b), they have been regarded as 

bodies of reserve protein (ilowitt, 1930; Fritsch, 1935) • 

However, that the pyrenoid may be an organelle is suggested 

1 
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by the observations that (l) the number and position of 

pyrenoids usually are constant within the chloroplast 

(Fritsch, 1935) } (2) when substances known to be cellular 

reserves disappear, pyrenoids increase in number (Geitlor, 

1926): (3) in a mutant Spirosyra, offspring of cells 
C • * 11 1 ' 

lacking pyrenoids also had chloroplasts without pyrenoids 

(Wisselingh, 1919? according to Peterscliilka, 1922); and 

Ci) pyrenoids increase in size and ultimately may divide 

or arise de novo regularly during definite periods of cell 

growth and division (Czurda, 1928; Kritsch, 1935; Smith, 

1950). 

The pyrenoid1s importance as a taxonomic character 

has been suggested by electron microscopic studies, which 

have shown it to be structurally consistent within a 

species, to differ sometimes slightly between species, cind 

often to be quite different within and between divisions 

(Gibbs, 1962a, b; Drum and I'ankratz, 196'l; Evans, 1966, 

1968). Evolutionary trends have been suggested on the 

basis of pyrenoicl structure (Evans, 1966, 1968). Such 

schemes probably will be limited to certain taxa since 

similarities of organization exist in pyrenoids of diverse 

groups (Ueda, 19'Jl) and since even similarities in pyrenoid 

structure of closely related organ* sms have been suggested 

to be insignificant phylogenetically (Dodge, 1968). 

Of even greater .interest is the question concerning 

the possible functions of the pyrenoid. Czurda (1928) 
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concluded that starch deposition on the pyrcnoid is not a 

result of a specific active function of this body but, is 

due to a special physicochemical relationship of the pyre-

noid surface, a conclusion drawn because starch associated 

with the pyrenoid grows by deposition on all sides of the 

grain and because stroma-starch is produced in plastids 

with pyx~eiioiels . However , the concept of stroma-starch has 

been questioned (Smith, 1950; Bisalputra and Weier, 196'i), 

and most, investigators infer from the close association of 

food reserves to the pyrenoid that this body elaborates or 

liberates enzymes necessary for- the synthesis of these 

reserves (Bose, 19'li; Smith, 1950; Blinks, 1951; Gibbs, 

i960; Wilsenach, 1963)« Although prevailing for many 

years, these inferences have been neither clearly supported 

nor refuted by experimental evidence. 

Light microscopic studies on the pyrenoid have been 

reviewed by Czurcla (.1928), Cliadefaud (19^0), and Bold 

(l95l). Studies since the review by Bold have been 

primarily on the ultrastructural level and have been 

revi ewed briefly by Brora (19^7 )• It is evident from 

these reviews that the pyrenoid has been the subject of 

little experimental work. Ultrastructural studies, which 

have dominated the literature in the last 10 years, have 

been almost entirely in the realm of descriptive morphology 

and, while greatly adding to our knowledge of the basic 

organization of the pyrenoid, have not provided an 



understanding of why starch in many algal species 

accumulates near or on the surface of the pyrenoid. It is 

clear that an interesting and important unanswered question 

concerns the nature of the relation of the pyrenoid to its 

associated metabolic products. That this question has not 

been answered has not been due to a lack of interest in the 

nature of this relation but to the fact that the pyrenoid 

has not been examined within an experimental design that 

would be expected to reveal functional evidence. The 

present study represents an attempt to provide the informa

tion necessary for the design of future experiments which 

will yield information on the least understood aspect of 

the pyrenoid, i.e., the functions of this organelle. 

For several reasons, a member of the green algae 

was chosen as an experimental organism. Only in the green 

algae is starch formed within the chloroplast, a condition 

also true for higher plants, which generally are believed 

to have evolved from the green algae. Thus, an under

standing of the function of the pyrenoid, an organelle lost 

in the evolution of higher plant forms but intimately 

associated with starch in the green algae, could provide 

information basic to the understanding of starch synthesis 

in both groups. Zygnema, a filamentous green alga, was 

particularly suited to this investigation since it can be 

grown rapidly in pure culture on agar plates in defined 



medium and since each plastid contains a single, large 

pyrenoid. 

In the present study the pyrenoid of Zygnema is 

considered as a morphological unit under various conditions 

and as it is affected by various agents. Such an approach 

has led to an understanding of certain basic aspects of 

this structure and, finally, to the development of a pro

cedure for its isolation. 



GENERAL MATERIALS AND METHODS 

Experimental Organisms 

Zygnema sp. (strain 922) was obtained in unialgal 

culture from the Culture Collection of Algae at Indiana 

University. The choice of this strain was based on pre

liminary work which indicated that it grew.rapidly on agar 

and maintained normal chloroplast number (two per cell) and 

morphology. Strain 922 is the "male" member of an 

apparently heterothallic species (Gauch, 1966). This 

species may be the subject of future research by those 

interested in sexuality, since sexuality can be controlled 

and since the zygospores produced in culture germinate 

readily (Gauch, 1966; Rosowski, unpublished data). Aplano-

spores are produced in culture only during the sexual 

process when strains 921 and 922 are mixed. 

Electron micrographs in this paper are based on 

material of Zygnema circumcarinatum (strain k2) , and studies 

on cell division in a chloroplast mutant are based on strain 

1559 •> a mutant of 5S. circumcarinatum, both from the Culture 

Collection of Algae at Indiana University. 

Isolation Technique 

Strain 922, which has been used most extensively in 

this study, was obtained in liquid culture and was not 



axenic. Material from this strain was isolated into axenic 

culture by the following method: Filaments were chopped 

with a group of five razor blades fastened with masking 

tape; the resulting cells were sonicated twice in a 

Disontegrator System Eighty (Ultrasonic Industries, Inc., 

Plainview, New York) for five sec with a sterile water wash 

between; the final suspension was centrifuged and washed 

five times with sterile, distilled water. The technique of 

Wiedeman, Walne, and Trainor (1964) was used to spray the 

suspension onto 1.5% B medium agar plates containing 

potassium tellurite in a concentration of 10 mg/liter 

(Ducker and Willoughby, 1964:). The plates were inverted 

and maintained at 2,000 lux intensity on a 12:12 hr light: 

dark cycle at room temperature. Because potassium tellurite 

is bacteriostatic, ample time was available to transfer 

bacteria-free filaments to agar slants. Cultures were 

considered bacteria-free when filaments streaked on Nutrient 

Agar (Difco) at room temperature did not give rise to 

bacterial colonies. 

Medium and Transfer Technique 

The medium used in this study was the basal medium 

(B medium) used by Gauch (1966). Table 1 lists the consti

tuents of the medium. Filaments will grow in the liquid 

medium, but more rapid growth appears to occur on 1% 
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Table 1. Procedure for the preparation of the growth 
medium used in this study.3 

Gauch's B Medium (adapted from Gauch, 1966). 

1. NaNO 10 g + 

O
 

O
 

C
O

 

111.1 H2° 

2. CaCl *2H 0 1 g + CO
 
0
 
0
 

ml H2° 

3- MgS04-7H20 3 g + 

0
 

0
 

CO 

ml H2° 

k. K2HP04 3 g + 

O
 

O
 

CO 

ml H2° 

5- KH2P04 7 g + 

0
 
0
 

CO 

ml 112° 

6. NaCl 1 g + 03
 

O
 
O
 

ml h2° 

7-

EDTA 

FeS04'7H20 

0
 

0
 * 1  mgj 

> + 

O
 
O
 

CO 

ml H2° 

8. H3B°3 880 mg + CO
 
0
 
0
 

ml 

to
 O
 

9- ZnSO^'HgO k'LO mg + 0
 

0
 

CO 

ml 112 0 

10. MnCl *411 0 120 mg + 

0
 
0
 

CO 

ml H2° 

11. CuSO^-5M20 120 mg + CO
 
0
 
0
 

ml 112° 

12. CO (N0 )2*6H20 40 mg + 

0
 
0
 

CO 

ml H2° 

aTo prepare 1 liter of B medium, 20 ml of stock 
solutions 1-6 and 10 ml of stock solutions 7-12 are added 
to a graduated cylinder, and the volume is brought up to 1 
liter with deion.ized water. Agar is added in a concentra
tion of 1%. 



agarized D medium, and much less space is required than 

with the customary bottle cultures. 

If filaments are streaked onto 1% B medium agar 

plates, growth is confined to the streaked areas for the 

first few weeks. The filaments eventually grow over the 

entire surface, but this growth is very slow (up to two 

months). It was found that filaments can be chopped and a 

suspension transferred to the agar surface witli a resultant 

more rapid growth and even distribution of tire filaments. 

The greatest growth in a short period of time 

occurred from a dense suspension of filaments. Such a 

suspension was obtained when filaments froin four plates 

with two to three weeks of growth were chopped for 2 ni.in. 

per plate with a group of five razor blades and when the 

cells were added to 100 ml of liquid B medium. The small 

chopped filaments (3 mm and less in length) were kept in 

suspension by agitation, and the suspended filaments were 

drawn from a beaker with a 10 ml syringe (no needle), ei ther 

3 or h ml of the suspension being added to each culture 

plate. The uniformity of growth oil the agar plates was 

dependent on at least three factors: (l) the agar plates 

must be poured on a .level surface so that the agar surface 

is level; if the agar is thicker on one side than on the 

other, fJ.lament suspension will collect in the lower area, 

and growth will lie greater in this region: (2) the shelves 

in the growth cabinets must be level, or the suspension will 
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flow to the low area of a plate and growth will, be greater 

in this region; (3) the suspension must be bacteria-free, 

or, if contaminated, the contaminant should not be visible 

to the unaided eye. In badly contaminated cultures, the 

filaments remained alive, but cell division either did not 

occur at all or occurred only sporadically, and starch 

usually accumulated (Fig. 59)*^ In these cultures, fila

ments did not cover the agar surface even after one month. 

All of the operations of the transfer procedure 

were carried out under sterile conditions so that, if 

axenic cultures were used in the transfer, this condition 

could be maintained. In practice, it was often necessary 

"to use cultures as transfer material that were contaminated 

with bacteria in order to meet the quantity demands of 

certain experiments. Growth usually was no less rapid when 

cultures were contaminated, and filaments covered the agar 

surface after 6-10 days of growth. A plate with .10 days of 

growth is shown in Figure 52. 

Growth Conditions 

The experimental material was grown under controlled 

environmental conditions at all times. Experiments which 

required high light .intensity (4,000-10,000 lux) were con

ducted in a model 66.10 growth cabinet manufactured by the 

1. All figures cited in this dissertation are found 
at the back of the text. 
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National Appliance Company of Portland, Oregon. Experi

ments requiring low light intensity (1,OOO-'l,000 lux) were 

conducted in Percival Model I-36L growth cabinets. With 

the exception of material used in studies on the effect of 

various light cycles, the light was programmed for a 12:12 

hr light:dark cycle, with the light portion of the cycle 

from 7^00 A.M. to 7:00 P.M. 

The shelves of the growth cabinets were covered 

with aluminum foil, and holes were punched in the foil 

around the plates to allow circulation of air. The aluminum 

foil was placed on each shelf to stop light from penetrating 

further than one shelf so that the presence or absence of a 

plate would not influence the light intensity on the shelf 

below. The light intensity at the center of each position 

of each plate was determined with a Weston Illumination 

Meter Model 75 prior to experiments in which light intensity 

was considered critical. Because the intensity dropped as 

much as 'tOO lux in a week, periodic redetermination of the 

light intensity was necessary. 

In all cases, the temperature was maintained at 19 

C to 20 C (+_ 1 C) in the light, and as much as 1 C fluctua

tion occurred when the lights went from on to off: that is, 

if the temperature was set at 19 C with the light on, the 

temperature dropped as much as 1 C during the dark portion 

of the cycle. Also, because the temperature varied from 

one shelf to another, in a few cases it was necessary to 



12 

use plates from several shelves that varied as much as 2 C 

from each other. In light cycle experiments where such a 

variation could be critical, material was harvested from 

plates of the same temperature during what was considered 

to be critical periods, and, if unavoidable, plates with a 

temperature difference were used at noncritical times. 

Light Photomicrography 

Photographs were taken with a Zeiss 35 mm camera 

fitted on a Zeiss Microscope Model GFL. The film was either 

Panatomic-X, Plus-X, or Ektachrome type 5258. Exposure time 

was determined with a Photovolt Model 200 Photometer. The 

black and white films were developed in Microdol-X, and the 

Ektachrome was developed and printed by Color Classics, a 

local firm. 



TIIE PYRENOID AS A MORPHOLOGICAL UNIT 

Light Microscopy 

The Cell 

The cells of Zygnema are cylindrical and form un-

branched filaments. Each cell typically contains two 

chloroplasts, which have numerous projections extending in 

all directions, many of which come into contact with the 

plasmaleinma. The two plastids iie axial to one another, 

parallel to the long axis of the cell. Between the 

plastids, suspended in a cytoplasmic bridge, is the 

centrally located nucleus, typically with a large, single 

nuc-1 eolus . 

The pyrenoid of strain 922 occupies a central posi

tion in the plastid and is usually 5~7 microns in diameter 

(when, stained), although it may be as large as 15 microns 

in diameter under certain conditions, e.g., prolonged high 

light intensity (6,000 lux). Typically a spherical body, 

the pyrenoid also can be egg-shaped, angular, or elongated 

(Fig. 53) as a result of high light .intensity (6,000 lux) 

or of poor growth conditions which occur in old cultures. 

Once a particular shape is formed, this shape is perpetuate 

by division for some time even when cells are returned to a 

light intensity (2,000 lux) which would not induce such 

13 



Ik 
shapes in actively growing cultures (Fig. 53). Because a 

spherical pyrenoid was desired for this study, filaments 

which possessed pyrenoids of this shape were placed on a 

12:12 hr light:dark cycle at approximately 2,000 lux, and, 

under these conditions, if regular transfers were made 

every three to four weeks, the pyrenoids remained spherical. 

The pyrenoid in Zygnema is a transparent body, and 

its position is conspicuous in unstained material because 

it is surrounded by a sheath of starch grains. All starch 

in the cell is associated with the pyrenoid, and stroma-

starch was never observed in cells treated with IKI. Oil 

was not observed in cells of healthy, rapidly growing 

cultures but was common in cells of old cultures. 

When cells were left in the dark for 8-12 days, 

starch disappeared, and the naked pyrenoid was very 

difficult to observe in unstained material (Fig. 4l). If 

cells were left in the dark 10-30 days, the pyrenoid either 

began to disappear or had disappeared, and all sizes in a 

range approaching the limits of resolution (l micron) could 

be found. This phenomenon will be discussed in detail 

later. 

Growth 

Growth as an increase in cell "size accompanied by 

an increase in the size of the chloroplasts and pyrenoids 

was a process confined to the light portion of a 12:12 hr 
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light:dark cycle. Observations over several days of 3-10 

celled isolated filaments on agar have shown that every 

cell in a filament may divide once per day; however, this 

rate decreased as the cultures aged. 

The following observations are based on material 

fixed for studies on the effect of light cycles on division. 

At the onset of or slightly before the dark cycle (12:12 hr 

cycle), cells which were going to divide had reached their 

maximum size in terms of length and volume of chloroplasts 

and pyrenoids. Within the first 5 hr of the dark portion 

of the cycle, karyokinesis and cytokinesis occurred in most 

cells to produce two daughter cells, each with a single 

chloroplast. After reorganization of the nucleus, division 

of the pyrenoids in each cell occurred, followed by division 

of the chloroplast. The division of the pyrenoids and 

chloroplasts was usually synchronous in the two daughter 

cells. The new plastids and pyrenoids of the daughter cells 

appeared to be about one half the volume of those in mother 

cells (Fig. 8). The 12 hr period of light following the 

end of the dark period was the time in which cell division 

had ceased and growth had taken ple»ce. During this time, 

the cell length doubled, as did the volumes of the chloro

plast and the pyrenoid. The details of growth and division 

on various light cycles will later be the subject of a 

separate discussion. 
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Nuclear and Cell Division 

Nuclear division aw described 1)erc occurred during 

a 12:12 lir light: dark cycle at 19 C in strain 922. Obser

vations were based on material preserved in Jackson's 

fixative (Waer, 1966) and stained with pr opiocai~inine by the 

method of Wells (1969)- Stages of division ai~e illustrated 

in Figures 1-17• 

Prophase . Condensation of chromosomes, enl ar genien t 

of the nucleus, and evidence fox" new cell-wall formation 

were the criteria for distinguishing early prophase. Stages 

in the dissolution of the nucleolus were considered mid-

prophase (Fig. 1 and ll); clear evidence of scattered dot 

chromosomes and the absence of a nucleolus and nuclear mem-

brane were considered late prophase events (Fig. 12). 

Metaphase. The chromosomes were aligned along an 

equatorial plane, but their individuality was obscured by 

diffuse nucleolar substance (Fig. 2) 

Anaphase. The chromatids were separated (early 

phase), and the chromosomes moved to opposite poles (late 

phase) but were indistinct because of a coating of nucleolar 

s u b s t a n c e  ( F i g .  1 3 ) .  

Telophaso. The first evidence for reorganization 

of the nucleolus was the criterion for early telophase 

(Fig. '1, lower nucleus). Mid-telopha.sc was signified by 



the complete reformation of the nuclear membrane, an event 

which preceded complete reorganization of the nucleolus 

(Fig. 14). Telophase was considered to end when the 

nucleolus was reorganized, thus giving the nucleus the 

appearance of the normal interphase condition (Fig. 5 and 

15)* From early telophase to late telophase the nuclear 

material migreited from a central position at anaphase to a 

lateral position at late telophase. 

After telophase, in a second phase of migration, 

the nucleus passed between the divided chloroplasts. This 

migration phase was not considered a part of telophase 

because the nucleus before migration had the same appearance 

as it did after migration. 

At the end of telophase (before migration phase two) 

cytokinesis had taken place. The newly formed end walls, 

although they appeared to be complete, were quite thin 

(Fig. 5)? and cell wall formation continued in the dark. 

After chloroplast division and after migration of the inter

phase nucleus into its central position between the two 

daughter chloroplasts, the end walls had attained their 

normal thickness (Fig. 8). 

Division of the Pyrenoid 

Cells of strain 922 grown under 2,000 lux light 

intensity at 19-20 C on a 12:12 hr' light: dai~k cycle 

characteristically have division of the pyrenoid and 



chloroplast, in that order, after the completion of nuclear 

division. In this study, the phases of pyrenoid division 

are delimited arbitrarily in the following ways: 

Phase One. The newly reorganized nucleus is either 

at or nearly at a right angle to the long axis of the cell 

in a position directly opposite the center of the pyrenoid 

and adjacent to the lateral cell wall (Fig. 5 and 15)• The 

pyrenoids showed no evidence of dividing. 

Phase Two. The nucleus is in the same position as 

in phase one, but the pyrenoids have constricted slightly 

(dumbbell-shaped), indicating the area of future cleavage 

(Fig. 6 and l6). The end of phase two is marked by the 

complete cleavage of one pyrenoid into two daughter 

pyrenoids (Fig. 1?)- The division of the chloroplast 

follows the division of the pyrenoid. 

Phase Three. This phase is characterized by the 

migration of the nucleus and by the movement of the chloro-

plasts to allow this migration. At the beginning of this 

phase, the nucleus is at a right angle to the side of the 

newly divided pyrenoid or, in certain cases, the nucleus 

begins to migrate before the pyrenoid divides completely 

so that it appears as if the nucleus is being forced 

between the dividing pyrenoid. The nucleus is often wedge-

shaped in profile view during this event (Fig. 7)* Phase 



three ends when the nucleus has migrated to the position 

characteristic of a nondividing vegetative cell in the 

light portion of the light:dark cycle (Fig. 8). The 

pyrenoid, which is usually elongate immediately after 

division, assumes its normal spherical shape soon after the 

end of phase three. 

Chloroplast Mutant 

Strain 1559 was isolated by Gauch (1966) from 

Zygneina c ir cunic ar in a turn . The cells typically contain four 

chloroplasts, each with a pyrenoid. Cells of other 

species, in nature or in culture, occasionally have four 

chloroplasts per cell, and if such cells are isolated, the 

condition can be perpetuated. Although Gauch maintains 

that this mutant is stable, the strain occasionally pro

duced cells with two chloroplasts. Cell division was 

studied in this strain with material grown on a 12:12 

hr light:dark cycle at 2,000 lux, harvested during division 

and fixed in Jackson's fixative. 

The sequence of events for cell division is shown 

in Figures 1.8-23. The diffe rence between chloroplast 

division here and in the normal cell is that, although the 

nucleus undergoes a second migration phase, it visually 

passes between the pair of dividing chloroplasts, rather 

than through an individual chloroplast (Fig. 2'j). When the 

nucleus passes from its lateral, position to its normal. 
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central position during the second phase of nuclear migra

tion, it sometimes becomes wedge-shaped as it passes 

between two dividing chloroplasts even though it does not 

pass through a dividing chlo.rop.last. 

In mutant and normal cells, the sequences of mitotic 

and pyrenoid division are the same in that pyrenoid 

division does not usually occur until nuclear division is 

complete. In the mutant, however, two pyrenoids (instead 

of one pyrenoid as in the normal cell) divide parallel to 

the long axis of the cell in relation to one nucleus. In 

other words, the nuclear migration in itself is exactly 

like that of the normal cell. The pyrenoids also divide in 

the same way as in normal cells. The relationship between 

the nucleus and the pyrenoid is different in the mutant 

only because two plastids instead of one are in each 

daughter cell before pyrenoid division. 

Electron Microscopy 

Only aspects of the ultrastructurc of Zygnema which 

relate to the pyrenoid in nondividing cells are considered 

here. The ultrast.ructural features of the pyrenoid were 

examined so that a more meaningful comparison of isolated 

pyrenoids with in situ pyrenoids could be made. Also, the 

problems encountered in pyrenoid isolation arc best under

stood when the ultrastructurc of the pyrenoid is considered. 
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Fixation and Dehydration 

A seven-day old culture of Zy gnenia circtuncari 11 a111.111 

(strain k2) was harvested 1 lir after the onset of the dark 

cycle. Filaments were placed in one-day old 1% unbuffered 

potassium permanganate for 1/2 hr at room temperature 

(Mollenhauer, 1959)* The fixed filaments were washed in 

25% ethanol until the purple color had disappeared and were 

left in the 25% ethanol for 15 min. Dehydration was 

completed in the following series: 50% ethanol; 70% 

ethanol; 85% ethanol; 95% ethanol; 100% ethanol; 1 part 

absolute ethanol in 1 part propylene oxide; 100% propylene 

oxide; 100% propylene oxide. Filaments were left .in each 

solution for 15 min except in the last change of propylene 

oxide, where the material remained for 2 1/2 hr. Changes 

were made in a stoppered glass vial. 

Embedding 

Maraglass (l7«5 g of Maraset 655; 6.0 g of 

Cardolite; and 0.5 ml of BDMA) was added two to three drops 

per 5 min for a period of 1 hr to the filaments in the 100% 

propylene oxide in a stoppered vial. After this mixture 

was decanted off, a fresh maraglass mixture was added, and 

the material was stoppered and stored overnight in a 

refrigerator. The next morning filaments were broken up 

with a dissecting needle, removed with a Pasteur pipette, 

and released at the bottom of a plastic ice tray which 
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makes 1/2 inch diameter cubes. Fresh maraglass mixture was 

added, and the samples were polymerized for 20 hr at 67 C. 

When cool, the cubes popped out of the trays with ease. 

Sectioning 

The blocks of filaments were cut into 5 mm squares 

with a coping saw and were mounted with epoxy on . 5 mm 

wooden dowels. Coarse shaping was done with an electric 

rasp, and final shaping with a razor blade. The block was 

sectioned by H. P. Hostetter with a diamond knife or with 

glass knives by the author, according to standard pro

cedures . 

The Porter-Blum MT-1 ultramicrotome yielded sections 

with silver to pale gold interference colors; these sections 

were collected on the surface of a trough containing 

distilled water. No effort was made to expand the sections, 

which were picked up on 200 mesh, copper grids coated with 

0.3% Formvar (Pease, 196^). 

Sections were examined with a Philips 100 electron 

microscope. A built-in 35-mm camera with manual shutter 

was used to take the photographs. Exposure time was 

determined by trial and error since the microscope was not 

equipped with a light meter. The film was Eastman 35-mm 

Type 5302, developed in D-19- Prints were made on various 

grades of Kodabromide paper, and these prints were 

developed in Dektol. 



Observations 

Electron micrographs verified light microscope 

observations that starch in Zygnema is confined to the area 

of the pyrenoid. Starch was not observed in the projections 

of the chloroplasts. Small spherical bodies (l micron) of 

the same electron transparency as starch were found, but 

this material was in the cytoplasm and possibly was poly

phosphate (Keck and Stich, 1957; Lang, 1963; Jensen, 1968). 

A surface view of the starch grains showed them to be of 

diverse shapes, nearly circular or square to polygonal 

(Fig. 2'i). The grains were surrounded by stroma, which 

in most cases was penetrated by thylakoids. 

Transverse sections of the pyrenoid showed that, at 

least in some cases, the thylakoids which pass between the 

starch grains are continuous with the membranes in the 

pyrenoid (Fig. 25 and 26). These membranes (thylakoids) 

may retain the same thickness as the thylakoids in the 

stroma, or they may become dilated as they pass into the 

pyrenoid matrix. The inside of swollen thylakoids was less 

electron dense than the area outside the thylakoids, which 

was in contact with the pyrenoid matrix. 

The lamellar system of the pyrenoid exhibited 

several shapes. Some sections showed 'the pyrenoid to be 

travei'sed by tubular elements continuous with the disc

shaped thylakoids of the stroma. The tubular thylakoids 

were evident to the surface of the pyrenoid and sometimes 
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extended a short distance into the stroma between starch 

grains, eventually becoming disc-shaped. Other sections 

showed tubular and discoid thylalcoids in the same pyrenoid 

(Fig. 26), the tubular thylakoids often being branched. 

These tubular elements in the pyrenoid may correspond to 

the fret system typical of certain higher plant chloro-

plasts (Paolillo, Falk, and Reighard, 1967)* Stacks of 

membranes having a grana-lilce appearance also were found in 

the pyrenoid (Fig. 26 and 27)• 

The matrix of the pyrenoid appeared to be loosely 

granular with particles larger in diameter than those found 

in the stroma around the pyrenoid. Although a fibrous con

dition was sometimes suggested for this matrix material, 

additional study is needed at higher magnifications with 

several methods of fixation so that the quality of the 

fixation images can be determined. 

Discussion of Pyrenoid Ultrastructure 

Investigations on the ultrastructure of pyrenoids 

have revealed the matrix to be granular (Risalputra and 

Weier, 1964; Wygasch, 1964Hoffman, 1968a, b), fibrillar 

(Butterfass, 1957; Schussnig, 1958; Wygasch, 1964), or 

crystalline (Evans, 1966; Coombs et al., .1968; Holdsworth, 

1968). Also, the matrix may be penetrated by thylakoids 

(Gibbs, 1962a), chloroplast envelope (Hoffman, 1 9 6 8 b ) ,  

nuclear envelope appressed to the chloroplast envelope 
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(Parke arid Manton, 1965)5 or may not be penetrated by 

membranes (Gibbs, 1962b; Bisalputra and Weier, 1964). 

There have been reports that when the thylalcoids 

pass into the pyrenoid, they swell in thickness (Gibbs, 

1962a, b; Puiseux-Dao and Levain, 1963; Berkaloff, 1967)* 

On the basis of studies 011 Ochromonas which show that, when 

the chlorophyll content of the thylakoid increases during 

development, the thickness decreases, Gibbs (1962b) has 

suggested that the reverse should be true: the thylalcoids 

should swell with the loss of chlorophyll. In Zygnema, the 

thylalcoids of the pyrenoid may not be swollen except on the 

edges or wlicn they become tubular. It is not known if the 

unswollen portions contain chlorophyll. The presence of 

swollen and unswollen membranes which can exist side by 

side in Zygnema (Pig. 25 and 26) would suggest that the 

difference in thickness probably is not due to an artifact 

caused by fixation. However, it is not possible to judge 

the quality of the fixation image in the present study 

since only permanganate fixation was used. In general, 

however, permanganate fixation has shown better preservation 

and continuity of thylalcoids than methods utilizing osmium 

(Lang, 1963; Bisalputra and Weier, 1964). Also, osmium has 

been reported to cause shrinkage of the pyrenoid (Wygasch, 

196'i ). However, the excellent preservation and continuity 

of thylcikoids of c.hloroplasts in Oedogoni um in material 

fixed in glutaraldehyde and osmium (Hoffman, 1968a, b) 



indicate that the substructure of the pyrenoid in Zy glioma 

should be investigated with these newer fixation pro

cedures . 

Although grana have been reported in zygospores of 

Sirogonlum (iloshaw, 1968) and ai~e present in chloroplasts 

of vegetative cells of Zygnema, the grana-like stacks of 

membranes which appear in the pyrenoid of Zygnema are 

interpreted here not to be formed by the stacking of 

thylakoids. Thus, a group of these membranes should not be 

called a granum. A diagrammatic interpretation of the 

membrane stack in Figure 26 is shown as Figure 27- Accord

ing to this interpretation, a single thylakoid could 

produce the entire complex structure by the infolding of 

the thylakoid so that outer surfaces fuse. Wilsenach 

(1963) has suggested folding of thylakoids to explain the 

membrane associations .in Anthoccros, and his hypothesis on 

membrane formation by .invagination and fusion of outer 

surfaces of thylakoids can be used to explain not only the 

situation in the pyrenoid but also the complex lamellar 

system in the rest of the chloroplast of Zygnema. 



THE PYRENOID AS AFFECTED BY LIGHT 
AND BY CHEMICAL AGENTS 

Starch Synthesis 

The synthesis of starch in the green algae has 

received much attention by early workers. Czurda (.1928) 

was in agreement with the pyrenoid-starch and sti~oma-

starch concept of Klebs and rejected the idea that stroma-

stai-ch was derived from the surface of the pyrenoid. 

However, Smith (1950) questioned the distinction between 

pyrenoid-starch and stroma-starch, and, although the 

possibility of starch's being produced in the stroma was 

not ruled out, a recent interpretation of so-called stroma-

starch is in favor of a pyrenoid origin (Bisalputra and 

Weier, 196'j). Stroma-starch is, of course, present in 

algae lacking pyrenoids, but, when pyrenoids are present, 

the starch far removed from the pyrenoid still can be 

interpreted to have arisen from the surface of the pyrenoid, 

e.g., from a pyrenoid of a previous generation (Bisalputra 

and Weier, 1964). Whether stroma-starch can be produced in 

chloroplasts possessing pyrenoids and, if stroma-starch 

synthesis does occur, whether it is a regular phenomenon in 

chloroplasts with pyrenoids can not be determined from 

studies to date find must ciwait further investigation. 

27 
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The review of Czurda (19^8) is of interest in that 

it brings to attention aspccts of starch synthesis which 

are still in need of clarification. Czurda observed that, 

starch grains on the surface enlarge so that, as the new 

surface of the pyrenoid is exposed by growth, starch 

synthesis occurs on this surface. Czurda also noted that, 

when the pyrenoid divided, the number of grains on each 

daughter pyrenoid is half that of the mother pyrenoid. lie 

stated that, in order to fill the gaps in the starch sheath 

resulting from growth and from division, new grains must be 

synthesized, old grains must grow, or both processes must 

occur. Czurda mentioned that some workers have shown that 

the synthesis of new grains occurs during the division of 

the pyrenoid, but that he was unable to convince himself 

that this is the case in Zygnema. There is no question 

today that starch synthesis occurs in the light and in the 

dark, but the question does remain whether the origin of 

new grains occurs at a particular time in a 12:12 hr light: 

dark cycle or whether it may occur at any time. In future 

studies the use of electron microscopy and of time-lapse 

photography may be helpful in determining when the synthesis 

of new grains occurs. 

On a 12:12 hr Light:Dark Cycle 

Observations reported here on starch synthesis 

during the normal growth cycle are based on material fixed 



and stained for studies of cell and pyrenoid division. 

During the growth of the cell in the light, increase in 

size of the pyrenoid corresponds to that of the starch 

sheath, .indicating that starch synthesis has occurred. 

When the pyrenoids divide, the new surface is covered with 

starch as quickly as it is exposed. Because of the 

swelling of starch, which according to Czurda (-1937) occurs 

with acid fixation, individual grains can not always be 

distinguished, and, therefore, it has not been possible to 

determine if the starch that is.synthesized is on old 

grains, forms new grains, or whether both are true. When 

pyrenoid division is complete, starch synthesis has 

occurred over the entire pyrenoid surface, although the 

grains on the surface nearest the nucleus (the new surface) 

are not always as thick as those on the opposite side. 

In Destarched Cells 

When culture plates of strain 922 were wrapped in 

aluminum foil and placed at 19 C in a growth cabinet, a 

series of morphological changes took place as the cultures 

aged. After about four to five days, a noticeable amount 

of starch began to disappear, and the projections from the 

main body of the c.hloroplasts , which were long and thin in 

the light, became short and blunt in the dark. After 6-12 

days in the dark, most chloroplasts appeared to have a 

papillated surface (short blunt projections), while others 
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were circular in profile view. The pyrenoids of these 

chloroplasts were usually free of starch, and some 

pyrenoids showed evidence of a reduction in siise. A few 

cells in the dark for 10 days contained chloroplasts 

without pyrenoids. 

When cultures were contaminated with bacteria, the 

chloroplasts changed shape more rapidly and more unevenly 

than those in cultures which were free from contamination 

of bacteria. Also, starch was lost more rapidly and more 

unevenly in the presence of bacterial contamination. 

However, even under the best of conditions, the change in 

chloroplast shape was not completely uniform nor was starch 

lost uniformly from all cells. Therefore, for the purposes 

of this study, cultures were considered destarched when 

cells bleached with ethanol and tested with IKI were at 

least 90% free of all starch. Starch synthesis was con

sidered to have occurred when most of the cells bleached 

with ethanol showed a positive test for starch. 

The purpose of illuminating starch-free cells was 

to determine how fast in vivo starch synthesis could occur. 

Such information would be useful in comparing starch 

synthesis in isolated chloroplasts with that of in vivo 

synthesis, in studying the effect inhibitors have on starch 

synthesis, and in designing experiments dealing specifically 

with the determination of the function of the pyrenoid in 

starch synthesis. In addition to noting starch synthesis, 



the appearances of eel]s before and after illumination were 

considered, particularly in relation to chloroplast shape 

and to the presence or absence of pyrenoids. 

Filaments 6-12 Days in the Dar*k. Starcli-free cells 

(Fig. 30 and 31) in the dark for 6-12 days were illuminated. 

With 15-miu exposure to light (2,000-8,000 lux), most of 

the cells, when cleared of ch1orophy11 with ethanol, did 

not give a conclusive test for starch with IKI. After 1/2 

hi" exposure, cells with the chlorophyll removed showed a 

definite starch synthesis in most of the cells (Fig. 32); 

but if the chlorophyll was not removed, the results were 

uncertain. After 1 hr in the light, even fresh material 

(not cleared) gave a positive test for starch. Figures 32-

35 and 36-;10 show starch synthesis after various lengths of 

1i gh t e xposure. 

The chloroplasts of cells maintained in the dark 

for 8-12 days had projections much shorter than, those in 

the light on a .12:12 hr cycle; some chloroplasts lacked 

projections and were circular in profile view. Staining 

the cells for pyrenoids showed that pyrenoids were present 

in most cells but were absent in some cells with circular 

chloroplasts-

Filaments 1.6 Days in the Dark. Most cells of 

filaments maintained in the dark for 1.6 days were healthy 

appearing; their chloroplasts were smaller than normal and 



had numerous finger- - like projections. When these cells 

were exposed to 8,000 lux for 1/2 lir, cleared with ethanol , 

and tested for starch with 1KI, there was a positive 

reac ti on. 

A definite relationship of the pyrenoid to starch 

synthesis was observed. Cells with finger-lilce projections 

from the chloroplasts had pyrenoids, and starch was 

synthesized in these cells. Some circular chloroplasts 

lacked pyrenoids. Chloroplasts which were circular in 

profile synthesized starch only if a pyrenoid was present. 

Filaments 20 Days in the Dark. Examination of 

filaments in the dark for 20 days revealed much shorter 

projections from the main body of the chloroplasts than for 

those .in the dark for l6 days. After 1/2 hr exposure to 

light of 6,000 lux intensity, a few cells produced starch; 

however, after 1 hr exposure to the same intensity, cells 

treated with IKI revealed definite, more widespread starch 

synthesis. Pyrenoids were present in chloroplasts which 

synthesized starch. 

Filaments 2 3 Days in the Dark. Cells in the dark 

for 25 days (bacteria-free) were placed in light at 6,000 

lux on a B medium plate to which a small aliquot of liquid 

B.medium was added. After 6 hr in the light, some fila

ments were removed. Generally there was no evidence for 

starch synthesis in these filaments. The chloroplasts were 



circular* in profile view, fin cl small pyrciioids were usually 

present. 

After 30 hr of continuous light, these same chloro-

plasts generated small, thin, pointed papillae projecting 

outward from the surface of the main body of the chloro-

plast. A greater- tlian-norinal amount of starch was present 

in most of the cells, but only around the pyrenoids. In 

cells with several starch areas within a single chloroplast, 

observations of these areas with an oil immersion objective 

revealed that small pyrenoids were at the center of these 

areas. Most pyrenoids were from 2-'i microns in diameter, 

and starch was produced even around the 2 micron pyrenoids. 

The cells which did not produce starch had circular chloro-

plasts in profile view with 110 visible pyrenoid when 

stained. 

Filaments 28 Days in the Dark. Most chloroplasts 

in the dark for 28 days were circular in profile view and 

generally lacked pyrenoids. No starch synthesis occurred 

in these chloroplasts after 8 hr exposure to light. Because 

it was of interest to determine if the cells were still 

alive, some material was streaked onto fresh B medium and 

left in light of 2,000 lux intensity. Growth on this B 

medium plate occurred, indicating that at least some cells 

were alive when transferred. 
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Filaments 36 Days in the Dark. Most cells in the 

dark for 36 days had cliloroplasts which were circular in 

profile view and which lacked pyrcnoids. The nucleus was 

in its normal position, but the nucleoli when stained were 

larger than normal. 

Filaments 40 Days in the Dark:. Most cells in the 

dark for kO days had cliloroplasts that generally were up to 
1/2 normal size and that were displaced to one side of the 

cell. The nucleus usually was displaced from its normal 

central position; the nucleolus was larger than normal and 

was very diffuse in appearance when stained. Pyrenoids were 

absent in most cells. When cells from this culture were 

streaked on fresh agarized B medium, filamentous growth 

eventually took place in a very few places, indicating that 

some cells were still alive when transferred. No material 

was examined after 'iO days in the dark. 

A summary of the results of the preceding para

graphs on the effect of the length of the dark period on 

chloroplast shape, pyrenoid size, presence of starch, and 

the capacity for starch synthesis is presented in Table 2. 

The results from these experiments show that rapid starch 

synthesis is possible in cells left in the dark up to l6 

days. Starch synthesis will occur in older cells, but the 

process is slower-, at least initially, than in young cells. 

Even though starch is synthesized rapidly in most cells 



Table 2. The effect of the length of the dark period on chloroplast shape, 
pyrenoid size, presence of starch, and the capacity for starch 
synthesis in Zygnema sp. (strain 922). 

Days Starch as indi-
in cated with IKI Rate of starch 

dark Chloroplast shape Pyrenoid size (+ or -) synthesis 

0 Stellate (sharp 
proj ections) 

5 Stellate (sharp 
proj ections) 

6- Stellate (some 
12 with blunt pro

jections; a few 
circular in pro
file view 

5-7^ (normal size) 

5-7H 

5-7m some smaller, 
a few chloroplasts 
without pyrenoids 

(normal amount) Not tried 

Less than normal 
in some cells 

- or present in 
some cells 

Not tried 

Rapid (l/2 hr) 

16 Rounded finger
like projections 
or circular in 
profile view 

20 Short blunt pro
jections 

2p Circular in pro
file view (no 
pro j ections) 

28 Circular in pro
file view 

5-7m many smaller, 
some chloroplasts 
without pyrenoids 

Some 5-7!~i<, many 
smaller, many 
chloroplasts with
out pyrenoids 

< 5p., many chloro
plasts without 
pyrenoids 

Pyrenoids generally 
1acking 

Rapid (l/2 hr) 

1 hr 

Not after 6 hr of 
light; after 30 hr 
of light 

Not after 8 hr of 
light 



Days 
in 

dark Chloroplast shape Pyrenoid size 

0 Stellate (sharp 
proj ections) 

5 Stellate (sharp 
pro j ections) 

6- Stellate (some 
12 with blunt pro

jections; a few 
circular in pro
file view 

16 Rounded finger
like projections 
or circular in 
profile viexv 

20 Short blunt pro
jections 

25 Circular in pro
file view (no 
proj ections) 

28 Circular in pro
file view 

5-7^ (normal size) 

5-71^ 

5-7m some smaller, 
a few chloroplasts 
without xoyrenoids 

5-7m many smaller, 
some chloroplasts 
without pyrenoids 

Some 5-7!-!-, many 
smaller, many 
chloroplasts with
out pyrenoids 

< 5m many chloro
plasts without 
pyrenoids 

Pyrenoids generally 
lacking 

3 6  Circular in pro
file view 

^0 1/2 normal size 
circular in pro
file view 

Pyrenoids generally 
lacking 

Pyrenoids generally 
lacking 

Starch as indi
cated with IKI 

(+ or -) 
Rate of starch 

synthesis 

+ (normal amount) Not tried 

Less than normal Not tried 
in some cells 

- or present in Rapid (1/2 hr) 
some cells 

Rapid (1/2 hr) 

1 hr 

Not after 6 hr of 
light; after 30 hr 
of light 

Not after 8 hr of 
light 

Some cells still 
alive 

Some cells still 
alive 
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that have been in the dark 6-l6 days, there are some cells 

which do not undergo starch synthesis. It lias been 

established that these cells which do not synthesize starcli 

lack pyrenoids. Thus, the proccss of aging in the dark 

brings about a reduction in the size of the pyrenoid until 

the pyrenoid finally disappears, and, along with it, the 

capacity for starch synthesis. This reduction in size of 

the pyrenoid occurs after starch is lost from its surface; 

in bacteria-free cells, the size reduction in the pyrenoid 

is uniform in some filaments. It is interesting to note 

that, if cells with pyrenoids that are disappearing are 

illuminated, these small pyrenoids will have starch syn

thesized around them. 

The change of shape of the chloroplast also can be 

related to the loss of the pyrenoid. Cells in the dark 

lose the sharp projections on the main body of the chloro

plast; as those projections become blunt and finally dis

appear, the chloroplast becomes spherical. At this point, 

the pyrenoid has lost all of its starch; however the 

pyrenoid does not appear to have lost much, if any, of the 

volume it had when it was in the light. As spherical 

cliloroplasts age, they become smaller, as do their 

pyrenoids. Loss of the pyrenoid can occur as early as 

after 10 days in the dark, but in most cells this loss may 

take up to 28 days. 
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Loss of the pyrenoid has been reported under con

ditions of continuous darkness by other investigators 

(Dangeard, 1921; Andreyeva and Sedova, 1965)* In 

Tetracystis, before the pyrenoid disappears during cell 

division, starch synthesis ceases, and the pyrenoid dis

a p p e a r s  i n  t h e  p r e s e n c e  o f  s t a r c h  ( A r n o t t  a n d  B r o w n ,  1 9 6 6 ) .  

As will be shown later, the pyrenoid of Zygnema may dis

appear in the presence of starch on a 12:12 hr light:dark 

cycle under conditions unsuitable for division; but in the 

dax"k, at least in healthy cultures, starch is lost before 

the pyrenoid disappears. The disappearance of the pyrenoid 

either in the light or in the dark accompanied by a lack of 

starch synthesis does not provide any clues concerning the 

function of the pyrenoid in starch synthesis, nor does it 

mean that the pyrenoid in itself is essential for starch 

synthesis, since, when the pyrenoid disappears, other 

changes are taking place physiologically in the chloroplast 

and in the whole cell. However, it may not be pure coin

cidence that, when the pyrenoid disappears, the capacity 

for starch synthesis disappears. In fact, the observation 

in Zygnenia that starch synthesis may occur on the surface 

of pyrenoids that are small and in the process of dis

appearing, but not when the pyrenoids are completely gone, 

is sufficient circumstantial evidence to warrant further 

testing of the hypothesis that the pyrenoid is involved in 

starch synthesis. 



In a Microbeam of Light 

Although even recently it has been claimed that 

starch in green algae with pyrenoids can be produced in the 

stroma unassociated with the pyrenoid (Lang, 1963? 

Wil senach, 1963) •> it is not certain whether these claims 

are based on observations or on inferences. In Zy gnema, as 

discussed earlier, when starch-free cells are illuminated, 

starch is always synthesized only on the surface of the 

pyrenoid. Of course, this observation does not provide 

information on the possibility of the occurrence of starch 

synthesis aweiy from the pyrenoid at some later time. One 

method to determine if starch synthesis can occur in 

pyrenoid-free areas of the stroma is to illuminate a portion 

of the chloroplast without illuminating the pyrenoid and to 

observe whether or not starch is produced in that area. 

Such a method was attempted in this study. 

Materials and Methods. A Bausch and Lomb DynaZoom 

Research Laboratory Microscope with a built-in substage 

light source was used in this experiment. A microbeain was 

provided by passing light through a small hole in a coppcr 

sheet positioned over the substage light source. Holes 

were made in the coppcr sheets by forcing a sharpened 

needle into and slightly through a cork and rotating the 

unit slowly on the copper while applying slight pressure. 

The holes formed in this manner were examined with a 



microscope, and the smallest circular holes were selected 

for use. A copper sheet was placed over the field dia

phragm of the light source, and the image of the aperture 

in the sheet was focused in the plane of the specimen. 

Unfortunately, because the smallest holes were still 5. 

microns in diameter, it was not possible to illuminate a 

part of the chloroplast that was a suitable distance from 

the pyrenoid. Nevertheless, it was desirable to determine 

the feasibility of synthesizing starch in single in vivo 

chloroplasts . For this purpose, starcli-frec filaments 

were placed on microscope slides, in a drop of B medium. 

The preparations were covered with a cover slip and sealed 

with melted paraffin. The slides were then wrapped in 

aluminum foil so that starch synthesis would not take place 

until the material was exposed to the niicrobeam of light. 

Observatioris . At the required time, the transformer 

on the light source was turned to the number five position, 

and the beam was focused on a pyrenoid of a single chloro

plast . When light fell on the chloroplast, small spherical 

bodies about one micron in diameter began to move. These 

bodies were identified tentatively as spherosomes 

(Halloway, 1965)- If spherosome activity was not immedi

ately evident, another cell was selected. Cells which 

ultimately synthesized starch were ones that showed 

"dancing spherosomes" within the first few seconds of 



illumination with the microbeam. When the desired activity 

was evident, the iris diaphragm was shut down as far as 

possible so that to the eye only the pyrenoid area of a 

single chloroplast was illuminated. Under these conditions, 

starch was produced around the illuminated pyrenoid but not 

in regions away from the illuminated area, such as in the 

adjacent chloroplasts. 

One of the major problems in this experiment re

sulted from the movement of filaments out of the beam of 

light. Approximately every hour during the course of the 

experiments the position of the cell being illuminated was 

checked, and it was usually necessary to correct for slight 

movement of the filament. Examples of the results of such 

movement are shown in Figures ^12 and 5'l, showing a situa

tion in which ail adjacent chloroplast was illuminated twice 

during a 30 hr period. Starch was produced in this adja

cent chloroplast, although not in as great an amount as in 

the chloroplast which received most of the light (Fig. 5'±) • 

Nevertheless, the results of this experiment show that 

single in vj.vo chloroplasts will produce starch when the 

area of the pyrenoid is illuminated. 

The problems which resulted from the large diameter 

of the inicrobeam can be resolved in various ways. First, 

equipment is available which, in principle, is capable of 

producing a much smaller beam of light (Marccnko, 1 <)G 8) . 

The preliminary evidence reported here suggests that the 



use of a microbeam of light about two microns in diameter 

would be small enough to establish whether or not the peri

pheral portion of the chloroplast of Zygnema is capeible of 

producing starch when only this portion is illuminated. 

Secondly, it might be possible to answer this general 

question with the present equipment if it is used with an 

organism having larger chloroplasts (e.g., Closterium). 

Light Intensity 

Initial observations on the effect of light inten

sity on strain 922 were in agreement with those of Gauch 

(1966); both low light (l,500 lux) and high light (6,000 

lux) intensities are suitable for growth. Gauch noted that 

Zygnema circumcarinatum produced an abnormal number of 

chloroplasts per eel], when grown at high light intensity, 

lie did not comment on the effects of high light intensity 

on chloroplast number in strain 922, but did state that 

growth was good. The present study confirms his observa

tions. In addition, it was noted that high light intensity 

alters the chloroplast number per cell in strain 922, as in 

Z. circumcariii a turn, and has a pronounced effect on the 

shape of the pyrenoid in some cells. For this reason, most 

of the culture work in this study was conducted under 

conditions of 2,500 lux or less. 

Although these conditions of light intensity were 

established on the basis of growth requirements for this 



study, their desirability was strengthened by practical 

considerations, for the growth cabinets provide more growth 

area within narrow ranges at low light intensities than at 

high intensities. Because it was apparent that growth of 

strain 922 occurred over a wide range of intensities, it is 

desirable for future work to know at what intensity the 

greatest growth occurs without disturbing the normal 

chloroplast number and pyrenoid morphology. 

Materials and Methods 

Filaments from five one-month old cultures of 

strain 922 grown at light intensities of 1,300-1,900 lux 

were chopped and transferred onto 21 plates of 13 medium by 

the method described earlier in this paper. The weight of 

the filaments in the suspension was determined by removing 

4 ml of suspension at the beginning, middle, find end of the 

transfer procedure and by drying this material at 50 C on 

tared plastic petri plates. The dried weight averaged 10 

mg ( + 2 mg)/'i ml of suspension. 

Three cultures were placed on a 12:12 hr light:dark 

cycle at each of the following intensities: 5'l0 lux; 1,080 

lux; 2,l60 lux; 4,320 lux; 6,480 lux; 8,6')0 lux; and 10,800 

lux. The material was harvested after nine days of growth 

by washing the filaments from the places with h ml per 

plate of 80 C water. The filaments in the water were 

placed in tared plastic petri plates and were left at 50 C 
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for three days. The dry weight of the filaments was 

determined and plotted against light intensity as shown in 

Figure '13. 

Results and Discussion 

Saturation of light intensity in terms of growth as 

a trend in the increase in dry weight occurred between 2,.l60 

lux and 8.,640 lux intensity (Fig. 43). The growth at 1,080 

lux was equal to that which occurred at 10,800 lux. On the 

basis of these results, one could infer that increasing the 

light at some point above 2,l60 lux results in excess photo-

synthate. This inference is supported by the observation that 

more starch is found around pyrenoids exposed to 6,480 lux 

intensity than around those exposed to 2,l60 lux. Since it 

is known that light at 6 , 480 lux and above causes an in

crease in the chlo.roplast number of some cells and also can 

cause the occurrence of abnormally shaped pyrenoids, it 

would appear that, if normal cell morphology is to be main

tained, the growth of this strain should be at 4,320 lux or 

less at 19 C. The optimum temperature for growth of this 

strain lias not been determined, and, if it should be higher 

than 19 C, then the saturation light intensity may be even 

higher than reported here. 

The effect of high light intensity on the shape of 

the pyrenoid bears further comment. Czurda (.1.928) stated 

that the factors responsible for the irregular shapes that 



pyrenoids could assume were not known. In a later paper" 

(Czurda, 1937)* he suggests that starch plates, especially 

when they become large, exert a pressure on the viscous 

pyrenoid when the grains regroup during division, a pressure 

which leads to irregular shaped pyrenoids. His suggestion 

would explain.the effect of high light intensity on 

pyrenoids because large starch plates are produced under 

such conditions. 

Pyrenoids which have not been exposed to high light 

intensity may also acquire irregular shapes. This situation 

appears to develop when conditions for growth are not good 

(in cultures more than one month old, for example), a 

situation which leads to abnormal accumulation of starch. 

That abnormally shaped pyrenoids retain their shapes during 

division perhaps can be explained by the fact that, al

though the reduction in volume of starch occurs when 

cultures are transferred from high light intensity to low 

intensity or from conditions of poor growth to conditions 

of good growth, the general shape of the grain may be 

niaintfAined for some time. Thus, this suggestion of Czurda 

appears to explain the abnormally shaped pyrenoids observed 

in this study at: high light intensities as well as low 

intensities in old cultures. 



45 

Division 

Cultures for studying division under various light 

cycles were grown cis described earlier. During the dark 

portion of the cycles, when material was being harvested, 

plates were wrapped with aluminum foil so that opening the 

growth cabinets would not expose the cultures to light. 

The filaments were harvested by adding a few ml of 

water to the surface of a plate of filaments. When the 

plates were swirled for a few seconds, this movement freed 

the filaments from the agar surface. The suspended fila

ments were quickly poured into a centrifuge tube which was 

spun for about 30 sec. The water was removed from the tube 

with a syringe, and Jackson's fixative was poured over the 

filaments. The contents of the centrifuge tube were then 

poured back into the vial containing the fixative. The 

total volume of fixative for each plate of material was 10 

ml. Thus each vial (sample) contained one culture plate of 

filaments. 

In etirly attempts to determine the period of 

nuclear and pyrenoid division, filaments were not chopped 

prior to counting the division figures. Cells were 

examined for' nuclear and pyrenoid division by following 

individual filaments and by noting in sequence the division 

figures. After the data shown in Figure h5 was collected, 

some of the same material but on different slides was 

examined (1,000 cells), and as much as 10/6 difference 



occurred between the two samples for some division figures. 

Cell division apparently was not random in all filaments: 

some filaments had pr ac. t i c al ly no division figures, wl i i 1 e 

others had almost all cells in division. For this reason, 

the practice of counting all the cells in individual fila-

merits was discontinued, and a method was developed which 

would insure a more random distribution of cells, based on 

the recognition that cell division apparently was unequal 

among different filaments. 

Unless stated otherwise on the graphs, all the 

filaments from a vial of fixed material were randomized in 

the following manner: The filaments from a vial of fixed 

material were placed on a glass slide and chopped 3_'± in in 

with a single razor blade. The chopped material was washed 

with Jackson's fixative back into the original vial, and 

the material was agitated for 2 min to randomize the short 

filaments. Half of the material was then removed from the 

vial and centrifuged for up to 15 min on position seven on 

the IEC Model CL centrifuge. The supernatant was removed 

carefully with a Pasteur pipette, and up to 10 drops of 

ferric propionate solution were placed on the filaments. 

When this mordant (ferric propionate) was added, the tube 

was agitated for a few seconds and then centrifuged at 

position seven for 5 min. The supernatant wcis removed, and 

a few drops of propiocarmine (0.5% carmine in 50% piropionic. 

acid) were added. The tube was heated slightly, and one 
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drop of the suspension was placed on a slide; a number one 

cover slip was added; and the preparation was sealed with 

hot paraffin. Slides sealed in this way lasted up to 

several weeks without drying out. Two or three slides were 

made of ecich sample harvested. 

Staining filaments with the method just described 

was difficult because the longer the filaments were fixed 

prior to staining, the less time they needed in the mordant 

or the less concentration they needed of the mordant. 

Overstaining or understaining occurred often, and, because 

material was limited, it was sometimes necessary to use this 

overstained or understained material in cell counts. Be

cause stages can be misinterpreted or overlooked when 

improperly stained, this practice undoubtedly is at least 

partially responsible for variability in cell counts. After 

completion of the cell division experiments, a more uniform 

method of staining was developed. This method, developed 

for staining pyreuoids, but equally useful for staining 

chromosomes, is presented in a later section. 

In the case of the 12:12 hr light:dark cycles, 

generally 1,000 cells were counted for each 3/2 hr period 

from 7 P.M. to 12 midnight (the period of active division). 

After this time, 500 cells were counted for each sample 

harvested. In the 6:6:6:6 hr light:dark light:dark cycle 

and in the continuous light and continuous dark 



experiments, 500 cells were counted for each hour during 

the 2'l-hr period or as otherwise indicated. 

Counts were made with the oil immersion objective 

on a Bausch and Lomb DynaZoom Research Laboratory Microscope 

equipped with a mechanical stage. Beginning from the upper 

left side of the cover slip, all cells were counted that 

entered the field during a vertical sweep towards the lower 

left corner of the cover slip. When this corner was 

reached, the slide was moved to the left until a new field 

was encountered. A vertical sweep toward the top edge of 

the cover slip was made, and all cells encountered were 

counted. The number of cells counted per slide varied. As 

many slides were used as was necessary to count either 500 

cells or 1,000 cells, whichever was required. 

In counting the actual division figures, it was 

necessary to establish a set pattern for the interpretation 

of pairs of certain stages of division. During telophase, 

the two reorganizing nuclei from a recently divided cell 

did not necessarily complete this stage at the same time. 

Also, pyrenoids in the two daughter cells did not always 

divide at the same time. In these cases, the most 

advanced stage was counted, and the other was ignored. For 

example, if a recently divided cell showed one nucleus in 

stage one of pyrenoid division and the other in telophase, 

stage one was counted and the telophase figure was ignored. 

Also, in this manner, if one product of a recent division 
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had returned to interphase and the other was still in the 

third stage of pyrenoid division, the group was counted as 

one cell in interphase. 

On a 12:12 hr Light:Dark Cycle 

This experiment Wcis duplicated, and the results are 

shown in Figures 44-49. In the first experiment (Fig. 44-

46), cells were allowed to grow for five days at 1,500-2,000 

lux at .19-20 C. The filaments were not chopped, and all 

cells in an individual filament were counted. In the 

second experiment (Fig. 47-49)5 filaments were grown for 

four days at 1,300-1,500 lux; the filaments were chopped; 

and all cells which filled the field of the microscope were 

counted by the method described earlier. 

It is evident that synchronous growth was produced 

in both experiments: i.e., division of the nuclei and 

pyrenoids was confined to a particular portion of the cycle. 

If Figures 44 and 47 are compared, keeping in mind that two 

different methods were used in counting the division 

figures, it is evident that both methods show a great 

variance in the number of division figures from one l/2-hr 

period to the next. Also, two different counts on the same 

material were made (Fig. 44), and the great difference in 

the peaks indicated that no significance can be placed on 

this data as far as actual per- cent division per hour is 

cone erned. 
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When the nature of the variance is considered, 

there arc several possibilities to explain this variance. 

Since the light period exceeds that period which is 

necessary for induction of division by 1-2 hi", it is 

possible that the additional 1-2 hr of light brings about 

a certain amount of asynchrony in the population. This 

asynchrony could be responsible for more than one peak in 

the dark period or for shoulders on a peak. However, 

asynchrony in one culture should be equal to that in another 

if the organisms are growing under similar conditions, so 

that the differences between 1/2-hr periods shown here 

cannot be explained on the basis of asynchrony. Another 

possibility is that the great difference from one l/2-hr 

period to another (Fig. kh) may indicate that the growth on 

plates, which supposedly are under similar environmental 

conditions, actually may be significantly different. It is 

also possible that the method of counting figures was not 

accurate within desired limits and that the apparent 

difference in growth of cultures under the same conditions 

is in reality a reflection of the method for determining 

division figures. 

Certain aspects of this problem were considered in 

the following experiments. At 2 P.M. on a 6:6:6:6 hr light: 

dark:light:dark cycle, pyrcnoid division was determined by 

making six counts of 500 cells each of the same material. 

The number of pyrcnoids dividing per 500 cells was 43, 36, 



49, and 49 • When these numbers are converted to 

percentages, it can be seen that the difference between the 

highest and lowest per cent is 3*8%. When the counts are 

considered in pairs, i.e., in three groups of 1,000 cells, 

the difference between the lowest and highest group is 

2.2%. When two groups of 1,500 cells wore compared, the 

difference between the two was 0.2%. A desirable accuracy 

would be 1/2%; however, because only 1,000 or 500 cells per 

sample harvested were counted, this accuracy may not have 

been obtained. 

Light intensity is a variable which needs to be 

considered and which is difficult to control. Although 

experiments were conducted with initial variation between 

plates of as little as 200 lux, the intensity at each 

position in the growth cabinet decreased with time and not 

in proportion to each other. To determine the effects of 

differences in light intensity while the temperature is 

constant, a culture was harvested at 11:30 P.M. at 

1,500 lux and at 2,100 lux during the second 12:12 hr light 

dark cycle experiment. The filaments were examined for 

nuclear and pyrenoid division, and 1,000 cells were 

counted from each plate. At 1,500 lux, l6 nuclear and 103 

pyrenoid divisions were found, and at 2,100 lux, 31 nuclear 

and lG2 pyrenoid divisions. These data suggest that an 

increase in light intensity increases the rate of division. 
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When aspocts just discussed are considered along 

with those presented earlier in the general section on 

materials and methods, it can be seen that numerous factors 

could be responsible for the apparent variations among 

samples. Without further work, it is not possible to say 

Avhic.li of these factors is most responsible for this 

vari ation. 

Even though the peaks shown in this study may not 

be meaningful, other information can be obtained from the 

data. From a comparison of the.two 12:12 hr light:dark 

experiments, it is evident for nuclear division that (l) 

the greatest nuclear division occurs during the first 5 hr 

of the dark cycle, (2) nuclear division begins about 1-2 hr 

before the end of the light cycle, (3) mitosis ends before 

the end of the dark cycle, (!l) no background mitosis occurs 

(in the light period), and (5) there is one period of 

nuclear division per 2 4-hr cycle. 

The results obtained for pyrenoid division require 

additional explanation. Observations on dividing cells 

hctve established that nuclear division is completed before 

pyrenoid division begins. A comparison of stage one of 

pyrenoid division at two different light .intensities (Fig. 

'16 and '19) shows that the greatest number of stage one 

divisions occurs fit 2-2 1/2 hr after the onset of the dark 

cycle. From this evidence, it can be inferred that the 

peak of nuclear division is within the first 2 1./2 hr of 
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the dark cycle even though this information is not evident 

from an examination of the results of the stages of nuclear 

division shown in Figures hlL and !l 7 • 

The other two stages of pyrenoid division do not 

have comparable peaks at the two different light inten

sities. It should be pointed out that stages two and three 

were much more difficult to delimit than stage one, and the 

variation in the counts from one hour to the. next for these 

stages is undoubtedly due in part to the inability to 

discriminate critically between these stages. Also, as a 

better understanding of these stages was gained, the limits 

of these stages were redefined; as a result, differences 

between, the two experiments also reflect differences in the 

interpretation of the stages. Stage three was the most 

difficult to delimit because the chloroplasts in some fixed 

matericil were displaced so that the nuclear-pyrenoid rela

tionship, the basis 011 which this stage is delimited, was 

sometimes difficult to interpret. Although no significance 

can be placed on the peaks for* pyrenoid stages two and 

three, it can be concluded that stage two is completed 

during the dark portion of the cycle and that stage three 

reaches its peak at this time also. Stage three is nearly 

completed for most cells with the return to the light 

cycle, but about two per cent of the cells in the light 

portion of the cycle are found in this last stage of 

pyrenoid division. 
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On a 12:12 hr Light: Dark Cycle Fol].owed by Contd.nuous 
Darkness 

Filaments were grown on a 12:12 hr light:dark cycle 

for four days at 1,500-1,720 lux in one experiment and for 

six days at 7i500-8,000 lux in another; each period of 

growth in the light 'was followed by continuous darkness. 

After the designated period of growth on the 12:12 hr cycle, 

at the point at which the light normally would go on, the 

light was left off, and the material was harvested at the 

times at which division would be expected to occur if the 

mitotic rhythm was being maintained. This period was from 5 

P.M. to 12 midnight. Material was harvested during these 

critical hours, and also for two days during every 2-hr 

period in order to determine if division was occurring 

sporadically. 

Staining filaments and examining them for division 

figures at the critical hours and at other portions of the 

cycle revealed no evidence for division. Although 2% 

pyrenoid division (stage three) was found at one hour 

before the onset of what would have been the first 

divisions in the dark, this number is equal to the back

ground pyrenoid division of cells on a normal 12:12 hr 

cycle. 
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On a 12:12 lir Light: Dark Cycle Followed by Continuous 
II.lumina(ion 

Filaments were grown at 1,500-1,700 lux for two 

weeks on a 12:12 hr light:dark cycle, at 19 C. These 

filaments were then chopped and transferred onto fresh 

medium and placed under continuous illumination of 1,500-

1,700 lux. Material was harvested every hour for 2'l hr 

after four days of growth in continuous light. Results 

from this experiment show that division under continuous 

light was asynchronous. Pyrenoid division occurred every 

hour and fluctuated between 5-l6% (Fig. 50). Nuclear 

division occurred every hour and fluctuated between 1/2-

2%. 

On a 6:6:6:6 hr Light:Dark:Light:Dark Cycle 

In this experiment the filaments received the same 

total, number of hours of light per 2^1-hr period as on a 

12:12 hr cycle, but in this case there were two periods of 

light and two periods of dark. Results from this experi

ment showed that a period of six hours furnishes sufficient 

light duration to induce a regular rhythm of division; 

however, since background mitosis occurred between peaks of 

division, division was not highly synchronous. The mitotic 

peaks occurred at the end of the dark cycle, and the 

division dropped off during the light portion of the cycle. 

Pyrenoid division occurred after nuclear division; thus, 

there were two periods of pyrenoid division. Unlike the 



situation on a 12:12 hr cycle, division of the pyrenoids 

increased during the light period and fell off during the 

dark period. 

Discussion of the Light Cycle Studies 

Previous studies on other organisms have shown that 

algal cultures can be synchronized so that division occurs 

only at a. particular time during the light:dark cycle. 

Such synchronous division is desirable because a large 

amount of material can be studied in the same morphological 

and physiological condition, a situation which often reveal 

fundamental information about cellular events (Bernstein, 

i960). Apparently algae require a certain minimum amount 

of light duration in order to divide synchronously, and 

this requirement applies to algae which may be grown in the 

dark on various carbon sources. In Clilamydomonas 

(Bernstein, I.966) and in Chlorcl. la (Senger, 1965)? this 

minimum period is four hours for induction of regular 

division. In Chiamydomonas, light periods beyond k hr in 

duration allowed for more division in each mother cell, and 

the time required for each division was reduced. If 

Chi amy d omon as was grown 011 a 12:12 hr light: dark cycle, 

divisions occurred in the last hour of the dark cycle. 

If true synchrony is to be maintained, it is 

important that the minimum amount of light; required for a 

mitotic cycle is not exceeded. If the light period exceeds 



the minumum amount required for the initiation of mitosis, 

then part of the population will begin a second life cycle, 

and asynclirony is encouraged (Bernstein, i960). Mitosis 

will occur exclusively in the dark period of a light:dark 

cycle if the length of the light period is not greater than 

that required to initiate mitosis. If the light period is 

greater than that required, then mitosis is not confined to 

the dark period but will begin in the light (Brandliam and 

Godward, 1965)* It is evident, then, in studies on 

Closterium siliqua (Brandliam and Godward, 1965) 5 

Draparna.ldia and Stigeocloniuiii (Godward, 1965)5 and 

Sirogonium (Wells, 1969)5 that the length of the light 

period exceeded the requirements for inducing a regular 

mitotic cycle. A similar situation has occurred in this 

study of Zy gnema because the 12:12 hi" light: dark cycle was 

chosen arbitrarily without knowledge of the requirements 

for inducing a single mitosis. Since in Zygnema nuclear 

division begins one to two hours before the onset of the 

dark cycle on a 12:12 hr cycle, the light cycle should 

probably be one to two hours shorter for absolute syn

chrony, i.e., about 10-11 hr long instead of 12 hr. 

Although it has been reported that mitotic peaks 

occur in the light in Drapar 11 a 1 d 1 a and Stigeocloniuiii 

(Godward, 1965; Brandliam and Godward, 1965)5 two out of 

the three peaks shown for Uraparnaldia are actually small 

peaks in the dark, and the background mitosis is high 
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(l/2-l%), an indication of asynchrony in the population. 

In Stigcocl on.i um, the peak that is shown occurring in the 

light actually begins in the dark, reaching a peak during 

the first hour in the light. Background mitosis in this 

case is also high (:i„/2-l%). It seems necessary to suggest 

that shortening the length of the light period by a few 

hours in those studies, a shortening which results in 

lengthening the dark period, may have resulted in mitotic 

peaks in the dar*k. Godward (1965) has suggested that a 

mitotic peak reported .in the light for Zygnema cruciatuin 

may be a result of the light cycle's being out of step Asrith 

the mitotic cycle, and this is the suggestion that is being 

made here for Draparnaldla and Stigeoc.lo3i.ium. Thus, when 

one considers the factors involved in the induction of 

synchrony by light cycles, it is evident that statements of 

the time at which peaks of division occur during a cycle are 

more meaningful when the time that the first mitosis begins 

is considered in relation to the time at which the dark 

cycle begins. For example, Closterium siIiqua has a mitotic 

peak about 'l hr into the dark cycle (Brandham and Godward, 

1965) 1 while S.irogonium (strain 707) has a peak 2 hr into 

the dark cycle (Wells, 3.969) • When the time that the first 

mitosis is observed is considered in relation to these 

peaks, this length of time (in both organisms) is approxi

mately 1/2 hr. The fact that organisms peak at different 

times in a 12:12 hr light:dark cycle may be a reflection of 
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the different requirements for division, but the only 

organisms for which the minimum duration of light has been 

determined (Ch1amydomonas and Chlore11a) have the same 

requirements. An explanation for the differences observed 

in various studies dn which the minimum amount of light has 

been greatly exceeded will require further investigation. 

Another aspect which needs to be considered in 

relation to ld.ght:dark cycle induction of division concerns 

the nature of the rhythmic process. Rhythmic processes in 

organisms have been described as being exogenous if they 

occur as a direct result of environmental influences and 

endogenous if they are to some extent independent of . 

environmental influences (Sweeney and Hastings, 1962). 

Cell division has been shown to be an endogenous rhythm in 

Gonyaui ax (Sweeney and Hastings, 1958), an identification 

based on the observation that the rhythm persists under 

conditions of continuous low ld.glit intensity for at leeist 

l'l days. The rhythm also lasts a few days in the dark and 

is lost after four to sd.x days in continuous bright light. 

The rhythms of cell division and of luminescence d.n 

Gonyauiax can be shifted to occur at any time of day by 

changing the timing of the light:dark period (Sweeney and 

Hastings, 195^). 

In Zygnema, if filaments which have been on a 12:12 

hr light:dark cycle are placed in continuous light (1,4-00-

3. ,600 lux) , samples taken after five days show that the 
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12:12 hr rhythm is not maintained, cell division occurring 

apparently at any time. Pyrcnoid division also occurs at 

any time, but it follows nuclear division as it does on a 

12:12 hr cycle. In darkness, cells do not undergo division 

in the second 2'i-hr period following the change from a 
* 

light:dark cycle. Since it was not determined if a rhythm 

of division was maintained at very low intensities (e.g., 

500 lux or less), it cannot be stated on the basis of the 

present study that mitosis in Zygnema is an exogenous or an 

endogenous rhythm. However, evidence for an exogenous 

rhythm lies in the fact that cell division docs not occur 

in continuous dark. Nuclear division (lcaryokinesis) is 

thus strictly a light dependent event, while cytokinesis 

and pyrenoid division are light independent events. 

The production of two mitotic and pyrenoid division 

periods in response to two light and two dark periods in 

2h hr lias shown a dramatic response of Zygnema to experi

mentally controlled photoperiodic influence. Because in 

Gonyaulax the phase of division can be shifted by changing 

the timing of the light:dark period, this response in 

itself is not adequate to demonstrate an exogenous control 

of cell division. Also, because continuous high light 

intensity will stop rhythmic division in Gonyaulax, the 

maintenance of a mitotic rhythm even in this organism is 

exogenously influenced to some extent. However, because 

Gonyaulax apparently will divide for a few days in the dark 



while Zygncmn will not, an endogenous mechanism identical 

to that for control of cell division in Gonyanlax is 

questionable for Zygnema. Although Le.edalc (1959) has 

stated that cell division in Zygnema is exogenous, the data 

on which this statement is based were not presented. Thus, 

further work is necessciry to establish the nature of 

induction of cell division in Zygnema. 

Technique for Staining Pyreno1ds 

For the purpose of investigating properties of the 

pyrenoid at the light microscopic level, it was desirable 

to have a staining procedure that would identify this 

organelle positively. Many stains for pyrenoids have been, 

used successfull y with the green algae (Timberlake, 1903.; 

Bourquin, 1917)? but staining pyrenoids in other algal 

divisions has often been difficult or impossible (Simon, 

195Z1 ; Manton and Leedale, 19&1). The fact that propio

carinine gives an excellent stain for pyrenoids in Zygnema 

is illustrated by O'Donnell (1957)- Because this stain was 

already being used in the present study for staining 

chromosomes', its reliability for pyrenoids was investi

gated . 

Although propiocarinine has been used successfully 

by staining material directly on microscope slides, pre

liminary attempts to obtain uniform staining with this 

practice were not successful. Later attempts in staining 
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filaments for cell division counts established that the 

staining procedure, when carried out in centrifuge tubes, 

resulted in uniform staining although the intensity of the 

stain from one sample to the next was initially difficult 

to control. Using a diluted mordant for long periods of 

time rather than a concentrated mordant for short periods 

of time improved the control of stain intensity. 

In preliminary attempts to stain the pyrenoid, it 

was noticed in some cells (fixed in Jackson's fixative) 

that the pyrenoids were smaller than normal, and, when 

stained with propiocarmine, the nucleolus and the pyrenoid 

were nearly identical in their size and staining properties. 

A cytological procedure used by Freytag (1964) which 

destroys the nucleolus (Wells, 19&9) was adapted to stain

ing pyrenoids, and, when used with propiocarmine, it pro

vides a positive test for pyrenoids in Zygnema. An outline 

of this procedure is presented in Table 3* It was only 

after this procedure was utilized that the loss of the 

pyrenoid under certain environmental conditions was recog

nized. Also, with a reliable stain for the pyrenoid the 

effect of various substances on the morphology and on the 

staining ability of the pyrenoid could be determined. 

The fixation method of Freytag (.1964) was used in 

this study. The concentrations of the constituents of this 

fixative were varied in numerous ways, but no combination 

was found to bo tiny better for fixation of filaments for 
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Table 3- The procedure developed in this study for stain
ing pyrenoids. 

Living filaments of 
Zygnema treated with 
a mixture of 50% 
ethanol, concentrated 
HCl, and CIorox (2:2:1) 

5 minutes, room temperature 

Centrifuge and discard supernatant 

95% ethanol 3 rinses, room temperature 

Centrifuge and discard supernatant 

Mordant (ferric propionate) 5 minutes, room temperature 

Centrifuge and discard supernatant 

Propiocarmine 5 minutes in boiling 
water bath 

Centrifuge and discard supernatant 

1 
Results: Pyrenoids purple; nucleolar substance diffuse and 

slightly stained or not stained; chromatin or 
chromosomes stained purple. 
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staining pyrenoids than that used for chromosomes by 

Freytag. With the procedure reported here, pyrenoids of 

intact filaments can be stained in as little as 10 min, but 

in general practice 20-30 min was the more usual time. 

When attempts were made to stain isolated pyrenoids, a 

procedure which requires high speed centrifugation, the 

procedure took much longer (up to 1 hr). 

Filaments on agar were removed without the addition 

of liquid. If filaments were in liquid, they were centri-

fugecl and the liquid was removed. When exact uniformity in 

staining was .required, the number of filaments stained at 

one time was kept to a very small amount. When groups of 

filaments adhered to each other, a situation brought about 

when large amounts of filaments were stained, an impene

trable condition resulted, and some filaments would not 

take up the stain. 

The fixative, consisting of a mixture of 10 parts 

50% ethanol, 10 parts concentrated MCl, and 5 parts 

Clorox (Freytag, 1964), mixed in that order, was added to 

filaments in a 10-inl centrifuge tube. The contents Avrere 

agitated to insure thorough penetration of the fixative. 

The filaments were left in this solution .1/2 min to 'l5 min 

with equal success, the length of time of fixation appar

ently not being critical. In general practice, filaments 

were left in this solution for 2-5 min. The tube with 

filaments was then placed in an IEC Model CL clinical 



centrifuge; the tube was accelerated to top speed; as soon 

as this speed was reached, the centrifuge was turned off. 

The fixative was removed with a 10-inl syringe, care being 

taken to remove as much fixative as possible without dis

turbing the filaments. About 5 nil of 95% etlianol were 

added to the filaments, and the tube was agitated to dis

tribute the filaments. The tube was then quickly centri-

fuged, and the ethanol either was removed with a syringe 

or sometimes was simply decanted off. This process was 

repeated until all the chlorophyll was removed from the 

filaments, which then appeared white. At least three 

changes of 95% ethanol were used to insure that all the 

fixative was removed. Complete removal of the fixative was 

necessary or the pyrenoids would not stain. 

The mordant was made by covering rusty nails with 

concentrated propionic acid. After four days, the result

ant liquid, ferric propionate, was filtered and diluted 

with water 50%* Because it was found that this concentra

tion of the ferric propionate caused overstaining of the 

pyrenoids, 50% propionic acid was added to the mordant 

until the desired intensity for staining the pyrenoids was 

obtained. The optical density of the ferric propionate 

solution which resulted in the best stain was k.yk at a 

wavelength of 385 millimicrons. A color standard was 

made, and, when additional mordant was needed, the stock 

mordant was diluted with 50% propionic acid until the 



optical density of the resulting solution, to the eye, was 

equal to that of the standard. 

About 2 ml of the mordant were added to the fila

ments which had been treated with ethanol, and the fila

ments were agitated for a few seconds. The material was 

left in the mordant for 3-5 min and then centrifuged. A 

10-inl syringe was used to remove the mordant, or the 

mordant was decanted off. 

The propiocarraine stain was made by bringing 200 ml 

of 50% propionic acid to a boil and adding 1 g of certified 

carmine. The liquid was then cooled and filtered. 

About 2 ml of propiocarmine were-added to the 

filaments, and then the centrifuge tube was agitated for a 

few seconds and placed in a bath of boiling water for 5 min 

or more. After it was heated in this bath, the material 

was then centrifuged, and the filaments were placed on a 

glass slide with a dissecting needle. One drop of 50% 

propionic acid was added to the filaments; a number one 

cover slip was placed over the drop; and the mount was 

sealed with melted paraffin. 

With this procedure, the intensity of the stain is 

usually the same throughout the cells in a filament (Fig. 

53)• The pyrenoid is identified positively because it is 

the largest body in the cell that stains intensely. How

ever, in cells which have been in the dark for several 

weeks, those cells with plastids and without pyrenoids may 
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the dark, the pyrenoid disappears, but, in the process of 

becoming smaller, it still stains with the same intensity 

as normal size pyrenoids until it finally reaches 1 micron 

in size and can no longer be resolved with light microscopy 

Under ideal conditions, the chloroplast and cyto

plasm do not take up any appreciable amount of stain; as a 

result, there is a great contrast between the pyrenoids and 

the rest of the cell (Fig. 53) • Under less-than-ideal con

ditions, the chlorop.l.asts and cytoplasm will take up more 

stain (Fig. 28) but never to the point that the pyrenoids 

can be confused with any other body in the cell, assuming 

that the nucleolus is destroyed. In this regard, it should 

be mentioned that Freytag's fixative will destroy the 

nucleolus only when fresh filaments are used. If filaments 

are fixed in Jackson's fixative (Fig. 28), in 10% formalin, 

or in 95% ethanol, the nucleolus is not destroyed by sub

sequent treatment with Freytag's fixative. 

Am1d o-S c hw ar z 

The pyrenoid has long been considered to be a 

protein body (Timberlake, 1901; McAllister, 1.9l'l; Czurda, 

1928; Bose, 19^1)5 although in some taxa its chemical 

nature is uncertain (Simon, 195'J ; Manton and Leedale, 1961) 

In this study, the dye Ainido-Schwar?, (Davis, 196'l) was used 

as a test for protein in the pyrenoid of Zygnenia strain 922 



A 7% aqueous acetic acid solution saturated with 

Amido-Schwarz dye was vised to stain filaments which were 

prefixed in Jackson's fixative. The result was that the 

entire protoplast stained, but the greatest concentration 

of the stain was centered in the pyrenoid and nucleolus, 

indicating that these bodies contain a high concentration 

of protein. The situation was most clearly observed in 

cells which were in the dark for k days prior to fixation 

and staining. 

Pronase 

As further evidence in support of the protein nature 

of the pyrenoid in Zygnenia, the filaments were treated with 

the wide range proteolytic enzyme Pronase (trade name, Cal 

Bio Chem ) . 

In the first experiment, 5 mg of Pronase were pre-

digested for 1 hr in 1 ml of 1 X saline sodium citrate (SSC) 

pH 8.2 (Marmur, 196l). The solution was then diluted with 

1 X SSC until the final concentration of Pronase was 1 

mg/inl . Filaments were incubated in 2 ml of the enzyme at 

50 C for 3 hr. Control filaments were incubated at 50 C in 

1 X SSC without Pronase. 

After incubation, the filaments were examined for 

pyrenoids. Pyreno.i.ds were not evident in the experimental 

or in the control groups. This observation was verified by 

staining with propiocarmine for pyrenoids. The experiment 



was repented, and the filaments were left for 29 hours at 

room temperature. When stained for pyrenoids with propio-

carmine, the filaments revealed no evidence for pyrenoids 

in the Pronase group or in the control group. Possibly it 

was the SSC which wa^s destroying the pyrenoids . Another 

possibility is that the cells' own proteolytic enzymes 

digested the pyrenoids. 

In a third experiment, the filaments were placed in 

5 ml of 1 mg/.l predigested Pronase in deionized water- at 

room temperature for 17 hr. In this case, both the Pronase-

treatcd and the control groups showed a positive test for 

pyrenoids. 

In the final experiment, filaments were placed in 

30 mg/3 ml of Pronase (not predigested) in 0.1 X SSC pH 7.8 

at 'lO C for 1 hr. One group of filaments was fixed in 95% 

ethanol for 5 min and then washed five times in water to 

remove all traces of the ethanol before being placed in the 

Pronase and control solutions. At the same time, fresh 

material was also added to Pronase and control solutions. 

In both control groups, the filaments showed a good 

stain for pyrenoids. In the experimental groups, only 

filaments treated with 95% ethanol before Pronase treatment 

showed the pyrenoid to be missing (digested). The starch 

was still present in this group, and often formed a sphere 

which was hollow in the center where the pyrenoid would 

have been found prior to treatment. It can be concluded 
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that the pyrenoid is largely protein since treatment of 

fixed filaments with Pronase causes the pyrenoid to dis

appear. Pronase apparently did not penetrate fresh material 

incubated at ko C for 1 hr, or the pyrenoids would also 

have been digested. 

Triton X-100 

The detergent Triton X-100 has been used, as has 

deoxycholate, as a solubilizing agent in enzyme studies 

(Allen, Allen, and Liclit , 1965)- Apparently, the molecules 

of the detergent break up gross structure and provide a 

lipid-like environment for the resulting particles by 

surrounding them (Deamer and Crofts, 1967)* 

Filaments of strain 922 placed in 3.5-10% TX-100 

(vol/vol) showed lysis of the chloroplast membranes, but 

the effect on the pyrenoid could not be determined in 

unstained cells. The appearance of cells in 10% TX-100 for 

1 / 2  h r  a t  r o o m  t e m p e r a t u r e  i s  s h o w n  s t a i n e d  i n  F i g u r e s  5 5  

and 6l. Characteristic of the initial breakdown of the 

pyrenoid, as indicated with staining, is a very granular 

condition: the pyrenoid stains as a series of distinct 

propiocarrnine positive granules unlike those of the control 

group, which always shows a uniform homogeneous appearance. 

At a later stage of disintegration, the pyrenoid appears as 

a hollow sphere with a stained surface (Fig. 55)• The 

sphere often appears to be cracked open (Fig. 6l). 
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TX-100 is known to cause swelling of membranes 

leading to the formation of vesicles (Deamer and Crofts, 

1967)* Such swelling and vesicle formation may be at 

least partly responsible for the stages in the structural 

disintegration shown here, particularly since the pyrenoid 

in Zygnenia is traversed by numerous membranes continuous 

with thylakoids. Examination of TX-100 treated filaments 

at the electron microscopic level might reveal significant 

information 011 the substructural organization of the 

pyrenoid. 

Sodium Deoxycholate 

Detergents such as sodium deoxycholate have been 

used in "'solubilizing biological materials" and in isolating 

proteins from lipoproteins (Deamer and Crofts, 1967)* 

Deoxycholate (0.2%) also has been used to isolate phycobili-

somes (phycobiliprotein bodies) from the surface of 

thylakoids in Porphyridlum (Gantt and Conti, 1966a, b). 

In the first experiment, filaments of strain 922 

were treated with aqueous 0.2% sodium deoxycholate for" 1 hr 

at room temperature. Light microscopic examination revealed 

that plasmolysis of the cells had occurred, but there was 

no visual evidence that the deoxycholate had penetrated the 

c e l l s .  

In a second experiment, filaments were placed in 

aqueous 10% deoxycholate (wt/wt) for 1/2 hr at room 



temperature. Light microscopic examination showed that the 

chloroplast membranes were lysed and that chlorophyll was 

present in the solution bathing the cells. Starch was 

still .in. place within the lysed chloroplasts, but the 

condition of the pyrenoids could not be determined in un

stained cells. 

A preliminary attempt to stain the pyrenoids of 

deoxycliolate treated cells revealed that an insoluble 

precipitate formed with Freytag's fixative. Therefore, it 

was necessary to wash the filaments several times with 

water prior to stcxining for pyrenoids. 

The results of the pyrenoid stain on the deoxy-

cholate treated filaments are shown in Figure 56. 

Observation revealed that the cells had taken up the stain 

primarily in the cytoplasm: this occurrence could be ex

plained by a leakage of the stainable substance of the 

pyrenoid into the cytoplasm, or it could be the result of 

an overstaining of the cells. The washing of filaments 

with water prior to fixing with Freytag's fixative could 

have aided in removing a stainable substance from the 

pyrenoid. It is of interest that the chloroplasts took up 

less stain than the cytoplasm, a condition which has not 

been observed under any other experimental conditions. 

Because overstaining always results in a darkly stained 

pyrenoid, it can be stated confidently that a stainable 

pyrenoid is not present. Whether or not some structural 
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substance of the pyrenoid still remains after treatment 

with 10% deoxycholate will require examination with 

electron microscopy. 

Streptomycin Sulfate 

Cells of Euft'lena gracilis grown in the dark lack 

chloroplasts but have proplastids. If these cells are 

treated in the dark with streptomycin (SM) and then re

turned to the light, they form numerous bodies composed of 

concentric lamellae (CL bodies) which lack pyrenoids. 

Presumably SM inhibits chlorophyll synthesis in proplastids 

so that proplastids become CL bodies in the light rather 

than chloroplasts, and pyrenoids never develop (Siegesmund, 

Rosen, and Gawlik, 1962). In Mlcrasterias rotata, cells 

grown on streptomycin medium show loss of starch around the 

pyrenoids and finally loss of the pyrenoids (Di~awert and 

Mix, 1962). 

Unfortunately, because attempts to grow Zygnema in 

the dark have been unsuccessful (Czurda, 1926 ; Gauch, 

1966), producing bleached mutants without pyrenoids, in a 

manner used for Euglena gracilis, is not possible. Never

theless, it was felt that treating Zygnema with strepto

mycin in the light might cause a loss of the pyrenoid, as 

in Mlcrasterlas, and in the process reveal some new 

properties about this body. 
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Since concentrations of streptomycin sulfcite from 

10-50 mg/l had been used in a study on M :i. crastorl a s 

(D rawert and Mix, 1961), a similar range was used initially 

with Zygnema sp. (strain 922). Streptomycin sulfate B 

grade was placed in agarized B medium in concentrations of 

10-70 mg/l. Filaments were streaked on the agar surface, 

and, cifter two weeks of gi~owth , it was apparent that some 

cells hc\d more starch than normal and that this starch 

stained blue with IKI. However, 70 mg/l of SM did not 

inhibit growth. 

In a second experiment, cells were placed on B 

medium agar containing SM in a concentration of 70-225 mg/l 

for two weeks at 2,000 lux. At the end of two weeks, cells 

at 70-90 mg/l showed a normal amount or slight excess of 

starch, while those at 110 mg/l and 225 nig/l showed a loss 

of starch. In a similar experiment, filaments were plciced 

at 80, 100, 200, and 'lOO mg/l of SM at 2,000 lux, and after 

five days there was 110 accumulation of starch in filaments 

with 200 mg/l or more SM, although Sudan IV revealed the 

presence of small oil droplets. At high light intensity 

(6,000 lux), cells on 80 nig/l SM produced a large amount of 

starch in five days. After one and one-half months on 

80 mg/l SM, in addition to having an abnormal amount of 

starch, the cells appeared to be generally longer than 

normal cells (Fig. 57) • When stained for' pyrenoids , some 

cells had pyrenoids while others showed the pyrenoids to be 
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missing (Fig. 57)- After one and one-half months, cells 

from cultures on 80-'i00 mg/l SM were transferred to SM-fi~ee 

B medium agar to determine which cultures were still alive. 

Filaments that were on 80 and lOO mg/l SM recovered to pro

duce cells of normal, morphology. No cells recovered that 

had been on 200 mg/l or more S>1. 

It has been demonstrated that starch does not 

accumulate around pyrcnoids at concentrations of SM of 200 

mg/l ; as the cells age, the py.iren.oids begin to disappear, 

and after one and one-half months the cells are dead. At 

80 mg/l the cells after one and one-half months are alive 

and have accumulated starch and oil; also, in many cases, 

pyrenoids have disappeared. Such cells without pyrenoids 

may be completely filled with starch. Thus, pyrenoids may 

disappear in the presence of SM and may lose starch or 

accumulate starch depending on the concentration of the SM. 

The effect of an increase in light intensity from 2,000-

6,000 lux is to bring about a greater' accumulation of 

starch in a shorter period of time. 

In regard to the effect of SM on starch synthesis, 

one additional observation, was made. In a preliminary 

attempt to .inhibit starch synthesis, cells which were 

starch-free were placed in the dark for 1 hr in 200-500 

mg/l of SM. Upon return to light, the cells synthesized 

starch. Thus it was not possible initially to .inhibit 

starch synthesis with SM. However, it may be useful in 



future studies to determine how SM eventually inhibits 

starch synthesis. 

B Medium Minus Nitrogen 

Filaments of strain 922 were placed at 7 > 200 lux at 

19 C on agarizcd 13 medium minus nitrogen. The appearance 

of the cells after two months is shown in Figure 58. The 

cells on nitrogen-free medium appeared to be similar in 

morphology to those on SM. A large amount of starch 

accumulated; oil was abundant; and the pyrenoids were normal 

in size, reduced in size, or had disappeared (Fig. 58). 

One apparent difference between cells grown on nitrogen-

free medium and those on SM medium is that cells on 

nitrogen-free medium were generally shorter. Another 

feature of cells on. nitrogen-free medium is the appearance 

of cellulose caps. These caps are most readily observed in 

filaments treated with Sudan IV; the caps have never been 

observed in healthy growing cells on regular F3 medium. 

Discussion on the Effects of Chemical Agents 

The positive test with Amido-Scliwarz dye and the 

loss of the pyrenoid with a treatment of Pronase provide 

evidence that the pyrenoid in Zygnema is largely a protein 

body. The fact that propiocarmine stains the pyrenoid find 

the nucleolus in the same manner as Am.ido-Schwarz is of 

interest. If the way in which propiocarmine stains the 

pyrenoid were known, additional properties of the pyrenoid 
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might be revealed. Since Ilostetter (1969) has shown that 

the pyrenoid of Stauroncis anc cps stains with the procedure 

as described in this dissertation, this procedure should be 

tried with members of other algal divisions to detei'inine if 

it will have widespread use in the identification and 

characterization of pyrenoids. 

Cells treated with the detergents Triton X-100 and 

sodium deoxycholate appeared in the unstained condition to 

have lysed cliloroplasts, but the condition of the pyrenoids 

was not evident. Cells treated with Triton X-100 and 

stained showed a breaking up of the pyrenoids, and their 

staining properties, although altered, were not entirely 

lost. When deoxycholate treated cells were stained, the 

pyrenoid area did not take up the stain. These detergents 

thus appear to act differently from each other on the 

pyrenoid at the light microscojiic level. A more detailed 

study on stages of breakdown at different concentrations 

for various lengths of time for both detergents at the 

light and electron microscopic levels will be necessary. 

Such studies should contribute to a better understanding of 

the basic organization of the pyrenoid. 

The effects of SM and of nitrogen-free D medium are 

similar in that cells on these media ultimately lose their 

pyrenoids. SM in the concentration of 200 ing/1 or more can 

cause inhibition of starch synthesis after a period of 



time, while starch synthesis as at least initially un

affected in nitrogen-free medium. 

The effects of SM and of the lack of nitrogen on 

the pyrenoid, causing disappearance of this body, may be 

that protein synthesis necessary to maintain the integrity 

of the pyrenoid is inhibited and that the pyrenoid is 

degraded to its amino acids. Such an explanation could 

also apply to the loss of the pyrenoid in the dark. 



ISOLATION OF THE CIILOROPLAST 

An attempt was made to isolate s-tructurally intact 

chloroplasts with the idea that aspects of starch synthesis 

relating to the pyrenoid could be studied in vitro. The 

procedure reported here is an aqueous isolation method for 

obtaining chloroplasts of Zygnema; whether or not chloro

plasts isolated by this procedure have any functional 

activity was not determined. An outline of this procedure 

is presented in Table 'l. 

Materials and Methods 

Starch-free cells are essential for isolation of 

chloroplasts since, if starch grains are present, the forces 

of centrifugation would pull the starch through the chloro

plasts, causing the chloroplasts to fragment (Leech, 196'i). 

Because starch is not lost uniformly in the dark, it was 

always necessary to treat cells with IKI to determine if 

they were suitably free from starch. 

The method presented here for the isolation of 

chloroplasts is for the particular isolation that resulted 

in the largest number of intact chloroplasts. The term 

"intact"' is defined here as morphologically resembling in 

vivo chloroplasts. Whether or not these intact chloroplasts 

possessed their outer limiting membranes was not determined. 

79 
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Table k. An outline of the procedures used to isolate 
chloroplasts and pyrenoids of Zygnema sp. 
(strain 922). 

Chloroplasts Pyrenoids 

Chop starch-fx^ee f.i Vunonts 
with razoi" blades in Honda 
medium y 

Filter through 25(J- nitex 

V 
Suspend over discontinuous 
sucrose gradient 

Initial 2 suspension 

Broken chloroplasts 
(Class II) 

Intact chloroplasts 

Chloroplast fragments 

35% 

Blend starch-containing 
filaments 3 minutes in 
Sucrose 1 

v 
Filter through nitex 

v 
20[-l nitex 

V 
15[X nitex 

v 
10[l nitex 

V 
Centrifuge for 5 minutes at 
12,100 X g 

v 
Redissolve pellet and 
suspend over discontinuous 
sucrose gradient 

Initial 10[i suspension 

ko% 
50% 

Small chloroplast 
fragments 

Pyrenoids 

Starch, chloroplast 
fragments 

SW 25-1 Rotor, 22,000-25,000 rpm for 1/2-1 hr 
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A one-month old culture of strain 922 grown at 

1,700 lux and then transferred to the dark, where it re

mained for 12 days, was tested for starch and was found to 

have starch only in dead cells . About one quarter of the 

filaments from this culture plate were removed at a time 

and placed 011 a plastic petri plate sitting on ci-ushed ice. 

A small aliquot of cold Honda medium (Boardman, Francki, 

and Wildman, 1 ()GG ) , which was filtered through a 0.45-

micron millipore filter, was added to the plate, and the 

filaments were chopped with a group of five razor blades 

for 5 min. This procedure was repeated until all the fila

ments from the agar plate had been chopped. The suspension 

of chopped filaments in cold Honda medium was then filtered 

once through 25-micron Nitex monofilament cloth (Kressilk 

Products, Monterey Park, Calif.) and collected in a centri

fuge tube cooled in crushed ice. Examination of the 

filtrate revealed that most of the c.h] orop.l as t s were frag

mented; of those that weren't fragmented, some were intact, 

while others were slightly swollen. 

A discontinuous sucrose density gradient was pre

pared in the following manner: The individual sucrose 

solutions were prepared on a weight-weight basis with un

buffered water to which mercaptoethanol was added in a con

centration of 0.029 ml/100 nil. of solution. The solutions 

were filtered through a 0 . 4-5 -micron millipore filter. In a 

30-ml centrifuge tube held at a 45° angle:, 5 ml of 50% 
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sucrose were added with ci pipette. On top of this layer, 

10 ml of 'iO% sucrose were carefully added. Finally, 8 nil 

of 35% sucrose solution were carefully added. The chloro-

plast suspension (approximately 3 nil) was placed on this 

discontinuous gradient that had been prepared immediately 

prior to chopping the filaments. 

Usually a single sucrose gradient tube was run 

along with two blanks. Runs were made in a Beckraan Model 

L ultracentrifuge with the brake off, care being taken to 

increase the centrifugal force slowly. The gradient was 

spun in a SW 25-1 rotor for 1/2 hr. at 22,000 rpm (49^250 

X g average). 

Observations and Results 

The band between the 35% and k0% sucrose (band one) 

was removed with a Pasteur pipette cand diluted 50% with cold 

Honda medium. The suspension was pelleted at 10,000 rpm 

(12,100 X g) for 5 inin in an SS-3'i rotor in a refrigerated 

Sorvall RC2-B centrifuge. The pellet, when examined with 

light microscopy, revealed whole and fragmented chloroplasts. 

In general, the whole chloroplasts were slightly swollen. 

The lamellar system of the chloroplasts was frequently 

observed under an oil immersion objective, and even 

pyrenoids were sometimes observed. Such observations 

indicate that the great majority of chloroplasts in this 

band were damaged £>nd were of the class II type, i.e., 



lacked their outer limiting membranes (Spencer and Unt, 

1965). 

The band from the k0%/50°/o intei'face was removed and 

diluted with two parts of cold Ilonda medium. This band, 

prior to dilution, was of much less volume than band one. 

The diluted band two was ccntrifuged at 10,000 rpni for 5 

min. The suspension was decanted off, and a sample of the 

pellet was examined with light microscopy. The majority of 

the chloroplasts in this band appeared to have the shape of 

in vivo chloroplasts and were considered '"intact" (Fig. 

60). The cliloroplast lamellae or grana were not apparent 

in the most "normal" appearing chloroplasts, but, because 

of the lack of experience in judging class I chloroplasts, 

no judgment will be made as to whether or not the majority 

of these chloroplasts were of the class I type, i.e., had 

their outer limiting membrane intact. 

Discussion 

The observations 011 material in band two indicate 

that at least some chloroplasts are surviving the procedure 

used to isolate them. In the future, the general procedure 

for centrifugat.i.on as described by Spencer and Unt (1965)} 

which incorporates centrifugation forces to only 1,000 X g, 

should be tried since these forces would probably be less 

harmful to the ch.'l oroplast than forces employed in the 

present study. Also, gradients of less density are used 



with centrifugation at lower speeds, providing a more 

favorable osmotic environment fox" isolation of chloroplasts 

than methods which require more hypertonic gradients. 

The general procedure used in this study for re

leasing chloroplasts, which involves chopping the cells and 

filtering them through Nitex, would seem to be preferable 

to procedures which rely on grinding and filtering through 

cheesecloth or through other materials that lack uniform 

pore size. Because the chloroplasts of Zygnema are much 

larger than the chloroplasts of higher plants, for which 

the existing isolation procedures have been developed, 

chloroplasts of Zygnema would stand a greater chance of 

being damaged with such procedures. 



ISOLATION OF THE PYRENOID 

It was Blinks (1951) who suggested that it was 

reasonable to postulate that the protein of the pyrenoid 

was the enzyme responsible for condensation of starch on 

the surface of the pyrenoid and that this postulate should 

be tested with isolated pyrenoids. Leyon (195'*)} who 

suggested the possibility of bulk-isolation of py.renoids, 

was able to isolate individual pyrenoids by dissection from 

cells of Closteriuin acerosum when the cells were stabilized 

by fixation in 2% formaldehyde for 1/2 hr. 

An attempt was made in the present study to isolate 

pyrenoids in quantity. An outline of this procedure is pre 

sented in a previous table (Table 4). Such an attempt is 

particularly worthwhile at this time since the enzymes for" 

starch synthesis in the green alga Ch_l oirella recently have 

been identified and isolated (Preiss and Greenberg, 1967; 

Sanwal and Preiss, 1967)' Thus, a procedure is now 

available which can be used to test a pyrenoid-rich cell 

fraction to determine if these particular starch synthes

izing enzymes are associated with this pyrenoid fraction. 

Mat erials 

The first evidence that the pyrenoid of Zygnema was 

durable enough to be dislodged intact from the chloroplast 
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came when cells were plasmolyzed and then quickly dc-

plasmolyzed and stained. When cells were piasmolyzed with 

0.5 M sucrose foi" 5 niin and then stained, the protoplasts 

were spherical, and the pyrenoids took up a normal amount 

of stain and appeared undamaged (Fig. 62). When the 0.5 M 

sucrose was carefully poured off, a large volume of 

< 

distilled water added, and the contents of the tube quickly 

shakeji, the cells became quickly dep] asmolyzed. When these 

deplasmolyzed cells were stained, a small percentage of the 

cells showed pyrenoids that were completely free of their 

chloroplasts (Fig. 63)* In some cases the pyrenoids were 

free from the chloroplast and even left their starch sheaths 

behind. Examination of deplasmolyzed cells that were un

stained has failed to show clear evidence that the pyrenoid 

is freed from the chloroplast prior to staining. Thus, the 

staining procedure itself may have been responsible for 

freeing the pyrenoid from the chloroplast. 

Electron micrographs have shown that thylakoids of 

the chloroplast pass through the pyrenoid; therefore, in 

order to free the pyrenoid from the stroma, the membrane 

connections must be broken. It is possible that plasmo-

lysis followed by dcplasmolysis aided in breaking the 

thylakoids near the surface of the pyrenoid and that the 

pyrenoids were then freed during the process of staining. 

In cells that have not undergone osmotic shock, particu

larly those kept in the dark for some time, stained 
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pyrenoids were sometimes displaced to one side of the 

chloroplast, but at no time were pyrenoids found free from 

the chloroplast. 

Initially, several methods were tried to free the 

pyrenoid from the chloroplast. Cells were chopped with 

razor blades and ground in a mortar and pestle with and 

without sand or ground by hand in a glass homogenizer. An 

examination of the material treated in these ways showed 

that cliloroplasts were freed from cells, and, in some cases, 

portions of the chloroplast had broken away from the 

pyrenoid. However, in all these methods, the number of 

cliloroplasts freed from cells was small when compared to 

the number left intact, and isolated pyrenoids were only 

occasionally found. Such methods, although establishing 

that the pyrenoid could be freed intact from the chloroplast 

without fixation, were nevertheless rather slow and in-

effic ient methods for pyrenoid isolation in Zygnema. 

A Waring blender base with an Arthur H. Thomas Co. 

semi-microjar attachment was used to determine if the 

pyrenoids could survive the harsh conditions of blending. 

Filaments were placed in 30 inl of M/15 phosphate buffer pll 

7-8, and, with the use of a rheostat, the speed of the 

blender was varied. A plastic bag with ice was wrapped 

around the semi-microjar in an attempt to keep the enclosed 

solution cool during blending. Also, to keep the solution 

from heating up, the blender was operated for 30~sec 



intervals with 15 sec in between the intervals. It was 

found that filaments could be blended for a toted, of 3 min 

at 100% of line voltage without apparent damage to the 

gross structure of the pyrenoids. Of course, large amounts 

of cellular debris, including whole cells and filaments, 

remained after blending. 

In order to separate the isolated pyrenoids from 

the cellular debris, several different filtering materials 

were tried, including multifilament woven nylon, cloth, 

Miracloth (Chicopee Mills, Inc., New York), sharkskin filter 

paper (Carl Schleicher and Schnell Co.), and inillipore 

filters. All of these filtering materials, although they 

were useful to a limited extent, did not have uniform pore 

size; as a result, it was not possible to get a high degree 

of separation of whole cells from chloroplasts and smaller 

fragments. At the suggestion of Dr. R. G. Jensen, Depart

ment of Chemistry, University of Arizona, the product Nitex 

(Kressilk Products, Monterey Park, California) was tried as 

a filtering material. This material, which consists of a 

nylon monofilament woven into a cloth of uniform pore size, 

is available in sizes of from 10 microns and larger. The 

pores of this cloth are square, and the size refers to the 

sides of the sauure pore. It was found that the 10 micron 

Nitex would allow chloroplast fragments up to 15 microns 

in diameter to pass through. 
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Filters for separating the pyrenoids from larger 

particles were made according to the method of Dr. R. G. 

Jensen. The ends of four plastic 30 ml centrifuge tubes 

were cut off with a hack saw, and the cut surface was 

sanded smooth with emory cloth. Discs of Nitex of sizes 

10, 15) 20, and 25 microns were glued onto the uncut 

surfaces with epoxy resin. With the 25 micron and 20 micron 

Nitex filters, it was possible to remove all whole cells 

and filaments from the blended filtrate. With the 15 micron 

and lO micron Nitex filters, whole chloroplasts were re

moved, and the largest particle remaining in the filtrate 

was the pyrenoid. 

Isolation Procedure 

The procedure for preparing the material for final 

separation of pyrenoids on a discontinuous sucrose density 

gradient was as follows: Filaments from plates of strain 

922 that were from two weeks to one month old were examined 

for the presence of fungi and were not used if fungi were 

found. Filaments that were free of fungi then were stained 

for pyrenoids to be sure that the pyrenoids were uniform in 

size and spherical shape. 

Suitable cultures were blended in M/15 phosphate 

buffer (pH 7-8), Honda medium (pll 8.3) (Boardman et al. , 

1966), or in Sucrose 1 (the sucrose-Tris buffer of Matsuda 

and Siegel, 1967)- Pyrenoids survive blending in M/15 



phosphate buffer, but, since this solution is hypotonic to 

the cell sap of Zygnema, the use of an isolation medium 

that is nearly isotonic to the chloroplasts is preferable. 

Although excellent pyrenoid pellets were obtained from 

cells blended in Honda medium, this medium was more viscous 

than Sucrose 1 and required much longer to filter. At the 

light microscopic level, unstained pyrenoids isolated in 

Honda medium appeared to be similar to those isolated in 

Sucrose 1; so, because Sucrose 1 could be filtered faster, 

it was the choice for routine work. 

Filaments were blended in 30 ml of cold Sucrose 1 

for 3 min as outlined earlier. About 10 ml of the suspen

sion were poured at a time over the 25-micron Nitex filter. 

The filtering tube was periodically swirled, and the 

filtrate was collected in a 30-nil test tube which was 

cooled in crushed ice. When material was limited, the fila 

ments which remained on the surface of the 25-micron Nitex 

were removed and resuspended in Sucrose 1, blended again 

for 3 min, and the suspension was filtered through 25-

micron Nitex. About 10 ml of the 25-micron filtrate were 

then poured at a time into the 20-micron filter, and this 

filtrate was poured into the 15-micron filter; the final 

filtrate was that which had passed through the 10-micron 

filter. When the 10-micron filtrate was examined for 

pyrenoids, it was found that, with few exceptions (chloro-

plast fragments), the pyrenoid was the largest body that 
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was present in the filtrate. Of course, many pyrenoids 

still had chloroplast material attached to them. Numerous 

attempts were made to stain the pyrenoid at this stage of 

isolation and earlier, e.g., right after blending, but in 

all eases pyrenoids isolated from cliloroplasts would not 

stain. In order to be sure that the bodies which appeared 

to be pyrenoids were pyrenoids, it was necessary to insure 

that no other source of pyrenoid-like structures was 

present. 

At one point it was discovered that a fungus was 

growing in the Sucrose 1 and that the spores it produced 

were in the size range of pyrenoids. This realization led 

to the adoption of the procedure of passing all solutions 

used in the isolation of the pyrenoids through a 0.'l5-

inicron millipore filter prior to use. Also, all solutions 

were stored in the frozen state so that growth of any 

fungus would not be possible. Such procedures resulted in 

a "cleaner" appearance of the pyrenoid pellets. Although 

any 5~micron body found in the pyrenoid pellet would have 

to have come from Zygnema, the production during the isola

tion procedure of artifacts resembling pyrenoids could not 

be ruled out with this method. 

Once the 10-micron filtrate was obtained, it was 

centrifuged in a 30-ml tube in a refrigerated Sorvall 

RC2-B centrifuge with a SS-3'l rotor for 5 min at 10,000 rpm 

(12,100 X g). The supernatant was discarded, and a few ml 
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of Sucrose 1 were added to the pellet. A glass rod was 

placed in tlie tube with the pellet, and the material was 

agitated with a vari.-wh.irl for about 1 min. The resuspended 

pellet was filtered through 10-micron Nitex, and the 

filtrate was then ready to be placed on the sucrose gradient. 

Sucrose gradients were made up initially in water, 

and pyren.oids were isolated with such gradients . Later, 

in ail effort to provide a more stable environment for the 

pyrenoids, the gradients were prepared in M/15 phosphate 

buffer, pll 7*8, with mercaptoethanol in a concentration of 

0.029 ml/lOO ml of solution. 

The gradients were made up on a weight-weight 

basis: e.g., a 35% sucrose solution consisted of 35 g of 

reagent grade sucrose in 65 g of M/15 phosphate buffer con

taining mercaptoethanol in a concentration of 0.029 ml/100 

ml of solution. Many different concentrations of sucrose 

were tried in discontinuous gradients in an effort to find 

the combination which would produce a band of pyrenoids 

relatively free of contamination by cellular debris. A 

gradient consisting of 10 ml of 35%? 7 ml of li0%, and 5 nil 

of 50% sucrose provided the best initial separation of 

pyrenoids that was obtained. 

The gradients were made immediately before the 

blending of filaments and were stored in a refrigerator 

until needed (about 2-3 hr). The filtrate, obtained from 

blending one or two cultures of filaments and passing the 
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material through the scries of Nitex filters, was concen

trated in about 5 ml of Sucrose 1, and 1.5 >nl of this 

filtrate were placed on each sucrose gradient. A Becknian 

Model L ultracentrifuge with a SW 25.1 rotor was used to 

spin the gradients. The rotor was brought up gradually to 

a speed of 22,000 or 25,000 rpm and was kept at these 

speeds for 1/2 or 1 hr. Deceleration took place with the 

brake off. 

From such a run, two bands and one pellet occurred 

in the discontinuous gradient. Band one (35%/4()% interface 

was a lighter green in color than band two (4o%/50% inter

face). A Pasteur pipette was used to draw off each of the 

bands. The bands were diluted to twice their initial 

volume with cold Sucrose 1, and the suspensions were centri 

fuged at 10,000 rpm for 5 m.in in an SS-3'l rotor. The super 

natants were discarded, and a pellet from each of the bands 

was examined with light microscopy. Chemically clean 

slides and cover slips were used. The pellet from band one 

was much smaller than that from band two and consisted 

mostly of very small chloroplasts and cytoplasmic particles 

Intact pyrenoids were present, but the concentration was 

small compared to that of band two. Band two contained a 

high percentage of pyrenoids, but it also contained many 

small chloroplast fragments (Fig. 64) which supposedly were 

responsible for giving the pellet a green appearance. The 
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pyrenoicls of band two appeared transparent and were free of 

starch (Fig. 65)• 

The chloroplast fragments of band two varied in 

their concentration, depending on how many filaments were 

originally blended; e.g., when three plates of filaments 

were blended in 30 ml of Sucrose 1 and the unbroken cells 

and filaments were blended again, the amount of chloroplast 

material in band two was greater than when the filtrate 

from two plates blended only once was used. Also, it was 

noted that old cultures had much less chloroplast volume in 

relation to pyrenoid volume, so that the highest concenti"a-

tion of pyrenoids occurred when pyrenoids were isolated from 

chloroplasts that consisted mostly of long thin projections 

from a reduced chloroplast layer on the surface of the 

pyrenoid. 

The pellet which was found at the bottom of the 

sucrose gradient consisted mostly of starch and of very 

small chloroplast fragments. A few larger chloroplast 

fragments were found also, and some of these contained 

pyrenoids. Thus pyrenoids were found throughout the dis

continuous gradient but were concentratcd at the k0%/50% 

sucrose interface. Attempts were made to further concen

trate the pyrenoids in band two by passing them over 

another gradient consisting of sucrose. A 

pellet from band two which had been obtained on the 

previous day was passed through a 10-micron Nitex filter, 
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and 1 ml of this filtrate was placed on the gradient and 

spun at 25,000 rpm (63,580 X g average) in the SW 25.1 

rotor for 1 hr. 

The results from this run were confusing. Although 

this procedure resulted in the highest concentration of 

pyrenoids yet obtained (Fig. 66, 67) •, the pyrenoids of the 

k5%/50% interface generally were much smaller (2-3 microns 

in diameter) than stained in situ pyrenoids. There is no 

question that the 5 micron bodies also observed in a pellet 

from this interface were pyrenoids, but, since it has not 

been possible to stain isolated pyrenoids, the positive 

identification of these smaller bodies must wait further 

study. The 2-3 micron bodies are transj^arent and look like 

pyrenoids, but other possibilities exist: they could be 

degraded thylakoids that have formed spheres. It is also 

possible that the pyrenoids which remained in Sucrose 1 

overnight were dehydrated and were thus reduced in size. 

Under certain conditions pyrenoids have been demonstrated 

t o  s h r i n k  ( F i g .  2 9 )  •  

It is conceivable that a discontinuous gradient 

could be prepared that would provide better separation of 

pyrenoids from cellular debris. However, a significantly 

richer pellet of pyrenoids may require the use of a 

continuous gradient. Since the pyrenoids appear trans

parent , the success of future gradients could be judged 011 

the ability to remove the intensity of green color from the 



pyrenoid-ricli fraction# A brief treatment of the 25-micron 

filtrate with TX-100 might serve to improve the appearance 

of the pyrenoid pellet, .although such an improvement would 

be in some respects superficial. 

Characterization of the Isolated Pyrenoid 

The following description of the pyrenoid is based 

on the observations made on unstained pyrenoids from band 

two (lL0%/50% interface) . The isolated pyrenoid appears as 

a firm, spherical, transparent body with a rough surface 

(Fig. 64-67). The rough surface could be caused by 

thylakoids which pass from within the pyrenoid to the 

outside and may be broken off during isolation some distance 

from the pyrenoid surface. 

The pyrenoids of band two, although usually free 

from starch, quite often still have chloroplast material 

attached to the surface. It is the presence of this 

attached chloroplast material and the gradation of this 

material from about 3 microns in thickness to complete 

absence of attached chloroplast material that provided 

additional evidence that the transparent bodies are indeed 

pyrenoids. 

Isolated pyrenoids (unfixed) sometimes appear to be 

swollen, and occasionally large pyrenoids (10 microns in 

diameter) appear as if they were "cracked open," a con

dition which is similar to that observed when pyrenoids are 



exposed to TX-100 and stained. Intact pyrenoids that are 

stained are 5-7 microns in diameter. When isolated 

pyrenoids are measured, the most numerous size is 3_/jt 

microns, although 5-micron pyrenoids are still plentiful. 

Smaller pyrenoids (2-3 microns) are found in material 

centrifuged a second time 2k hr later, on a 45%/50%/55% 

sucrose gradient. There are several possible explanations 

for differences in pyrenoid size: (l) the staining process 

may cause a swelling of the pyrenoid; (2) the isolation 

medium and sucrose gradients may cause a shrinking of the 

pyrenoid; and (3) both (l) and (2) occur. At this time it 

is unclear why isolated pyrenoids should as a group appear 

slightly smaller than stained in situ pyrenoids. 

Evidence for Loss 01" Alteration of a 
Soluble Component 

In initial attempts to isolate the pyrenoid, it was 

difficult to be sure that pyrenoids were surviving the 

isolation process. Attempts to stain pyrenoids that had 

been isolated in M/15 phosphate buffer, in Iionda medium, or 

in Sucrose 1 all met with failure. Finally, as a control, 

whole filaments were processed along with the isolated 

pyrenoids. The result was that the pyrenoids of intact 

filaments would stain, but those pyrenoids which were free 

from cells would not stain. The concentration of the 

mordant was increased, as was the length of time in the 

mordant and in the propiocarmine stain. In all cases, 
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isolated pyrenoids never took up the propiocarmine stain. 

From these niunerous failures to stain isolated pyrenoids, 

the hypothesis was constructed that during the isolation of 

the pyrenoid the substance responsible for binding the stain 

was altered or lost. 

Table 5 illustrates the evidence in support of the 

belief that failure to stain the pyrenoid when isolated is 

a result of the loss or alteration of the stainable sub

stance contained within the pyrenoid. It is evident that, 

regardless of the medium used in this study to isolate 

pyrenoids, pyrenoids Avould not stain after removal from the 

chloroplast. However, when filaments were treated with 

etlianol and the pyrenoids were isolated (usually with 

chloroplast material attached), these isolated pyrenoids 

would stain. When filaments were treated with 10?^ formalin 

and the pyrenoids isolated, the pyrenoids would not stain 

or would stain only very lightly. One interpretation would 

be that in the case of the ethanol-treated filciinents, the 

stained substance of the pyrenoid was precipitated and 

could not leave the pyrenoid during the isolation procedure. 

Since Ami do-S chwar z and propioc.armine stain cells in a 

similar manner, it is possible that they stciin similar 

substances. Because Amid'o-Schwarz is specific for protein 

and because ethanol is known to render proteins insoluble, 

the stainable substance that is proposed to be lost from 

the pyrenoid during isolation could be protein. It is 



Table 5. The effects of various staining procedures on the staining properties 
of isolated pyrenoids — The numbers refer to the sequence in which each 
treatment occurs. 

Initial treatment 
of filaments, 10 
min in each of the 

following: 
h 2o 

rinse 

Blend for 
3 minutes 

in 
Nit ex 

filtration 

Pyrenoid 
staining 
procedure 

Results 
of stain 
on pyrenoid 

Tris and phosphate 
buffer pH 7-8 

Honda medium pH 8.2 

Sucrose 1 pH 7*8 

Sucrose 1 pH 7*8 

Tris and phosphate 
buffer pH 7*8 

95% Ethanol 

95% Ethanol 

10% Formalin 

10% Formalin 

2 

2 

2 

2 

2 

1 buffer 

1 Honda 

1 Sucrose 1 

3 water 

3 water 

3 water 

1 Ethanol 

3 water 

1 water 

2 

2 

2 

4 

k 
k 
3 

k 
3 

3 

3 

3 

1 

1 

1 

4 

l 

4 faint + 

\o 
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interesting that pyrenoids which have been fixed in 

formalin do not stain, or stain only slightly after isola

tion. Presumably, protein is not precipitated by formalin 

(Johanson, 19'iO) so that the washes with water after isola

tion of the pyrenoid cause the soluble protein to be lost 
9 

frotn the pyrenoid. 

Such observations have important implications. If 

the substances being lost (or ciltered) from the pyrenoid 

during isolation are protein, then efforts to demonstrate 

that the pyx^enoid contains enzymes involved in starch 

synthesis may be negative. 

It would not be surprising to find that isolated 

pyrcnoids have lost their functional protein since whole 

chloroplasts isolated in buffered sucrose may lose 50% of 

their protein during isolation (Ilalloway, 1965)- In future 

attempts to isolate the pyrenoid, emphasis could be placed 

on developing a medium which would allow the pyrenoids to 

retain their stainability. Such pyrenoids would more 

closely represent the in vivo condition and presumably 

would bo more likely to retain their physiological 

properties. However, it is also possible that pyrenoids 

isolated from ethanol-treated filaments may retain their 

functional protein, a possibility which could be tested by 

demonstrating the presence of al-Vl glucan transferase and 

or ADP-glucose pyrophosphorylase in the pyrenoid-rich 

pel]e t. 



GENERAL DISCUSSION 

During the course of this study, the pyrenoid of 

Zygnema has been examined morphologically under various 

experimental conditions. The overall objective of this 

approach has been to gain enough knowledge about the 

pyrenoid to make possible the design of experiments that 

will reveal functional properties of this organelle. The 

most significant steps in this direction have been (l) the 

development of a staining procedure for specifically 

identifying the pyrenoid (Table 3)} (2) the development of 

a procedure for the bulk-isolation of the pyrenoid (Table 

4), and (3) with the use of the staining procedure, the 

demonstration that the stainable substance of the pyrenoid 

is altered or lost during the isolation procedure unless 

filaments are treated with etlianol before isolation 

(Table 5). 

It was, perhaps, fortuitous that Zygnema was chosen 

as an experimental organism. The use of blending to free 

pyrenoids from ch]oroplasts is a highly successful and 

rapid method, and the success of this method probably is 

dependent 011 the fact that the organise is filamentous and 

easily catches on the blades of the blender. Filamentous 

species rarely have been the subject of experimental 

studies because filaments generally are more difficult to 
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isolate into pure culture than rion-filamcntous species and 

because growth of filaments on agar is apparently not as 

rapid as growth of unicells. Fortunately, Zygnema is not 

difficult to isolate into pure culture, and development in 

the present study of a technique for growing large quanti

ties of filaments on agar in a short period of time should 

work equally as well with other organisms and perhaps will 

encourage other workers to consider filamentous species for 

experimental work. 

Prior to 1964, only chloroplasts and cytoplasmic 

ribosomes had been isolated with relatively little visible 

contamination (Halloway, 1965)* To this list can, perhaps, 

be added mitochondria (Baker et al., 1968) and proplastids 

(Jacobson, 1968). It is .interesting that in early studies 

on the isolation of proplastids it Wcis sometimes necessary 

to stabilize these bodies in formaldehyde; only recently 

has a method been developed which provides relatively clean 

preparations of proplastids without prior fixation (Jacobson, 

1968). As mentioned earlier, Leyon (195^) was able to 

dissect pyrenoids from Clostcrlum only when they were 

stabilized with formaldehyde. In the present study, the 

structural pyrenoid has been isolated without fixation. 

Isolated pyrenoids which have the same staining properties 

as in vivo pyrenoids, at least prior to centrifugation, do, 

however, require treatment with ethanol prior to the 

i s o 1 a t i on . 
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Attempts to isolate the pyrenoid of Zygnema have 

shown that this organelle, even though not membrane-

bounded, is still a highly stable structural body. It is 

this fact that has made possible the isolation of pyrenoids 

by blending filaments. That the pyrenoid pellet obtained 

from density gradJ.ents is not "clean" is to be expected 

since the pyrenoid is an organelle tightly bound within 

another organelle; in the case of Zygnema, a further 

complication results from the fact that the thyl £ikoids of 

the ch.i oroplast pass into the pyrenoid matrix. 

Perhaps it would be better to isolate pyrenoids 

which are free from membranes associated with other struc

tures since the pyrenoid matrix itself then would be 

homogeneous and easier to characterize as such. The 

pyrenoid of Scenedesirms would fulfill this requirement and 

also would have the advantage over Zygnema of having 

already been the subject of biochemical studies. However, 

the techniques developed for isolation of pyrenoids from 

Zy gnema may not be suited f oi~ Scenedesnius bee aus e the 

pyrenoids of Scenedesums are smaller and the organism is 

not f i1am entous. 

Although the pyrenoid is a protein body unique to 

the algae and certain liverworts, protein bodies in general 

are now known to be quite common throughout the plant king

dom. Membrane-bound protein bodies known as microbodies 

have been found in the cytoplasm of numerous species of 
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plants (Mollcnhauer, Morre, and Kelley, 1966; Frederick and 

Newcomb, 1969)* These bodies appeal" to correspond to 

peroxisomes, which recently have been isolated and have 

been shown to contain five enzymes of the glycolate pathway 

(Tolbert et al., 19^9; Kisake and Tolbert, 1969)- The 

present concept of the microbody would include those unit 

membrane-bounded organelles which contain crystalline 

protein (Cronshaw, 196^; Thornton and Thimann, 

Marinos, 1965) or granular and fibrillar protein (Frederick 

and Newcomb, 1969)- The morphological state of the protein 

is suggested to reflect development; the crystalline state 

may be a condition found in less active cells (Frederick 

et al . , 3.968) . It has been proposed that changes in the 

structure of the crystalline material lead to conditions 

which release "latent enzymes into active forms"(Jensen and 

V a l d o v i n o s ,  1 9 6 8 ) .  

Bodies in the form of crystals considered to be 

protein also have been found in leucoplasts, chloroplasts, 

and nuclei. Those in leucoplasts are membrane bounded 

(Newcomb, 1967), while those of chloroplasts (Price, 1967; 

Price and Thomson, 19^7; Shumway, Weier, and Stocking, 1967) 

and of nuclei (Barton, 1967) are not. The fact that the 

crystalline condition can be brought about in chloroplasts 

by changes in tonicity of fixatives and isolation media 

(Shumway et al., 1967) would suggest that interpretation of 
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morphological changcs in protein as developmental phenomena 

should be considered carefully with respect to tonicity. 

The discussion of microbodics and of protein bodies 

in chloroplasts and in leucoplasts of higher plants has 

served to demonstrate that the pyrenoid, when considered eis 

a protein body, is not morphologically a unique body. The 

pyrenoid can be seen to be similar to protein bodies just 

described in that they may or may not be membrane bounded 

and may be granular, fibrillar, or crystalline in ultra-

structure. Because the pyrenoid is similar in morphology 

to microbodies and other protein structures, it is likely 

that soon the pyrenoid, like the microbody, will receive 

attention from a physiological and biochemical point of view. 

It seems appropriate in the conclusion of this 

discussion to indicate the areas that may be profitable to 

pursue in light of information gained in this study and 

that of other recent studies. The rapid .in vivo synthesis 

of starch in Zygn.ema would make this organism suitable for 

studying biochemical aspects of this synthesis. With the 

report in this study of a procedure for isolation of chloro

plasts of Zygnema, it is conceivable that in vitro starch 

synthesis may be possible in the future. 

Another approach to studying starch synthesis and 

the relation of the pyrenoid to this synthesis would be 

with electron microscopy. At present, no ultrastructural 

study exists which describes the pyrenoid at a time when it 
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may be functionally most active, i.e., (l) during the dark 

portion of a light:dark cycle, when starch synthesis occurs 

on the surface of the pyrenoid as it is exposed by the 

process of pyrenoid division, and (2) in starc.h-free cells 

that have been returned to light, where they undergo 

immediate and rapid starch synthesis. Such observations 

are more likely to reveal aspects of the function of the 

pyrenoid in starch synthesis than previous studies on cells 

in which the starch already had been synthesized. Further

more , a study of this apparent structure-function relation

ship at the ultrastructural level would be a sound basis on 

which to relate future biochemical data. 

Although the emphasis in this study has been a con

cern for the role of the pyrenoid in starch synthesis, the 

proximity of oil droplets to the pyrenoid may indicate a 

function of the pyrenoid in lipid synthesis. The only 

experimental work in this regard is that of Bosc (l9^l)» 

whose report is of great interest and in need of verifica

tion since details of this preliminary study have not been 

published. Although diatoms are a useful group in which to 

study lipid synthesis, a green alga which produces oil 

instead of starch also might be an interesting and useful 

experimental subject (Mesotaenium, Smith, 1950). 

The fine structure of the pyrenoid has been the 

subject of numerous studies, but more emphasis needs to be 

placed 011 the structure of the pyrenoid as affected by 
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methods used in its preparation for electron microscopy. 

The work of Shumway et al. (1967) is strong support for 

this suggestion. Once the pyrenoid is understood as it is 

affected by fixation methods, further knowledge 011 the 

ultrastructural organization and chemical composition may 

be gained with the use of Triton X-100, sodium deoxycholate, 

radioactive labeled amino acids, and various enzymes in 

conjunction with ultrastructural studies. 

Finally, the approach to an understanding of the 

function of the pyrenoid which offers the best possibilities 

at this time is the testing of isolated pyrenoids for enzyme 

activity. Immediate consideration should be given to 

enzymes involved in starch synthesis. 



SUMMARY 

1. A technique was developed for growing Zygnema 

rapidly on cigar. Filaments were chopped with razor 

blades, and a suspension of the chopped material 

was transferred to agar plates with a syiringe. 

2. Growth and division of the pyrenoid are described 

as they occurred on a 12:12 hr light:dark cycle. 

Growth of the pyrenoid occurs during the light, 

while division of the pyrenoid, which follows 

nuclear division and cytokinesis and consists of 

three stages, is essentially completed in the dark 

portion of the cycle. Pyrenoid division in a 

chloroplast mutant (four chloroplasts per- cell) was 

found to be similar to division in the wild type. 

3« The ultrastructure of the pyrenoid was examined. 

The pyrenoid is penetrated by thylakoids of the 

chloroplast, which may or may not be dilated within 

the pyrenoid matrix. Tubular elements, which may 

be branched, are found in the pyrenoid and are con

tinuous with thylakoids of the chloroplast. Stacked 

membranes in the pyrenoid are interpreted to result 

from folding of an individual thylakoid. Starch is 

found only in the immediate area of the pyrenoid. 

108 
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k. Starch synthesis is described as it occurred during 

growth and division and in destarclied cells exposed 

to light. Starch synthesis occurred in the light 

during the growth of the pyrenoid and in the dark 

on the surface of the pyrenoid as it divided. When 

exposed to light, destarclied cells gave a positive 

test for starch with IKI after 1/2 hr. 

5. Chloroplasts in the dark change in profile view 

from a stellate to a circular form. In the process, 

starch is lost, and finally the pyrenoid disappears. 

Chloroplasts without pyrenoids will not synthesize 

starch. 

6. Cell division and pyrenoid division occurred once 

during the dark portion of a 12:12 hr light:dark 

cycle. When this same cycle was followed by con

tinuous darkness, after the normal division in the 

12-hr dark period following the light period, no 

further divisions took place. In continuous light, 

cells divided asynchronously, divisions occurring 

at every hour in a 2^1 -hr period. On a 6:6:6:6 hr 

light:dark:light:dark cycle there were two periods 

of nuclear and pyrenoid division. 

7. A reliable technique for staining pyrenoids was 

developed. The fixative (Freytag's) destroys the 

nucleolus so that the only large, densely staining 

body is the pyrenoid. The mordant was ferric 
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propionate with an optical density of 4 . 7^ at 3^5 

millimicrons wavelength, and the stain was 0.5% 

carmine in 50% propionic acid. 

The use of Amido-Schwarz and Pronase provided evi

dence that the pyrenoid of Zygnema contains protein 

The effect of two detergents on pyrenoids was 

determined. A treatment of 10% Triton X-100 for 

1/2 hr caused the breaking up of the pyrenoid, and 

the staining properties were altered. Cells treate 

with 10% deoxycholate for 1/2 hr showed no evidence 

of pyrenoids when stained with propiocarmine. 

Cells in streptomycin sulfate (SM) or nitrogen-free 

medium ultimately lost their pyrenoids. SM in the 

concentration of 200 mg/l inhibited starch synthesi 

after a period of time. 

A procedure was demonstrated for the isolation of 

intact cliloroplasts on a discontinuous sucrose 

density gradient. 

A procedure was demonstrated for* the bulk-isolation 

of pyrenoids on a discontinuous sucrose density 

gradient. Isolated pyrenoids appeared to be firm, 

spherical, transparent bodies with rough surfaces. 

Isolated pyrenoids did not stain unless filaments 

were fixed in 95% ethanol before the pyrenoids were 

isolated. Evidence was presented that suggests tha 

a soluble component of the pyrenoid was lost or 
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altered when filaments were blended in phosphate 

buffer, Honda medium, or Sucrose 1. 



Figure 1. Diagram of mid-prophase. Disintegration of the 
nucleolus and of the nuclear membrane is shown. 
Cell Weill formation hc^s begun — X 1,100. 

Figure 2. Diagram of nietaphase -- X 1,100. 

Figure 3- Diagram of anaphase -- X 1,100. 

Figure h. Diagram of telophase — Nuclear material is 
migrating while reorganization is taking place. 
Cell wall formation is nearly complete. X 1,100 

Figure Diagram of interphase and .stage one of pyrenoid 
division — Cell wall formation is complete. No 
evidence for pyrenoid division. Each daughter 
cell contains one plastid. X 1,100. 

Figure 6. Diagram of stage two of pyrenoid division — The 
pyrenoids are constricted in the area of future 
cleavage. Starch is synthesized in the area of 
the constriction. The new cell walls have 
increased in thickness. X 1,100. 

Figure 7« Diagram of stage throe of pyrenoid division --
The pyrenoids have divided, and the nuclei have 
begun their second phase of migration. The 
nuclei may become wedgeshaped as they migrate 
between the dividing chloroplasts. X 1,100. 

Figure 8. Diagram of newly formed daughter cells -- The 
end walls have reached their normal thickness. 
The chloroplasts have divided. The third stage 
of pyrenoid division has ended. The second 
phase of nuclear migration is complete. X 1,100. 

Figure $)• Diagram of a norma], .interphase cell at the end 
of the light period on a 12:12 hr light:dark 
cycle -- X 1,100. 
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Figure 10. Interphase nuclei of strain 922 after being-
fixed in Jackson's fixative and stained with 
propiocarinine — Pyrenoids are elongate rather 
than, the more typical spherical shape. X 1,000. 

Figure 11. Mid-prophase nucleus of strain 922 after being 
fixed in Jackson's fixative and stained with 
propiocarinine — The nucleolus is almost com
pletely broken down (ne) and the nuclear 
membrane has begun to disintegrate. Cell wall 
formation is evident (w). X 1,000. 

Figure 12. Late prophase nucleus (n) of strain 922 after 
being fixed in Jackson's fixative and stained 
with propiocarinine -- The nucleolus and the 
nuclear membrane have broken down. X 1,000. 

Figure 13• Anaphase nuclcus (a) of strain 922 after being 
fixed in Jackson's fixcitive and stained with 
propiocarmine -- X 1,000. 

Figure l'i. Mid-telophase nuclei (t) of strain 922 after 
being fixed in Jackson's fixative and stained 
with propiocarinine — X 1,000. 

Figure 15- Interphase nucleus (i) of strain 922 after being 
fixed in Jackson's fixative and stained with 
propiocarinine. Phase one of pyrenoid division 
— The pyrenoid (p) shows no evidence of 
dividing. X 1,000. 

Figure l6. Interphase nucleus of strain 922 after being 
fixed in Jackson's fixative. Phase two of 
pyrenoid division — The pyrenoids (p) are 
constricted in the area of future cleavage. 
X 1,000. 

Figure 17 Interp h a s e nuc 1 eus of strain 922 after b e ing 
fixed in J acks on' s fixative. Phase thrc e of 
pyrenoid divis ion is illustra ted in one 
daughter cell (d) ; the pyreno id has divi d ed 
X 1,000. 
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Figure 18. Diagram of the interphase nucleus of Gauch's chloroplast mutant strain 
1559? top view -- X 1,000. 

Figure 19« 

Figure 20. 

Figure 21. 

Figure 22. 

Diagram of interphase nuclei of daughter cells of Gauch's chloroplast 
mutant strain 1559* after nuclear division has taken place. Stage one 
of pyrenoid division, top view -- X 1,000. 

Diagram of stage two of pyrenoid division in daughter cells of Gauch's 
chloroplast mutant strain 1559» top view -- Pyrenoids are constricted 
in the area of future cleavage. X 1,000. 

Same as in Figure l8 but a side view -- X 1,000. 

Same as in Figure 19 but a side view. The nuclei have completed their 
first stage of migration -- X 1,000. 

Figure 23»* Same as in Figure 20 but a side view. The nuclei are passing between 
the pair of chloroplasts in each daughter cell -- X 1,000. 
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Figure 2,k. Electron micrograph of the pyrenoid area of 
Zy gneina circunicarinatum strain '±2 fixed in 1% 
potassium permanganate. A section through 
starch grains (S) tangential to the pyrenoid 
— Thylakoids (T) are imbedded in the stroma 
between starch grains. Approximately X 12,000, 

Figure 25• Electron micrograph of the pyrenoid of Zygnema 
circumcarinatum strain 'i2 fixed in 1% potassium 
permanganate — Thylakoids of pyrenoid (P) are 
dilated (TD) or undilated (TU) except on the 
edge; a tubular thylakoid (TT) is shown in the 
pyrenoid. Starch grains (S) surround the 
pyrenoid. Approximately X 12,000. 
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Figure 26. Electron micrograph of the pyrenoid of Zygnema 
clrcumcarinatum strain k2 fixed in 1% potassium 
permanganate. Tubular branched thylakoids are 
in the upper half of the pyrenoid while disc-
thylakoids are in the lower half — The arrows 
point to areas of possible incipient starch 
grain foriimtion. Approximately X 18,000. 

Figure 27- A diagramatic interpretation of a membrane 
structure found in Figure 26 -- The grana-like 
structure is interpreted to arise from the 
folding and fusing of the outer surface of a 
single thylakoid, and therefore,is not a granum. 
Approximately X 55?000. 
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Figure 28. 

Figure 29. 

Figure 30. 

F igure 31• 

Figure 32. 

Figure 3 3 -

Figure . 

Figure 35-

Demonstration of prop 
pyrenoicls of a cell o 
Jackson's fixative --
X 1, 6 0 0 .  

iocarmine stain on 
f strain 922 fixed in 
A starch-free cell . 

Cell same as in Figure 28 but treated directly 
with IKI after fixation in Jackson's fixative. 
The protoplast including the pyrenoids show 
severe shrinkage — X l,o00. 

Cell of strain 922 in the dark for six days, 
unfixed. Treatment with IKI gives 110 conclu
sive indication of starch — X 2,000. 

Cell same as in Figure 30 but fixed in Jackson's 
fixative and treated gradually with IKI to 
avoid plasmolysis. No conclusive evidence for 
starch -- X 2,000. 

Cell same as in Figure 30 but placed under 
2,160 lux intensity for 1/2 hr, fixed in 
Jackson's fixative, and treated gradually with 
IKI to avoid plasmolysis — The starch stained 
red-brown in color and was confined to the 
pyrenoid surface. X 2,000. 

Cell same as in Figure 30 but placed under 
2,.l60 lux intensity for- 1 hr, fixed in Jackson's 
fixative, and treated gradually with IKI to 
avoid plasmolysis — More starch around the 
pyrenoid than in Figure 32. X 2,000. 

Cell as in Figure 30 but placed under 2,160 
lux intensity for 2 hr, fixed in Jackson's 
fixative, and treated gradually with IKI to 
avoid plasmolysis — More starch around 
pyrenoid than in Figure 33• X 2,000. 

Cell as in Figure 30 but placed under 2, l 6 o  
lux intensity for 3 hr, fixed in Jackson's 
fixative, and treated gradually with IKI to 
avoid plasmolysis -- More starch around 
pyrenoid than in Figure . X 2,000. 
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Figure 36. Cells of strain 922 in the dark for eight days 
followed by light of 6,000 lux intensity for 
15 minutes. Cells treated with Clorox for 
several hours followed by IKI, a procedure 
which causes the protoplast to shrink and to 
become spherical. No conclusive evidence for 
starch synthesis -- X 1,000. 

Figure 37* Cells of strain 922 in the dark for eight days 
followed by light of 6,000 lux intensity for 
30 min. Cells treated with Clorox and IKI as 
in Figure 36. Conclusive evidence for starch 
synthesis (s) — X 1,000. 

Figure 38* Cells of strain 922 in the dark for eight days 
followed by light of 6,000 lux intensity for 
1 hr. Cells treated with Clorox and IKI as in 
Figure 36. Conclusive evidence for starch 
synthesis (s) — X 1,000. 

Figure 39* Cells of strain 922 in the dark for eight days 
fo.13.owed by light of 6,000 lux intensity for 
2 hi". Cells treated with Clojrox and IKI as in 
Figure 36. Much greater starch synthesis than 
after 1 hr of light -- X 1,000. 

Figure hO. Cells of strain 922 in the dai~k for eight days 
followed by light of 6,000 lux intensity for 
'l hr. Cells treated with Clorox and IKI as in 
Figure 36. A great amount of starch has been 
synthesized -- X 1,000. 

Figure 4l. A cell of strain 922 in the dark for 12 days. 
The cell was on a microscope slide for 30 hr in 
a microbeam experiment but was not illuminated 
-- Note the transparent pyrenoids (p) and the 
nuclear area (n). X 2,000. 

Figure 'l-2. A cell of strain 922 ih the dark for 12 days. 
The chloroplast on the right was exposed to 
about 30 hr of .light. This chloroplast moved 
out of the microbeam of light so that the other 
chloroplast was also illuminated several times 
in the 30 hr period — The thickness of the 
starch sheaths around the pyrenoids is shown 
between the arrows. Alive when photographed. 
X 2,000. 
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Figure ^3- Growth of strain 922 at 19 C on a 12:12 hr light:dark c^cle at various 
light intensities -- The dry weight of the initial suspension (chopped 
filaments) was 10 +_ 2 mg. Each point on the graph represents the mean 
dry weight of filaments from three plates, after 9 days of growth. 
The vertical line through each mean represents +_ 2 standard errors. 
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Figure kk. Pyrenoid and nuclear division of strain 922 on a 12:12 hr light:dark 
cycle at 1,500 to 2,000 lux intensity at 19-20 C -- Chopped filaments 
were transferred on May 12, 1968, and were harvested on May 17-18. The 
curve for pyrenoid division is based on a count of 500 cells per 
sample. In the first and second counts of nuclear division, all cells 
in individual filaments were counted and filaments were not chopped. 

In the first count of nuclear division, 1,000 cells were counted every 
1/2 hr from 7 P.M. to 12 midnight from material harvested on May 17? 
1968. From material harvested on May 18'-!?, 1,000 cells were counted 
every hour from 1 A.M. to 8 A.M. From 9 A.M. to 5 P.M., 500 cells 
were counted every hour. No cells were counted at 6 P.M. At 7 P.M., 
1,000 cells were counted for nuclear division. 

In the second count of nuclear division, 1,000 cells were counted at 
7 P.M. and 7:30 P.M. from material harvested on May 17, 1968. At 
8 P.M., 9 P.M., 10 P.M., 11 P.M., 12 midnight, 2 A.M., and k A.M., 
1,000 cells were counted. At 5 A.M., 6 A.M., 8 A.M., 9 A.M., 10 A.M., 
11 A.M., and 12 P.M., 500 cells were counted. No cells were examined 
for nuclear division after 12 P.M. 
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gure 45. The second count of nuclear division in Figure kk is divided here int 
the stages of nuclear division. 
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gure k6. Pyrenoid division, based on results presented in Figure kk, is divided 
here into three stages. 
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Figure 4?.  Pyrenoid and nuclear division of strain 922 on a 12:12 hr light:dark 
cycle at 1,300 to 1,500 lux intensity at 19 C -- Chopped filaments 
were transferred on August 9? 1968,and were harvested on August 13-14, 
Every 1/2 hr from 7 P.M. to 11:30 P.M., 500 cells were Counted from 
material harvested on August 13-• From material harvested on August 
l4ib, 500 cells were counted every hour from 1 A.M. to 6 A.M., and 
every 2 hr period from 8 A.M. to 6 P.M. At 7 P.M., 500 cells were 
counted. 
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Figure 48.  Nuclear division, based on results presented in Figure k7, is divided 
here into the stages of nuclear division. 
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Figure ^9- Pyrenoid division, based on results presented in Figure ^7, is divide 
here into three stages. 
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Figure 50. Pyrenoid and nuclear division of strain 922 on continuous illumination 
at 1,500 to 1,700 lux intensity at 19 C -- Filaments wei*e transferred 
on August 9i 1968, and harvested on August 13-1^« Material was har
vested every hour for 24t hr, and 500 cells of each sample were 
counted. 
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Figure 51 • Pyrenoid and nuclear division of strain 922 on a 6:6:6:6 hr light: 
dark:light:dark cycle at 1,800 to 2,400 lux intensity at 19 C --
Filaments were transferred on July 7 •> 1968, and harvested on July 
1^-15. Material was harvested every hour for 2k hr, and 500 cells 
of each sample were counted. 
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Figure 52. Petri plate of strain 922 grown for 10 days on 
a 12:12 hr light:dark cycle at 19 C. The 
material transferred to the plate consisted of 
chopped filaments in k ml of liquid B medium --
X 2/3-

Figure 53* Strain 922 e\t 2,l6o lux for 10 days on a 12:12 
light:dark cycle at 19 C. Stained for pyrenoids. 
The various shapes the pyrenoid may assume are 
shown. Note that such shapes are perpetuated 
by division — X 250. 

Figure 5^« Synthesis of starch in a inicrobeain of light — 
Same cell as in Figure 'l-2 but treated while in 
the living condition with IKI. X 1,150. 

Figure 55* Cells of strain 922 treated witli 10% Triton 
X-100 for 1/2 hr -- The filaments were then 
stained for pyrenoids. The pyrenoids appear as 
hollow "cracked open" spheres with the staining 
confined to the surface of the spheres. X 650. 

Figure 56. Cells of strain 922 treated with 10% sodium 
deoxycholate for 1/2 hr -- The filaments were 
then washed with water and stained for pyrenoids. 
Note the lack of staining in the area of the 
pyrenoid , and the intensity of the stain in the 
cytoplasm. X 650. 

Figure 57* Cells of strain 922 on 80 mg/1 streptomycin 
sulfate medium for two months on a 12:12 hr 
light:dark cycle at 19 C -- The filaments were 
stained for pyrenoids. Pyrenoids are lacking in 
this cell and there is a large accumulation of 
starch. X 650. 

Figure 58. Cells of strain 922 on B medium minus nitrogen 
for two months at 7^000 lux intensity 011 a 12:12 
hr light:dark cycle at 19 C -- Filaments are 
stained for pyrenoids. The pyrenoids have 
started to disappear in some cells. X 650. 

Figure 59* Cells of strain 922 on a 12:12 hr light:dark 
cycle at 7^000 lux for six days. Stained for 
pyrenoids. The culture was contaminated with 
bacteria and very little growth occurred. A 
large amount of starch accumulated because of 
the poor growth conditions; oil is abundant --
x 650. 

Figure 60. Chloroplasts from strain 922, 12 days in the 
dark, and then isolated on a discont j.nuous 
sucrose gradient. A sample from the 'i0%/50% 
sucrose interface — X 650. 
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Figure 6l. Cells of strain 922 treated with 10% Triton 
X-100 for 1/2 hr — The filaments wei~e then 
stained for pyrenoids. Note the granular 
appearance of the interior of the pyrenoids. 
X 1,000. 

Figure 62. Cells of strain 922 plasmolyzed with 0 . 5M 
sucrose and stained for pyrenoids — Note the 
spherical shape of the protoplast. The 
pyrenoids retain their normal position in the 
chloroplast and the staining properties of the 
pyrenoids are not altered. X 1,000. 

Figure 6 3 .  Cells of strain 922 plasmolyzed with 0.5M 
sucrose and quickly deplasmolyzed with water 
— When stained for pyrenoids, a small per
centage of cells reveals their pyrenoids to be 
displaced. The bases of the arrows indicate the 
normal position of the pyrenoid. A nuclear 
area (n) is evident. X 1,000. 

Figure 6 4 .  Pyrenoid pellet obtained from a ho%/50% sucrose 
interface at 25,000 rpm for 1 hr in a SW 25.1 
rotor -- The transparent circular bodies are 
pyrenoids; a few are indicated with arrows. The 
other particles are primarily chloroplast frag
ments. X 1,000. 

Figure 65. Same pellet as in Figure 6'l but photographed in 
an area less dense than in Figure 6k -- X 1,000. 

Figure 66. The pellet from a 'l0%/50% sucrose interface was 
centrifuged again, one day later, on a 45%/50% 
sucrose gradient -- The clear transparent bodies 
are presumed to be pyrenoids even though they 
are generally smaller than those bodies obtained 
a day before on the k0%/50% sucrose gradient. 
X 1,000. 

Figure 67. Same pellet as in Figure 66 but in another area 
-- X 1,000. 
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