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ABSTRACT 

Anacystis nidulans was subjected to treatment with the 

mutagen nitrosoguanidine. Several filamentous morphological 

mutant strains were isolated. Attempts to characterize the mu

tants with respect to the wild type were made by light microscopy, 

scanning and transmission electron microscopy, examination of the 

free amino acid pools, and responses to temperature and pantoyl 

lactone. The mutant filaments fell into classes having cross walls 

at intervals producing cells- corresponding in size' to the wild 

type, those having no cross walls and consisting of long cells of 

indeterminate length, or intermediate types having irregularly 

spaced cross walls. Electron microscopy of four of the mutants 

suggested that the blocks in cell division differed as to time, 

degree, and/or nature among the mutants. Two of the mutants 

demonstrated possible deviations from the wild type as to number 

and arrangement of the photosynthetic lamellar layers. 

Attempts to demonstrate genetic transformation were 

made in a variety of systems ranging from the use of simple 

supernatants of heat killed cells to the use of extracted DNA. 

on recipient cells pre-treated with lysozyme. Transformation 

was not demonstrated. The problem of competence in the blue-

green algae and bacteria is discussed. 



Autoradiography of the Ana cyst is genopliore was 

attempted unsuccessfully, possibly due to the fact that thy

midine requiring mutant strains of the alga were not avail

able. The culture of Anacystis is discussed and a method 

for the purification of contaminated cultures is outlined. 



INTRODUCTION 

Considering the advanced state of the science of Genetics 

at the time of this writing, summer 1970, it seems rather incred

ible that a large group of organisms such as the blue-green algae 

have for the most part eluded the efforts of geneticists to under

stand their hereditary mechanisms, while on the other hand, gene

tic information on the bacteria and viruses is proliferating at an 

astonishing rate,, Much current genetic thought about the blue-

greens has been inferred from studies on the bacteria. At the 

same time, as can be seen from the reviews by Gusev (1961) and 

Holm-Hansen (1968), there is a large body of literature concerning 

the physiology and biochemistry of the blue-green algae. 

Genetic knowledge is incomplete for blue-green algae be

cause sexuality has not been conclusively demonstrated in the 

group, transformation and temporal mapping have just been reported 

(Shestakov and Khyen, 1970; Asato and Folsome, 1970),and transduc

tion with a virus has not been obtained. In addition, the growth 

requirements cf the blue-green algae have only relatively recent

ly been worked out by Krata and Myers (1955) and VanBaalen (1965a)* 

The present work attempted to produce mutations in a 

blue-green alga, characterize these mutations, and use them to 

demonstrate genetic transformation. In addition, an 

1 



effort was made to autoradiograph the genophore. A high temper

ature strain of Anacystis nidnlans was chosen as the organism to 

be studied because it is unicellular, has a rapid rate of growth, 

has a relatively thin sheath, and can be plated quantitatively. 

In addition, there is a large body of literature concerning the 

physiology of this particular blue-green alga. 

From the electron micrographs which will be presented 

later, it will be apparent that Anacystis bears a striking resem

blance to some of the bacteria. It will also be apparent that in 

the discussion that follows and in the experimental methodology 

chosen, Anacystis was treated frequently as if it were a bacter

ium. Echlin and Morris (1965) have written a most interesting 

paper on the relationship between blue-green algae and bacteria. 

The first sections of this dissertation discuss the cult

ure of the alga and the purification of its cultures. An attempt 

at autoradiography of the Anacystis genophore follows, patterned 

after the work of Cairns (1961, 1962, 1963) in E. coli and 

T-2 bacteriophage. The next section deals with the induction 

and selection of morphological mutants using the mutagen nitro-

soguanidine. This section is followed by one dealing with the 

induction of transformation and the problem of competence. The 

final section describes the nature of the morphological mutants, 

including scanning and transmission electron microscopic compar

isons between the wild and mutant strains of Anacystis. 



CULTURE OF THE ORGANISM 

Agar slant cultures of Anac.ystis nidulans #625, a high 

temperature strain, were obtained from the Culture Collection of 

Algae at Indiana University. The cultures were received on, and 

early in this work maintained on, cyanophycean agar medium (Starr, 

1964). Later, the organism was routinely cultured in liquid 

medium C (ivratz and Myers, 1955) (Table 1) through which a mixture 

of 5% CO^ and 95% air was bubbled after passing through cotton 

plugs in the line. The pH of medium C was generally 8.4 before 

autoclaving, 8.0 after autoclaving, and- 6.8-7.0 when in equilib

rium with the gas mixture. 

Small cultures were grown in 50 ml polycarbonate conical 

centrifuge tubes, referr.ed to henceforth as bubble tubes; larger 

cultures were grown in.3 liter batches in flattened 3-liter Pyrex 

culture flasks. Specially made Pyrex caps were used on both tubes 

and flasks which were designed to prevent bacterial contamination 

of the medium while bubbling the gas mixture through the medium. 

Three inch magnetic stirring bars were used for agitation of the 

large flasks, while Cole-Parmer micro-stirring bars were used in 

the tubes, although the bubbling gas generally provided sufficient 

agitation of the bubble tube cultures. 



Table 1. 

Composition of Growth Media 

Medium C 
Salt 

MgS04*7H20 

K.HPO. 
2 4 

Ca(N03)2»4H20 

kno3 

Na^ Citrate • 2^2° 

Fe2(S°4)3-6H20 

Amount in r/1 

0.25 

loOO 

0o025 

l «00  

0.165 

0.004 

A,, micro-element mixture 
5 1.0 ml/1 

A,. Micro-elements —o ——————————— 

H B0_ 
3 3 
MnCl *4H 0 

<L tit 
ZnSO.®7H 0 

4 2 
MoO, 

u 
cuso •5iirio 

4 2 

Amount in g/1 

2.86 

(1,81) 

0.222 

0,0177 

0.079 

Medium Cm 

Identical to Medium C except that MnCl °4H 0 is 
a & 

omitted from the A_ micro-element mixture and the 
o 

amount of A_ is cut to 0.5 ml/1 
5 

After Van Baalen (1965a) 
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Cultures on solid medium were routinely grown on a. 

modification of medium C (Cm) with 15% agar added as suggest

ed by Van Baalen (personal communication) using 1/2 the usual 

concentration of A_ micro-eleinents from which Mn++ was omitted. 
o 

Discussions of the rationale for the use of this medium may be 

found in papers by Marler and Van Baalen (1965) and Van 

Baalen (1965a). 

Illumination ivas routinely provided at an intensity 

of 3160 lux by 8 GE cool white 45*' Power Groove fluorescent 

tubes. Constant illumination was used. No appreciable differ

ence was noted in the growth of the organism when tungsten illum

ination was substituted for fluorescent illumination. Unless 

noted otherwise, the incubation temperature was maintained at 

39.0 - 2o0° C. Under these routine conditions, it was 

found that the number of cells, determined by counting in a 

Petrov-Hauser counting chamber, doubled in approximately six 

hours when the growth rate was determined with cultures grow

ing in bubble tubes. 

Pyrex-distilled water was used routinely in all media 

and solutions described throughout this work, however, the 

substitution of distilled water from the building supply, 

or distilled water deioniaed with Crystalab Deeminite 

filters permitted the growth of colonies- when plated 



either by streaking or by dilution. That the organism is not 

too fastidious in its water requirements was shown in that 

Tucson City tap water permitted growth of the alga by streaking 

but not the growth of colonies plated by dilution. 

Difco Bacto-Agar was used routinely throughout the 

course of these investigations. It was found that less expen

sive bulki coarse agar would not permit the growth of colonies 

when dilution plating methods were used. 

Growth of Anacystis was tested on several other types 

of media. Cyanophycean agar (Starr, 1964) produced much slower 

growth than agar containing Cm and rarely permitted colonial 

growth of the organism, thus greatly increasing the difficulty 

of obtaining axenic cultures by isolation of single bacteria free 

cells by dilution plating. Attempts were made to increase the 

growth rate on cyanophycean agar by substituting EDTA as a chelat

ing agent for tri-sodium citrate, but there was no apparent im

provement in the growth of Anacystis on this medium. Medium D, 

also formulated by Kratz and Myers (1955) was tested, but growth 

on this medium was considerably slower than on Cm agar. Van 

Daalen (1967) has developed another medium, Cg-10, for the culture 

of blue green algae. Cg-10 gave good results when tested in this 

laboratory, but it was not adopted for use since growth on this 

medium was not observed to be significantly improved over that 

obtained with media C and Cm. 



Variations of Cm agar were tested. When the amount of 

Aj_-Mn++ was doubled, good growth was obtained by streaking, but 

colonies were not obtained by dilution plating; similar results 

were observed using half the usual concentration of the complete 

Ag solution which includes the Mn ion. When plates were prepar

ed without any A^, both streaming and dilution plating produced 

colonies and good growth of Anacystis. 

The ability of Anacystis to grow under anaerobic conditions 

was tested for possible use as an aid in obtaining axenic cult

ures through the limitation of growth of aerobic bacteria. 

A sealed growth chamber was gassed with nitrogen until 

the atmosphere would no longer support the flame of a candle. A 

methylene blue anaerobic indicator, described by Pelczarand Reid 

(1958) was used as a means of determining the maintenance of anaerobic 

conditions. Good clonal growth was obtained on Cm under these 

conditions, however subsequent methods proved sufficient for the 

elimination of bacteria so the anaerobic culture of Anacystis 

was not pursued further. 

In order to test the feasibility of obtaining colorless 

mutants of A. nidulans, growth was attempted in the dark on Cm 

supplemented with various concentrations of Na acetate and/or 

glucose, but growth never resulted under these conditions. The 

obligate photoautotrophy of the blue-green algae is discussed in 

a review by Holni-Hansen (llJ68). 



PURIFICATION OF CULTURES 

Obtaining and maintaining axenic cultures is one 

of the more difficult aspects of working with blue-green algae. 

The problem has been greatly simplified for Anacystis nidulans 

since Van Baalen developed his modification of medium C. Using 

Cm agar, it is reasonably simple to purify cultures by di

lution and plating of cell suspensions. On occasion, however,.ad

ditional methods are helpful. 

Purity of cultures was judged on the lack of bacterial 

growth on nutrient agar when streaked "with Anacystis, and by the 

failure of observing bacteria microscopically in a culture. Oc

casionally, fresh slants from the Culture Collection met these 

criteria. 

Early in the study, while Anacystis was being cultured on 

cyanophycean agar at 22° C with a 12:12 hr light-dark cycle, streaking 

and dilution were useless in the purification of cultures. Acti-

dione (Upjohn) was tested in concentrations of 125, 250, 500, 

1000, and 2000 jig/ml. Concentrations above 1000 y.g/ml inhibited 

Anacystis when incorporated in the medium; the best growth was 

observed at 500 y.g/ml or less.. Bacterial and fungal growth were 

reduced at all concentrations. Perhaps the most effective use 

of Actidione alone was to streak the plates with .inoculum and 



then to wash the plates with 10 drops of 1000 p.g/ml or 2000 |xg/ml 

actidione; good growth of the alga was obtained, while bacteria . 

were slightly inhibited and fungi were greatly reduced. 

Mixtures of various proportions of actidione, penicillin, 

and bacitracin were attempted, but there was an apparent reaction 

between the antibiotics and the medium as evidenced by gas and 

ester formation. Such mixtures inhibited Anacystis and fungus 

while permitting bacterial growth. 

The effect of potassium tellurite (Duclcer and Willoughby, 

1964) was determined. Cm plates were prepared with 10, 25, 

50, and 75 mg/1 of K^TeO^, while 10 mg/1 of the substance were 

added to 3 liter flasks of medium C. The flasks turned dark on 

incubation and growth of Anacystis was not observed. Plates having 

concentrations above 10 mg/1 turned dark and inhibited the alga, 

while the 10 mg plates permitted good algal growth and indicated a 

definite reduction of bacterial contamination when compared with 

tellurite-free control plates. Tellurite had no apparent effect 

on the growth of fungal contaminants. 

On the basis of the preceding results, it was found that 

if a culture could not be rid of contaminating organisms by simple 

dilution plating, fungal contaminants could be greatly reduced by 

treatment with actidione, and bacteria could be decreased with 

potassium tellurite. These compounds could be combined in Cm 

agar. Growth on such plates followed by dilution plating on plain Cm 

usually resulted in axenic cultures of Anacystis nidulans. Axenic 

cultures were used routinely in this work. 



AUTORADIOGRAPHY OF THE GENOPHORE 

In order to obtain information concerning the geno-

phore of Anacystis nidulans similar to that obtained for T 2 

bacteriophage and E. coli by Cairns (1961, 1962, .1963), the 

methods described by him were followed as closely as possible. 

There was, however, one important difference: Cairns used. 

strains of bacteria which required thymine or thymidine; such a 

strain of Anacyst is was not available. 

Materials and Methods 

A culture of wild type Anacystis, growing in 15 ml of 

Medium C in a bubble tube and found to have less than 1.0% bac

terial cells by visual observation, was inoculated with 1»0 mCi 

3 
of H-thymidine (TRK-120, Amersham Searle Corp., Batch 38, 18.3 

Ci/mM) and was incubated for 26 hours at 39° i 1.0° C. The 

cells were washed 4 x until the count of the supernatant was 

reduced to 25 cpm (blank = 22 cpm) as measured in a Packard Tri-

carb liquid scintillation spectrometer model 3320, using a 0.5% 

2,5-diphenyloxazole solution in toluene. The cells were then 

6 5 4 
diluted into three groups: 1.0 x 10 , 1.0 x 10 , and 1.0 x 10 

cells/ml, and suspended in lysing solution A (Table 2). Dilutions 

ware then divided into two parts, giving six samples in all; one 

10 
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Table 2 

Composition of Lysing Solutions -

Lysing Solution A 

Sucrose 1„5 . M 

NaCl 0„05 M 

EDTA OoOl M 

Salmon Sperm DNA 30 mg/1 

Lysing Solution B 

Sucrose 1«5 M 

NaCl 0o05 M 

EDTA OoOl M 

Sodium Dodecycl Sulfate 1..0 % 

Salmon Sperm DNA 30 mg/1 

Dialysing Solution C 

NaCl 0.05 M 

EDTA 0o005 M 

Adapted from Cairns (1961, 1962) 
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portion of each dilution was marked for treatment with pronase. 

Aliquots of the six suspensions were then placed in dialysis 

chambers which were assembled from 29-mm diameter polypropylene 

centrifuge tube closures, to which Millipore VM filters (pore 

size 50 nvji) were sealed with clear nail polish. Blanks were pre

pared which contained lysing solution only, having no biological 

or radioactive material. 

The centrifuge tube closures were then floated, filter 

side down, in a stacking dish containing lysing solution B, which 

was identical to A except for having 1.0% sodium.dodecycl sulfate 

(SDS); this solution had been preheated to 40° C. Dialysis with 

SDS was permitted for 2 hours at 40° C. At the end of 2 hours, 

lysing solution B was replaced with dialysing solution C, which 

was refreshed at 6, 18, 21, and 24 hours. At 24 hours, approximately 

two-thirds of the samples were injected with 0.05 ml of 0o5 rag/ml pro

nase which had been predigested at 40° C for 30 minutes (each of the 

dialysis chambers originally contained 1.0 ml of cell suspension). 

The pronase was injected through a 27 gauge hypodermic needle. 

The hole was then sealed with a small piece of cellophane tape. 

After 45 hours, the chambers were removed from the 

solution, stood on edge, and drained by making small holes in 

the top and bottom edges of the filter membranes. When dry, 

the raembranes were removed from the tube closures and glued to 

plastic microscope slides with clear nail polish. As a control, 

some of the filters were cut in half by removing a 1 rnm strip 

across the diameters, and then one half was dipped in DNAase 
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suspended in pH 5.0 acetate buffer containing MgSO^. 

After drying, the mounted filters were covered with Kodak AB-10 

Autoradiographic Stripping Film, according to the procedure 

accompanying the film. Exposure was carried out in light tight 

microscope slide boxes in a desiccator at 4° C for periods rang

ing from ii weeks to 6 months. The film was developed according 

to the instructions furnished by Kodak with the stripping film. 

Results 

The procedure described above was first done as a pre

liminary test without the pronase or DNAase treatments. The 

pictures taken of the images on the stripping film showed dotted 

lines suggesting the possibility of tangles and coils of material 

that had taken up the radioactive label. It was suggested by 

Cairns (personal communication) that, if indeed the images were 

produced by DNA which had absorbed the label, pronase might be 

used to unravel such tangles on the assumption that the DNA might 

be tangled with protein. Hence, the subsequent run included a 

treatment with pronase. 

Upon first examining the slides from the second experiment, 

seemingly exciting figures were observed on some of the test 

slides. Some of the figures appeared to be composed of long rows 

of dots in the emulsion, some straight and others curved, that 

appeared to resemble tiiose published by Cairns (1963). However, 

it was later discovered that similar figures were observable on 
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the blank slide, which contained no biological or radioactive 

material, but consisted solely of stripping film mounted on 

a Millipore filter treated with lysing solutions A, B, and C 

in an identical manner to the other filters, but not exposed to 

biological or radioactive material. No essential difference was 

noted on slides treated with pronase or DNAase; they still con

tained coiled and tangled figures, but it should be noted that 

such tangled figures did not appear on the untreated blanks. 

The nature of these figures remains unexplained. 

After further examination of the test slides, it was 

decided that no valid conclusions could be drawn from the experi

ment since it was not possible to differentiate between the figures 

on the test slides and those on the blanks and the enzymatic 

controls. 

Discussion 

It should be emphasized that it is not the intent of 

this report to cast doubt upon the work of Cairns, whose pictures 

are of a highly convincing nature. Loops such as those shown by 

Cairns suggesting replication of the chromosome were not seen on 

the blank slides of this study. The figures that were found on 

the blanks are probably attributable to scratches or cracks in 

the stripping film. 

Probably, the most likely explanation for the lack 

of positive results is that thymidine or thymine requiring 
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mutants of Anacystis were not used. Thymidine uptake studies 

by the method of Byfield and Scherbaum (1966), which are re

ported elsewhere in this dissertation, suggest that the uptake of 

radioactive thymidine is minimal, if present at all. Another 

possible reason could be that lysis of the cells was not obtained 

by the methods employed, which relied solely upon the lysing 

procedure used by Cairns in his bacterial work. It was found 

in the transformation studies reported later in this dissertation 

that the most effective way to lyse Anacystis cells is by pre-

treatment with lysozyme before the use of SDS. Treatment with 

SDS alone resulted in relatively little lysis. Also, it was ob

served by scanning electron microscopic examination of Anacystis 

cells on Millipore filters which had been run through Cairns 

lysis regimen, that cell lysis was not evident. 

It would seem that further work along this line should 

await the development of thymidine requiring mutants of Anacystis, 

and that the lysis treatment should include lysozyme. Perhaps a 

more rational approach to the entire problem might be through the 

transmission electron microscopic methods of Kleinschmidt et al 

(1962). The latter method was considered for use with Anacystis 

but Cairns method was selected as its results appeared to be more 

easily measurable if the organism in question proved to have a 

long genophore. 



MUTATION 

The mutagen N-methyl-N'-nitro-N-nitrosoguanidine (NG) 

is also refterred to as N-methyl-N-nitroso-N'-nitroguanidine or 

as l-methyl-3-nitro-l-nitrosoguanidine. It has been termed as a 

•near' alkylating agent by Loveless (1966). Its mutagenic effects 

were first reported by Mandel and Greenberg (1960). They found it 

to be highly mutagenic for E. coli strain S and reported filament 

formation; they also found multiple mutant colonies. They suggested 

that the structure of NG itself and not its acidic decomposition 

product, nitrous acid, or its basic decomposition product, diazo-

methane, was responsible for the mutagenic properties of the com

pound. Kaul (1969) working with higher plants confirmed this ob

servation, and suggested that a possible mechanism for the 

radiomimetic properties of NG was the methylation of DNA. The methyl-

ation of DNA was reported by Lawley in 1968. Drake (1969), in a 

review of mutagenic mechanisms, suggests that while NG can alkylate 

DNA, this is probably not the mutagenic mechanism. He mentions two 

alternate hypotheses; the formation of a highly mutagenic but un

stable base analog, or the .alteration of DNA polymerase itself. 

Apparently, the exact mechanism of mutagenesis by NG is still an 

unresolved question. 

Adelberg, Mandel, and Chen (1965) studied conditions for 

mutagenesis using NG inE. eoli K. 12. They found that maximum mutagenic 
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effect occurred at the LDg(), and that significant killing occurred 

only if the cells were allowed to metabolize in NG. Cerda-Olmedo 

and Hanawalt (1967) found evidence to suggest that the alteration 

of DNA by NG at pH 5.0 is recognized and repaired by the same mech

anism involved in the dark repair of ultra-violet damage. They 

found this to be the principal cause of lethality in strain B -1 

which is deficient in the dark repair mechanism. They found that 

NG inactivates the enzyme 3-galactosidase within the cells, but 

suggested that this action on protein was not sufficient to account 

for lethality. They further reported that NG inhibits protein syn

thesis, and to a much lesser extent, KNA synthesis by reduction 

of the rate of protein synthesis resulting- in the production of 

small amounts of non-functional protein. They found several indic

ations that this was the principal cause of lethality on strains 

that can repair DNA damage. The observation that the presence 

of streptomycin enhanced the resistance to NG of streptomycin 

resistant cells, led them to suggest that NG produces a misreading 

of the genetic code that can be suppressed by streptomycin. 

Greenberg and Morris (1961) observed that inhibition of 

E« coli by NG could be non-specifically reversed by a variety of 

amino acids and sulfhydryl agents. Glycine was most effective, 

but lost most of its activity when its amino group was acetylated. 

Methyl amine was almost as effective as glycine. They concluded 

that such reversals are probably due to the effects of the various 

agents on the chemical reactivity of NG. 
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In a discussion of cross-resistance and filamentation 

produced by alkylating agents and NG, Loveless (1966) states that 

Herriot and Price (1948) found that E. coli formed filaments follow

ing irradiation or mustard gas treatment, but that Payne et al 

(1956) found that E. coli B/r did not show this response to either 

irradiation or chemical treatment. Loveless points out that the 

cross resistance shown by radio-resistant mutants of the B/r type 

is not confined to alkylating agents, but may extend to a whole 

range of other bactericidal and bacteriostatic agents. It has 

usually been found that the substances to which such cross-

resistance is shown, are also ones which evoke a filamenting reaction 

on the part of the sensitive strain. There is nothing specific to 

alkylating agents in the behavior of filamenting strains, and he 

suggests that it would be stretching a point to include the fila

menting reaction as an 'allied effect' of alkylating agents. 

Greenberg found that mutants which showed an increased resistance 

to NG were cross-resistant to HN^, mitomycin, and other antibac

terial substances, and were not stimulated to filamentation by NG 

(Mandel, Woody, and Greenbei'g, 1961). Loveless states, however, 

that cross-resistance and an association between resistance and 

the absence of filamentation are not the universal rule. Curry and 

Greenberg (1962), using jE. coli S, found that both ultra-violet 

irradiation and a number of radiomimetic agents, including ruethyl-

nitro-nitrosoguanidine all provoked filamentation in the parent 

strain and also in the case of at least one resistant mutant. 
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Stevens and Van Baalen (1969), in a study of survival and 

mutagenesis of the blue-green coccoid Agmenellum quatrublicatum in 

respect to treatment with NG found mutants similar to those formed 

in Anacystis, and that exposure to growth-limiting low light after 

treatment with the mutagen resulted in significantly increased-

survival. They suggest that a dim-light repair mechanism exists in 

blue-greens, similar to that reported for dark repair in bacteria 

and yeast« 

Cerda-Olmeda, Hanawalt, and Guarola (1968) observed 

the majority of mutations induced by NG in E. coli are located in 

the replication point region of the chromosome. Treatment with 

NG of successive samples of a synchronized culture produced a max

imum of a given type of mutant at the time that the corresponding 

gene was being replicated. He was able to construct replication 

maps of the chromosome that describe the pattern of replication, 

and he found this map to substantially agree with the standard 

genetic map. 

The observation that NG preferentially mutagenizes the 

region of the chromosome undergoing replication is of importance 

to workers interested in the genetics of the blue-green algae as 

a potential mapping tool. Asato and Folsome (1970) have recently 

reported the mapping of genes in Anacystis by this method. 
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Induction of Mutants 

The mutagen N-methyl-N1-nitro-N-nitrosoguanidiae (NG) 

(Aldrich Chemical Company) was selected on the advice of Van 

Baalen (personal communication) who found it to be an effective 

agent in the induction of mutants in Anacystis nidulans (Van 

Baalen, 1965b). 

The general method followed, with occasional variations, 

for the induction of mutants was to place cells of Anacystis in 

a solution of 200 jig NG/ml for 8 minutes at room temperature. 

A bubble tube containing an actively growing culture of the alga 

was centrifuged at 12,100 x £ in an International model HI 

centrifuge at room temperature for 30 seconds. The cells were 

then resuspended in the NG solution, using a mini-magnetic 

stirring bar to aid the suspension process, centrifuged, and 

resuspended at the end of 8 minutes in sterile water. After 

two more washes in sterile water, the cells were suspended in 

medium C and incubated for a minimum of 2 hours under the stand

ard culture conditions previously described to permit multipli

cation of possible mutants. If a nutritional mutant was being 

screened for, the medium was supplemented appropriately. After 

incubation in the bubble tube, the suspension was diluted so 

that 0.1 ml of the suspension contained approximately 100 cells, 
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and 0.1 ml aliquots were then spread 011 supplemented Cm plates. 

Similar jjlates of untreated control cells were usually prepared. 

The presence of mutants was tested for by replica plating tech

niques. 

The induction of morphological mutants by ultraviolet 

light was attempted without success. The UV source was a General 

Electric 30 watt germicidal tube #G30T8, having a wave lengt-h of 

2537 X. When this source was used at a distance of 10.0 cm, the 

LDQQ (estimated) was 30 seconds, and this was the dosage employed 

in the attempts at UV mutation induction. The formation of fil

amentous mutants following such treatment was not observed. 

Selection of Mutants 

Nutritional Mutants 

An initial search was made for nutritionally deficient 

strains of Anacyst is. Attempts were made to select for mutants 

requiring NH^Cl similar to those isolated by Van Baalen (1965b,c) 

that are not able to utilize NO , and strains requiring the 
o 

amino acids glu, ala, asp, ser, gly, lys, met, isol, and the 

bases uracil, guanine, thymine, and adenine. These compounds were 

added to Cm agar in various concentrations rcinging from 0.1 to 

100.0 mg/1 either alone or in combinations. Cultures were treated 

with NG as previously described, incubated in appropriately sup

plemented medium C for periods of 2-6 hours and then plated on 

identically supplemented Cm agar plates. Colonies were either 



tested individually by streaking or by replica plating, but no 

cultures were obtained that appeared to be stable, non-leaking 

mutants. 

Morphological Mutants 

Early in the study of mutation of Anacystis with the 

mutagen NG, a striking morphological mutation occurred in a large 

percentage of survivors. The nature of the mutation, which 

will be discussed in detail later, appears to involve interference 

in some aspect of the cell division process, resulting in the 

formation of filaments. The morphology of the mutant made visual 

selection a relatively simple matter, either microscopically or 

macroscopically, as the colonies appeared filamentous or had 

irregular edges compared to the smooth round wild type colonies. 

In addition, numerous filaments could be seen with a microscope 

on the surface of the post-treatment plate which did not grow 

into colonies, apparently being inviable after a short growth 

period. Later, a method was used involving incubation of 

an NG treated culture for extended periods, followed by filtration 

with a sterilized Millipore filter (type SM having a pore size of 

5.0 i0 with subsequent suspension and plating of the cells not 

passing through the membrane. This method greatly concentrated 

cells with impaired cell division. It was later found that 

somewhat faster filtration could be obtained with similar results 

by using sterilized Whatman 3 MM 2.3 cm qualitative filter papers. 



TRANSFORMATION 

Since sexuality and genetic recombination have not been 

conclusively demonstrated in the blue-green algae (Kumar, 1963; 

Pikalek, 1967; Bazin, 1968; Lowell, 1969; Singh and Sinha, 1965; Singhj 

1967), the present work attempted to induce transformation as a poten

tial tool for genetic studies in blue-greens. The failure of this 

study to demonstrate transformation may be attributed to an incom

plete understanding of the nature and development of competence in the 

blue-green algae. The recent success of Shestakov and Khyen (1970) 

may open the way to new knowledge in this area. 

Spizizen, Reily , and Evans (1966) in their review of the 

process of bacterial transformation state that transformation is 

possible because certain cell populations develop a state of com

petence. They divide the process of transformation into stages; 

DNA penetration and uptake, association and recombination with the 

genome, and phenotypic expression and replication. They state 

that the initial phase, generally referred to as competence, is 

usually, but not always, the defective process in non-transformable 

strains of bacteria. Since non-competent strains are as readily 

susceptible to genetic transduction as are competent cells, they 

suggest that the inability to integrate the transferred DNA into 

the host genome is probably not responsible for the. lack of competency. 

23 
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According to Hayes (1964) there are two, not necessarily 

mutually exclusive, hypotheses that attempt to explain the nature 

of competence. One suggests that competence derives frojn changes 

in the cell wall structure, making it permeable to macro-molecules• 

The second hypothesis, derived from the observation that protein 

synthesis is necessary for the development of competence, suggests 

that competence results from the synthesis of specific receptor 

sites on the cell surface. 

Much work has been done in order to better understand the 

nature of competency in bacteria. Hadden and Nester (1968) 

and Cahn and Fox (1968) found that competent and non-competent 

cells of Bacillis subtilis could be separated by density gradient 

techniques. Singh and Bitale (1968) found by gonal centrifu-

gation that uninucleate cells of B. subtilis are more likely 

to be competent than multinucleate cells, although both cell 

classes occur with approximately equal frequency in competent cultures. 

Young and Spizizen (1961) found evidence suggesting that 

competency is under genetic control. Working with B^_ subtilis 

strain 168, they found that poorly competent mutants, and at least 

one incompetent mutant, could be produced from highly competent 

strains. They also found a marked reduction of irreversible DNA 

uptake and frequency of transformation in non-sporulating strains 

of JK_ subtilis. Spizizen, Reily, and Evans (1966) suggest that 

in B^_ subtilis, certain gene products or "competence factors" 

are formed either in the process of pre-sporulation or sporulation. 



25 

Tomasz and Hotchkiss (1964) and Tomasz (1969a) report the 

regulation of competence in Pneumococcua by at least two macro-

molecular factors. One, designated 'activator', had the proper

ty of being able to induce the competent state in a non-competent 

culture; a second isolatable factor was able to block the form

ation of competence. Activators were found to be species specific 

in their activity, thus precluding this as a possible approach 

to competency induction in Anacystis. 

Specific nutritional requirements have been found for 

transformation in some species of bacteria. Anagnostopoulos and 

Spizizen (1961) observed increased competence in B. subtilis 

when cells were grown in a minimal medium supplemented with glucose, 

L-tryptophan, and acid hydrolysed casien. Pariiskaya (1967), in 

a similar study noted increased transformation when the cells 

were previously incubated on medium containing L-glutamic acid or 

L-aspartic acid, while L-cysteine and L-valine prevented compet

ency. 

A condition of slowed growth or "non-growth" induced on 

specially formulated media has been shown to produce competence 

in several bacterial species (Spencer and Herriot, 1965; Leonard, 

et al, 1964; Nester, 1964). 

In studies relating cell wall structure to competency, 

Young, Spizizen, and Crawford (1963) found that the cell walls 

of poorly transformable strains of B. subtilis contained more 

glutamic acid, diaminopimellic acid, and glucosamine, but less 
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galactosamine and alanine than the transformable strains at a 

comparable growth period. Tomasz (1968) replaced choline by 

ethanolamine in the cell wall of Pneumococcus and found choline 

to be essential for cell function and the development of competen

cy. Young and Spizizen (1963) found that B. subtilis and 

Pneutnonococcus possess active autolytic enzymes in association 

with the cell wall that cleave the wall into heteropolymers; such 

activity was greater in the competent strains than in the non-

competent strains, possibly affecting DNA penetration into the 

cell. 

Goldsmith et al (1970) found evidence in B. subtilis 

suggesting that the development of competence is a function of 

internal physiological changes, induced by the overall metabolic 

state of the culture rather than being mediated by a soluble or 

loosely bound protein factor which transmits competence by cell 

contact. 

From observations such as those just discussed concerning 

the relationship between competence and cell wall structure, 

autolytic enzymes in the cell wall, sensitivity to penicillin, and 

specialized DNA penetration sites in the cell wall, one might 

expect the degradation of the cell wall to effectively increase 

competence by facilitating the uptake of transforming DNA by 

the cell. This hypothesis was investigated with B. subtilis by 

Dichy and Landman (1969). They recognized four types of cells in 

populations incompletely degraded with lysozyme: intact, . 



osmotically insensitive bacilli ; osmotically sensitive rods ; spheres 

with adherent cell wall residues which they called quasi sphero

plasts; and protoplasts which were completely lacking in cell 

wall fragments. They found 110 transformation in the protoplasts, 

and only low transformation in the osmotically insensitive bacilli. 

However, the osmotically sensitive rods and the quasi spheroplasts 

showed enhancement of transformation. They further found that 

quasi spheroplasts which had DNA adhering to them would trans

form only if they were permitted to resume wall synthesis; if 

they were plated under conditions where the residual wall was 

lost, permitting them to form L-colonies, transformation was not 

observed. Tomasz (1969a) suggests however that some of the L-

colonies may have been transformed but failed to survive due to 

the lack of cell walls. Dichy and Landman (1969) suggest that partial 

depolymerization of the cell wall by lysozyme resulting in quasi 

spheroplasts may enhance competence, but complete removal of the 

cell wall by lysozyme and the formation of protoplasts abolishes 

the ability to be transformed. When they plated intact cells on 

medium containing 25% gelatin, a growth condition which results in 

the cells expelling mesosomes and in the inability of 75% of the cells 

to reform them, transformation was sharply reduced. This suggested 

to them that intact mesosomes may be required for DNA entry, imd 

that aversion of mesosomes may occur in protoplasts. 
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Preliminary Studies 

Early attempts in this study to obtain transformation in 

Anacystis nidulans> were carried out in simple systems. Dawson 

and Sia (1931) were able to achieve ijn vitro transformation with 

Pneumonococcus, treating recipient cultures with heat killed sus

pensions of donor cells. Early in this work, various combinations 

of heating, freeze-thawing, homogenizing, and sonication were 

used in attempting to release the transforming principle. 

Generally, a 15 ml bubble tube culture of 1-3 day old Ana-

cyst is donor strain was heated in a 60° C water bath for one hour; 

occasionally, heating times of 20 minutes or two hours were substi

tuted, but in any case, control plates of heated cells failed to 

grow, indicating that killing was complete. After heating and 

subsequent cooling to room temperature, the killed donor culture 

was transferred to a growing recipient culture of similar age 

and volume. After periods of 30 minutes to 48 hours, these cul

tures were plated by dilution and observed for the development of 

transformant colonies. In each experiment untreated donor, killed 

donor, and untreated recipient cells were plated as controls. 

In other experiments, it was found that cells of Anacystis 

could survive attempts at lysis by repeated freezing and thawing 

followed by centrifugation at 12,000 x g for 10 minutes; the 

supernatants of such suspensions grew when plated. Cells homo

genized on a Waring blender for 40 seconds and then centrifuged 
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as above also produced viable supernatants. If the cells were 

homogenized for 10 minutes and then centrifuged twice for 10 

minutes at 12,000 x g, growth was not obtained from the super

natant", however the cells may have been killed by heating dur

ing the processo Transformation attempted with this supernatant 

was not successful. 

Lysis.of the cells by sonication was attempted in a 

Disontegrator System 80 (Ultrasonic Industries, Inc., Plainview, 

N.Y.). Cells sonicated for 10 minutes in polycarbonate tubes . 

were lysed as judged by pigment release, but there was no incr

ease in viscosity of the suspension to suggest the release of 

nucleic acid. The suspension was centrifuged and used in trans

formation experiments; the controls did not grow, and transform

ation was not observed. 

Attempts were made at extracting DNA by grinding cells in a 

Potter-Eldeliain tissue grinder in approximately 1.5 volumes of NET 

buffer solution (NET buffer: 0.15 ,M NaCl, 0.01 M EDTA, 0.01 M 

Tris, and 2?/o sodium laurel sulfate; pH 8.0) for 15 minutes. The 

suspension was centrifuged for 10 minutes at 5,900 x g and then 

the supernatant was overlayed with 1.5 volumes of absolute ethanoL 

No spoolable DNA was obtained, but after centrifugation for five 

minutes at 12,000 x g, a yellow-grey precipitate was obtained 

which was taken up in 0.015 M NaCl + 0.015 M tri-sodium citrate 

(0.1 SSC) and used in a.transformation test with negative results. 

These preliminary transformation tests are summarized in Table 3. 
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Table 3 

Summary of Preliminary Transformation Test Systems 

DNA DNA 
System # donor recipient result description 

1 Ej + - heat kill at 60° C, 1 hour 
treat recipient culture with 
extract for 48 hours 

2 Eg + method identical to #1 

3 + Eg - heat kill donor 57° C, a hours 
not sufficient for killing 

4 E^ Eg - method similar to #1 

5 E^ + - Donor cells froaen, thawed, 
homogenized, centrifuged; 
supernatant used for treatment 
of recipient 

6 Eg + method similar to #5 

7 Eg + - donor cells disrupted by 
sonication in .1 SSC, centri-
fugation supernatant precipitated 
with EtOH and resuspended in 
.1 SSC for treatment of recipient 
culture 

8 E^ + method similar to #7 

9 Eg + Donor cells homogenized in NET 
grinding buffer* with Kimax 
tissue grinder, centrifuged, 
precipitated with EtOH, precip
itate suspended in .1 SSC for 
treatment of recipient culture 
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It will be noted that in the preceding experiments! the 

mutant strain was usually used as the donor and the wild type (+) 

was used as the recipient. This was done because it is easier to 

screen a large number of colonies by picking out the mutant 

snake-lilce colonies in a field of well defined round + type 

colonies than to note + type colonies in a field of mutant col

onies. 

All of the above experiments gave inconclusive or negative 

results. Since Dawson and Sia (1931) had been successful with 

similar experiments and obtained transformation in Pneumococcus, 

the preceding experiments may have failed due to lack of compet

ency of the organism, failure of the above systems to release 

biologically active DNA, inability of the mutant 1>NA to replace 

wild type DNA thus effecting transformation, or a combination of 

some or all of these factors. 

Studies on the Induction of Competence 

Introduction 

The observations of Young and Spizizen (1963) and Young, 

Spizizen, and Crawford (1963) suggested that in non-competent 

bacteria, the cell wall might sometimes act as a barrier to DNA 

penetration, resulting in incompetency for transformation. Until 

the recent success of Shestakov and Khyen (1970), attempts to 

obtain transformation in the blue-green algae have been unsuc

cessful (Kumar, 1963; Lowell, 1969; Bazin, pers. com., 1969; 
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K. N. Singh, personal communication, 1969). The work to be pre

sented attempted to induce competency by degradation of the 

Anacystis cell wall with lysozyme. This approach was chosen 

rather than nutritional induction methods which have proven to be 

successful in some bacterial strains (Anagnostopoulos and Spizi-

zen, 1961; Pariiskaya, 1967; Herriot and Price, 1948; Leonard, 

et al, 1964), since Rickert (1964) found that supplementing 

media with amino acids results in inhibition of the growth 

of Anacystis. 

Crespi, Mandeville, and Katz (1962) studied the effects 

of lysozyme on several blue-green algae, although Anacystis was 

not included in their survey. They were able to produce algal 

protoplasts and noted that species having distinct gelatinous 

sheaths such as Phormidium, are readily attacked while those 

with thin sheaths Oscillitoria were relatively resistant. Fulco, 

Karfunkel, and Aaronson (1967) and Vance and Ward (1969) have 

made further tests with lysozyme on the blue-green algae and 

included Anacystis in their survey. Using a 0.05% solution of 

lysozyme in the growth medium, they were able to obtain spher-

oplasts of Anac.ystis within two days; these spheroplasts were 

resistant to osmotic shock. Work by Dicliy and Landman (1969) 

which is discussed elsewhere, indicates that at least in Bacillis 

subtilist competency can be enhanced by partial degradation of the 

cell wall; however, they emphasised that competency would be 

inhibited if digestion was allowed to proceed to the production 
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of protoplasts. Their findings suggest that the presence of 

some cell wall is essential for competency. They observed an in

crease in overall transformation frequency with a treatment of 

4 tig/ml lysozyme for a period of 40 minutes at 37° C. 

It should be noted that most of the published work on 

competency induction is restricted to non-competent strains of 

species of proven transformability. 

Materials and Methods 

DNA was extracted using a modification of the method of 

Marmur (1961). Fresh cultures of cells were concentrated at 

1,700 KPM in an International Chemical Centrifuge model CH equip

ped with a solid brass basket. Three to seven grams (wet 

packed, weight) of fresh or frozen cells were used. A 

preliminary wash in 0.14 M NaCl + 0.01 M tri-sodium citrate 

suggested by Marmur was omitted, since it was noted that such 

washes of frozen cells sometimes contained water soluble pig

ments suggesting cell lysis and possible DNA leakage. As in 

Marmur's method, the volumes given are approximate and the 

entire operation was carried out at room temperature; all vol

umes were kept to a minimum. The cells were then suspended in 

an approximately equal volume of the NaCl-Na citrate solution; 

10 mg of lysozyme (hen egg white lysozyme 3X cryst., specific 

activity 30,000 units per mg, Ceil Biochem) were added to the 

suspension and it was then incubated at 40° C for one hour. 
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At the end of the incubation, which was done in a 100 ml 

beaker, the suspension was transferred to a 1 liter volumetric 

flask; 2 ml of 25% Na lauryl sulfate (SDS) were added and mixed 

into the suspension by swirling. The mixture was then heated 

for 10 minutes in a 60° water bath, swirling occasionally. 

It should be noted here, that using Marmur's criteria of increased 

viscosity as an indicator of lysis, treatment of the cells at 

60° C with SDS was not sufficient to produce lysis of Anacystis 

without the 1 hour pretreatment with lysozyme. The suspension 

was then cooled to room temperature and 1/2 volume of 5 M Na 

perchlorate was then added. After swirling to produce a uni

form consistency, an equal volume of chloroforia-iso amyl alcohol 

24:1 (v/v) was added and mixed in by swirling or shaking. The 

mixture was swirled intermittently for a period of 20-30 minutes. 

The resulting relatively uniform suspension was centrifuged in 

50 ml roundbottom polypropylene centrifuge tubes for 5 minutes 

at 12,000 x g. The upper aqueous phase was then gently pipetted 

off, using a pipette from which the tip had been removed, leaving 

a relatively large diameter orifice, and transferred to a 150 

or 250 ml beaker. The solution was then gently overlayed with 

1 1/2 volumes of absolute EtOH, and then swirled rapidly. After 

swirling, the agglutinated DNA was lifted out of the liquid with 

a glass hook and transferred to a 75%solution of ethanol for ster

ilization. The DNA was later dispersed in 2.5 ml of sterile 0.1 

SSC per gram of wet packed cells. Diplienylamine assay (Clark, 
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1964) showed the final dispersion to contain approximately 

200 y.g/ml DNA when compared against standard solutions of high

ly polymerized salmon sperm DNA from Mann Research Laboratories. 

In an attempt to enhance the competency of Anacystis 

nidulansi recipient cells were treated with lysozyrne for periods 

ranging from 15 minutes up to 12 hours. Treatment was carried 

out by adding 10 mg of lysozyrne dissolved in 0.5 ml sterile water 

through a millipore GS filter (pore,§ize 0.22 n) with a Swinny 

adapter, to 10-15 ml of growing recipient cell suspension. 

The lysozyrne was then removed by centrifugation and resuspension 

of the cells in fresh medium C at the appropriate time. It was 

generally found that exposure to lysozyrne in this manner for 

periods of eight or more hours frequently resulted in the fail

ure of the culture to survive. It should also be noted that if 

the DNA and lysozyrne were not sterilized before addition to the 

culture, the resultant bacterial contamination was so severe as 

to prevent analysis of plates for possible transformation. 

DNA solution was then added to the cultures in 1 or 

2 ml (200-400 jig) aliquots. In each experiment, a control was 

prepared consisting of recipient cells which had been treated 

with neither lysozyrne nor DNA, and additional controls were 

used that received DNA alone or lysozyrne alone. The cell sus

pension, containing the freshly added DNA was not aerated for 

30 minutes to prevent undue agitation of the DNA. After periods 
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ranging from 1-18 hours, the cells were .aseptically filtered 

on 5y, Millipore filters. in experiments where the recipient 

culture was wild type and the expected transformants would 

be filamentous, the portion of the culture not passing through 

the filter was resuspended and plated by dilution. It was 

hoped that this procedure would concentrate possible filament

ous transformants. In the reverse situation, where the recipi

ent strain was filamentous, the filtrate was plated. To enhance 

this effect, the cells were usually grown for several hours 

as indicated previously before plating. Later,t.wo sterile Whatman 

3 MM 2.3 cm qualitative filter paper circles were substituted for 

the Millipore filters with improved filtration rates. 

Results 

A summary of representative experiments of the second 

set of transformation tests is presented in Table 4. Transfor

mation was not observed in any of the experiments attempting to 

induce transformation with the aid of partial degradation of 

the cell wall with lysozyme. Possibly, the experimental procedures 

followed were not conducive to the process of transformation, 

or the defective step in the transformation process for Anacystis 

may be other than the penetration of DNA into the cell. 
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Table 4 

Representative Transformation Test Systems Attempting Competency 
Induction by Lysozyme Pre-treatment of Recipient Culture 

DNA Test Transfor-
DNA DNA Lysozyme Incubation Culture mation 

Test Donor Recipient Treatment Time Phenotypes Result-

20 E + 15 min - 12 hrs + Negative 
2 hrs 

21 Eg + 2 - 12 hrs 12 hrs + Negative 

22 + E 30 min - 24 hrs E Negative 
3 hrs 

2 5  E 4  E g  1 - 2  hr s  2 4  h r s  E  N e g a t i v e  

26 + Eg 1 hour 24 hrs E Negative 
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Discussion 

It will be apparent from the review of the variables in

volved in competency and transformation in bacteria, that the 

process is a complex one and may be a highly involved mechanism. 

Tomasz (1969a) observed that most of the non-transformable bac

teria tested seemed to be defective in absorption of DNA, but 

that defective recombination systems have been found in some 

bacteria. It seems plausible that some strains of Anacystis 

may be genetically lacking in a suitable DNA uptake mechanism. 

It has been shown that the structure of the cell wall is impor

tant in competency; the composition and structure of the Anacys

tis cell wall may not permit DNA entry. Competence factors and 

autolytic enzymes which seem to be active in the transformation 

process in bacteria may be missing from the genome of Anacystis 

and other blue-green algae. 

The previously discussed work of Dichy and Landman (1969) 

suggesting that cell wall degradation may increase competency 

led to the present study. That this method failed to produce 

observable transformation suggests the existence of other critical, 

factors to be considered in Anacystis transformation systems. 

Shestalcov and Khyen (1970) have just reported an apparent 

success in achieving transformation in Anacystis« Their methods 

of culture and treatment were similar to those employed in this 

study, although they did not find it necessary to induce compe

tency by lysozyme degradation. They noted higher yields of 



transformants when the wild type was the DNA donor rather than 

the mutants, and reduced yields of transformants when DNA was 

added in concentrations exceeding 40-50 fig/ml. Since transfor

mation was tried in both directions in the present study and 

DNA concentrations ranged from 13-40 Tig/ml, the reason for the 

different results of the two studies is not immediately apparent 

to the author. Possibly the difference in strains of Anacystis 

used in the two studies is an important factor. 



NATURE OF THE MORPHOLOGICAL MUTANTS 

The literature contains numerous references to filament

ous mutants of bacteria which are induced by a variety of methods 

and differ somewhat in their properties. Adler and Hardigree 

(1964) and Howard-Flanders (1964), report a filamentous mutant in 

E. coli K 12 Hfr which was induced by ultraviolet radiation, maps 

at the Ion locus between lac and gal, is reversible by pantoyl 

lactone; its filaments yield colonies only if the effect is 

reversed by'treatment with pantoyl lactone. Van de Putte, Van 

Dillewijn and Rorsch (1964) report the induction of.three classes of 

filamentous mutants in E. coli K12 by nitrosoguanidine. The first 

class showed complete inhibition of cell division, did not form 

colonies at 42° C, but divided normally at 30° C. The second 

class did not have complete inhibition of cell division, but was 

able to form colonies at 42° C that consisted essentially of 

long filaments. The third class could not form colonies at 42° C; 

the inhibition of cell division was accompanied by and thought to 

be caused by the inhibition of nucleic acid synthesis. They 

found that NG induced filamentation was not reversed by pantoyl 

lactone. Van de"Putte, Westcnbroek and Horsch (1963) 

reported a mutant fil in E. coli B thought to be located between 

the galactose fermentation and tryptophan synthesis markers, in 

which an ultraviolet sensitive strain would produce long filaments 

40 
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after UV irradiation; they found that this UV induced filamenta-

tion was reversed by pantoyl lactone. Grula and Grula 

(1962, 1965a,b) noted that filaments can be induced by cyclo

serine, d-serine, d-histidine, d-plienylalanine, 8 types of peni

cillin, and ultraviolet light in Erwinia, and that filamentation 

in each case is reversible by pantoyl lactone. In the case of 

the cycloserine induced mutants, filaraentation is also reversible 

by d-alanine. They suggest that some of the filamentation may 

result from or be associated with a block in pantothenate 

synthesis. 

In addition to the filamentous mutants reported in Anacys-

tis nidulans by Van Baalen (1965b), Ingram and Van Daalen (1970) 

report induction of similar mutants in the coccoid blue-green 

alga Agmenellum quadruplicatum strain BG1, also by nitrosoguanidine 

treatment. They report two general classes of filamentous mut

ants: those having cross walls and those not having cross walls. 

They found that all mutants of these two types had growth rates 

similar to the wild type under various conditions. Examination 

of one of the mutants revealed no essential difference in DNA 

content or base ratios from the wild type. They tried numerous 

additives to the medium in an attempt to reverse the mutation, but 

all of these failed to eliminate filamentation. They also found 

that the photosynthetic rate of a non-septate mutant was identical 

with the wild type. 
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The section whicia follows presents studies on the morpho

logical, physical, and chumical differences between the morpho

logical mutant strains and the wild type of Anacystis in an attempt 

to better understand the nature of the morphological mutations. 

Light Microscopy 

The strain of Anacystis nidulans supplied by the culture 

collection was originally established as a unicellular culture by 

W. ICratz, purified by M. B. Allen, and tentatively-identified by 

F. Drouet (ICratz and Myers, 1955). In turbulent culture, it 

usually assumes the form of a double cell, having a median con

striction and each half being about 1 p. in diameter and varying 

from 1 - 2.5 n in length, depending upon the age of the cell. 

Occasional 4-cel.Led filaments are seen, but longer filaments have 

rarely been observed by the author in the wild strain. On agar, 

it forms round colonies with regular margins, that will yield 

cells of the form just described if the colony is suspended in 

liquid medium. 

This strain of Anacystis bears little resemblance to the 

Anacystis meneghini or Microcystis illustrated in Smith (1933). Of 

all of the blue-greens shown in this reference , its general morphol

ogy most closely resembles that of Synechococcus aeruginsosus, 

except for its smaller size and the presence of a sheath. It 

may also be of interest to note that the strain of Anacystis used 
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in this study also appears to differ slightly in shape from the 

Cambridge strain studied by Echlin (1964a), as the latter appears to 

be more oval in shape than the former. 

Kornarek (1969) . studied the morphological variability 

of A. nidulans with temperature. He found that at 30° C cells 

averaged 2.55 n in length with a range from 1.5 to 10 n. At 

40° C the mean length was 4.46 with a range from 1.5 - 34 ji.. 

He obs.erv.ed the cell width to range from 0.4 to 1.2 y, at 40° C. 

Kornarek suggests that A. nidulans #625 from the culture collection 

at Bloomington resembles Synechococcus elongatus and proposes that 

the former might be renamed Synechococcus leopoliensis (Racib.) 

KOM, but suggests that a change at this late date might be 

unwise considering the large body of literature on the organism 

under the name of Anacystis. 

From the very first use of the mutagen NG in this study, 

it was noted that many of the surviving colonies had a spagetti-

like appearance. Such mutants were named type E (elongated), 

although the designation 'fil' for filamentous appears to be 

gaining acceptance in the literature. Macroscopically, the 

colonies, being star shaped instead of round, differed strikingly 

from the wild colonies. When viewed under the light microscope, 

loops, whorls, long strands, and protruding filaments were obvious.-

Filaments over 100 X the normal cell length were commonly observed« 
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Colonies of this type were first described in Anthrax 

as "Medusa-head"colonies and are common to bacteria termed to 

have "rough" morphology. The first reference to them in 

Anacystis was made by Van Baalen (1965a), According to Bisset 

(1955), if the cells are held l^igidly together, they will move 

snake-like over the agar surface producing the rough morphology. 

If the cells are easily separable, the surface resistance of the 

agar will push the cells back along side of each other after 

separation, and the resultant colony will have a "smooth" appear

ance. Further discussion of the phenomenon may be found in 

Braun (1953). 

Closer examination of the type E mutants of Anacystis 

in the light microscope showed at least two variants. E^ had 

the appearance of long filaments of normal length cells while E 
3 

appeared to be composed of cells much longer than normal, 

often contorted, but still attached in filaments. Frequently! 

Eg filaments appeared to be one continuous cell. Growth of these 

cultures in turbulent medium further supported the distinction: 

E^ when grown in turbulent liquid culture was indistinguishable 

from the wild strain when viewed under the microscope, while E 

maintained its filamentous morphology. It should also be mention

ed here that highly concentrated suspensions varied in their 

physical behavior while being poured; E„ and other long cell 

strains tended to clump while pouring and also tended to have 

a higher sedimentation rate. 



45 

Glass needle probing of filaments of E and E under 
1 o 

the microscope, demonstrated that filaments of both 

strains were rigid. The filaments behaved as if they were 

made of wire. One would expect from the previous observations 

that E^ might be more fragile than those of E^, since inhibition 

of crosswall formation is apparently less severe in E^; however 

this could not be verified in this manner. 

Subsequent isolation of additional mutants tended to 

show that E. and E were representative of distinctive variations 
1 

of the morphological mutation. All of the mutants obtained later 

appeared to have the properties of E , E or intermediate to them. 
1 o 

The variations considered to fall between the two types were 

essentially of two classes: the first, when grown in turbulent 

culture tended to consist of both normal length cells and fil

aments i yet appearing entirely filamentous on agar, while the 

second consisted of filaments of various'lengths, having cells of 

approximately normal lengtli attached to one end. E is an ex-

ample of the latter variation while E is an example of the 
. X 4 

former. 

When the mutants were grown on solid medium, light micro

scopy showed only slight differences among them, if any. Some 

of the mutants such as E^o' ^12' an(* ̂ 14 ̂ en<*et* f°rm extremely 

long, often single cell appearing, curling filaments, forming 

loops and sometimes anastomosing matrices on the agar surface. 

Others such as E^ and E^ appeared to form shorter filaments. 
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It would be difficult, however to predict the behavior of a 

mutant in turbulent culture in regard to its resembling an E^ 

or an phenotype from morphological observations on agar alone. 

Eg for example, appeared to have very long slender filaments 

on agar while it behaved similarly to in turbulent culture. 

E^ tended to form shorter filaments on agar and yet was defin

itely of the E type or filamentous in liquid culture. A 
o 

summary of light microscopic observations of these mutants 

appears in Table 5. 

Nitrosoguanidine is known to be highly mutagenic. 

Adelberg et al (1965) estimate that in E. coli K 12, when the 

LDgo of nitrosoguanidine is used, at least one mutation per cell is 

induced. In the present study on Anacystis, for reasons not 

understood, highly variable proportions (0.01 - approximately 

60.0%) of the surviving colonies appeared to be of "rough11 mor

phology, suggesting the occurrence of type E mutations. However, 

when subcultured, over 90% of these apparent mutants, if viable, 

reverted to wild type morphology.• 

The discussion thus far has referred to macroscopic 

colonies of approximately 0.5 mm or greater diameter. Numerous 

microscopic colonies, consisting of a few filaments or a single 

filament were visible microscopically on the original post-

treatment plates, but these filaments apparently were inviable 

and never produced macroscopic colonies. Possibly, some of 
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Table 5 

Phenotypes of Mutants as Observed by Light Microscopy 

Strain Phenotype Liquid Culture Phenotype Agar Culture 

+ e 

e2 + e 

eg e e 

e4 + (e) e 

Eg + E 

eg e (+) e 

e? + e 

E8 + E 

eg e e 

E10 + E 

E1]l e e 

e12 e e 

E13 + E 

e. . e e 
14 

Explanation: 
+ = wild type morphology, double and single cells 

with occasional short filaments in liquid cul
ture; round, regular colonies on agar 

(+) = some wild type cells 
E = elongated cells and filaments 

(E) = some elongated cells and filaments 
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these nonviable filaments are similar to those of a third class 

of mutant reported by Van de Putte et al (1964) which were un

able to form colonies at high temperatures and thought to be 

blocked in nucleic acid synthesis. 

The Free Amino Acid Pool 

Preliminary Studies 

Impure cultures of + type Anacystis were grown in 

liquid cyanophycean medium pH 8.0 and collected on a 0.45 \i 

pore size Millipore filter. The samples were then homogenized 

on a Waring blendor for 15 minutes in 80% ethanol. The suspension 

was then refiltered, producing a yellow, particle filled filtrate 

which was concentrated 10X by evaporation and spotted on filter 

paper. Paper electrophoresis was conducted for 1.5 hours at 

1600 volts in pH 1.8 formic acetic buffer under Varsol. In ad

dition to various pigments, the amino acids tyrosine, asparagine, 

and serine were tentatively identified by comparison with amino 

acid standards run simultaneously. Further runs produced 

separation of up to seven ninhydrin positive spots, but satis

factory identification was not possible. 

Further work was done using thin layer chromatography 

by the methods of Randerath (1963) and Mizell and Simpson (1961). 

After considerable experimentation with these systems, good sep

aration and definitive identification of amino acids were never 

obtained. 
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Free Amino Acid Studies on the Beckman Analyser 

Several extraction procedures for free amino acids were 

tested before settling on a modification of the method described 

by Gerritsen, Rehberg, and Waisman (1965). Three grams of Medium 

C grown cells from 4 day old cultures were suspended in a total 

volume of 9  ml 0.02 M Na Citrate-HCl buffer adjusted t o pH 2o2 

and homogenized in a Potter-Eldeham tissue grinder0 The homogenate 

was centrifuged at 18,800 x g for 30 minutes. The supernatant 

was used directly for amino acid analysis on a Eeckman Model) 

120 B automatic amino acid analyser# 

The figures presented in Table 6 represent parallel deter

minations of the free amino acids in extracts prepared from wild 

and strains of Anacystiso The extract prepared from the mutant 

contained increased amounts of histidine, threonine, serine, and 

isoleucine over the wild strain extract and less glutamic acid 

and alanine than the wild type. 
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Table 6 

Comparison of the Free Amino Acid Pools of Wild and E^ Strains 

amount as y. mole/ml 
Amino Acid Wild type E^ mutant 

Lysine 0.012 0.015 

Histidine 0.028 0.038 

Arginine 0.013 0.013 

Threonine 0.020 0o028 

Serine 0o011 0.034 

Glutamic Acid 2.52 2.03 

Proline masked trace 

Glycine 0.040 0.041 

Alanine 0.140 0.118 

Valine 0.042 0.040 

Methionine 0.007 0.005 

Isoleucine 0.029 0.045 

Leucine 0.016 0.016 

Tyrosine 0.007 0.010 

Phenylalanine 0.006 0.005 
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Effect of Pantoyl Lactone on Filamentous Mutants 

Grula and Grula (1962) have studied filamentation in 

Ervvinia. Such filamentation was induced by UV, penicillin, and 

various amino acids and was found to be reversible by pantoyl 

lactone. Accordingly, the effect of various concentrations of 

DL-pantoyl lactone (Cal Biochem Corp.) ranging from 0.0046 to 

0.0125 M was tested on strains E^, and wild type Anacystis. 

These concentrations provided a response gradient varying from 

no visible effect through deformed growth of both wild and mutant 

strains, to the complete inhibition of growth. The results are 

summarized in Table 7. No differences were noted in the respon

ses of Eg and accordingly, they are treated as one in the 

table. It was observed that no concentration which permitted 

cell growth inhibited filamentation. These findings confirm 

those of Van de Putte et al (1964) who found that filamentous 

mutants of E. coli K 12 which were induced by NG, were not rever

sed, by pantoyl lactone, but UV induced filaments were reversible 

by the compound. Ingram and Van Baalen (1970) also failed to 

note reversal of NG induced filaments in the blue-green alga 

Agmenellum quadruplicatum. 

Thus far, it has not been possible to find a compound 

which is able to reverse NG induced filamentation. Ingram and 

Van Baalen (1970) do report the induction of the reverse mutation, 

1.e., filamentous-—* unicellular, with NG in A. quadruplicatum. 
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Table 7 

Effect of Ptintoyl Lactone on the E_ and E Mutant Strains 
O JL A 

g/l Pantoyl Lactone 

Cm Agar 

0.0  

0.2 

0.4 

0 .8  

1.0 

Observations 

normal appearance - filamentous 

normal appearance - filamentous 

normal appearance - filamentous 

filaments highly curled 

filaments distorted, some segments 
appear to be plasmolyzed 

Liquid Medium C 

0.0  

0.2 

0.4 

0.6 

0 .8  

1.0 

1.2 

1.4 

normal appearance - filamentous 

normal appearance - filamentous 

normal appearance - filamentous 

some wrinkling and distortion of 
filaments 

many segments bent and crinkled, 
filaments appear to be flexible 
instead of rigid 

reduced growth, extreme deformation 
of filaments, many segments plasmolyzed 

greatly reduced growth of culture 

essentially no growth of culture, 
only normal appearing filaments 
of inoculum present 
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Temperature Sensitivity of Filamentous Mutants 

Van de Putte et al.(1964) found that some filamentous 

mutants of E. coli IC 12 showed impaired cell division only at 

elevated temperatures (40° C). Anacystis filamentous mutants were 

tested for this effect. From the results presented in Table 8, 

it .will be seen that none of the mutants isolated were of the 

temperature sensitive type. No attempt was made to screen for 

temperature sensitive mutants at the time of mutant isolation. 

The Nature of Filament Growth 

It was of interest to consider the question of the nature of 

filament growth, i.e., does growth occur all along the filaments 

or only at the ends? It was felt that a possible approach to 

the problem would be to attempt to mark the filaments in some 

manner and then look for new unmarked growth. 

3 
In order to test the feasibility of using H-thymidine 

as such a label, its uptake was studied'in Anacystis by the 

method of Byfield and Scherbaum (1966). A 10 ml bubble tube 

j 
culture of strain E_ was treated with 0.3 mCi of H-thymidine 

o 

(TRK-120, Amersham Searle Corp., Batch 38, 18.3 Ci/mM) and in

cubated in the usual manner. Aliquot samples of 100 p,l were 

taken .in duplicate at 0, 2, 4, 6, 12, and 36 hours and washed 

according to the procedure of Byfield and Scherbaum. Radioacti

vity counts were made in a Packard Tricarb liquid scintillation 

spectrometer model 3320, using 10 ml 0„5?o 2,5-diphenyloxazole solu-



54 

Table 8 

Test for Temperature Sensitivity of the Filamentous Mutants 

Temperature and Morphology 

Strain 58-40° C 27-29° C 24-25° C 20-22° C 

E3 
E E 0 0 

E4 
E E 0 0 

E5 
E E 0 0 

E6 
E E 0 0 

E7 
E E 0 0 

E8 
E 0 0 0 

E9 
E 0 0 0 

E10 
E 0 

E11 
E E 0 0 

E12 
E 0 0 

E13 
E E 0 0 

E14 
E 0 0 0 

+ + + + 0 

After 10 days growth on Cm plates at the indicated temperatures 
E = filamentous morphology 
+ = wild morphology 
0 = no growth 
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tion in toluene. Vials were counted on two consecutive days. 

The results are presented in table 9. 

After an initial rise in the first two hours, there 

is no increase in radioactivity that is proportional to the 

increase of cells in the culture, although the culture doubles 

in approximately 6 hours under the growth conditions employed. 

To test the possibility that the cells had absorbed 

the label) but were not lysed sufficiently to release the label 

and make it visible to the counter, cells from the 36 hour 

sample were treated for 1 hour at 38° C with lysozyme (1.0 

mg/ml) in a medium containing Ool4 M NaCl + 0.01 M Na Citrate, 

prior to the Byfield and Scherbaum washing procedure. 

Since the radioactivity did not increase proportion

ately with the increase of cells in the population, and further 

lysis of the cells did not increase the counts, it was concluded 

that uptake of the label was not sufficiently consistent by 

a non-thymidine requiring strain of Anacystis to warrant its 

use as a marker in filament growth studies. Bazin and Van 

Baalen (pers. corns., 1969) have not observed uptake of 

the isotope by Anacystis either, however Leak (1965) has 

3 
obtained H-thymidine uptake in Anabaena. 



Table 9 

3 
Scintillation Counts from H-thymidine Uptake Study 

Sample time 

Time 0 

2 hours 

4 hours 

6 hours 

12 hours 

Counts per minute 

174 
168 

842 
1000 

1000 
960 

920 
1230 

1540 
1240 

36 hours 

36 hours (control* treated 
with lysossyme) 

1240 
1580 

1505 
1798 

Culture doubling time = 6 hours 
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" Electron Microscopy 

The morphological nature of the mutations under study-

suggested investigation by electron microscopy. To the author's 

knowledge, Anacystis nidulans has not been observed with the 

scanning electron microscope, nor have filamentous mutants of 

the organism been studied by transmission electron microscopy. 

In the interest of gaining further insight into the nature of 

the morphological mutations, a study was made using both kinds 

of electron microscopy. 

Scanning Electron Microscopy 

Materials and Methods. The photographs presented in 

figures 1 through 7 v/ere obtained with a Cambridge "Stereoscan" 

Mark 2a Scanning Electron Mici^oscope [Courtesy of Dr. Norman 

Hodgkin of the Micrographics Corporation of Newport Beach, 

California.j. Cells of wild type and the mutant strain E_ of 
3 

Anacystis nidulans were removed from the surface of Cm agar 

plates, washed in distilled water and permitted to dry on glass 

coverslips which had been pre-coated with silver, or on Millipore 

VM filters. The dried cells were then coated with 60% Au - 40% 

Pd from an angle of 12° from the horizontal for observation, or 

in some cases, the cells were observed directly without coating. 

Photographs were taken with Polaroid type 55 P/N film. 

Observations. Figures 1 and 2 show Au-Pd coated wild 

type cells, mounted on a Millipore filter. It will be noted 
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that some of the cells are single, having a median constriction, 

while others are double with or without the median constriction. 

These are typical wild type cells of Anacystis nidulans. 

Figures 3, 4, and 5 show Au-Pd coated E_ cells on a 
3 

silvered-glass cover slip. Note in figure 3 that the lengths of 

the Eg filaments appear to be indeterminate, and that at some 

points there appear to be possible divisions, although these 

points may represent mechanical breakage resulting from the de

hydration of the cells. 

Figure 4 shows increased magnification of one of these 

filaments. Figure 5 represents a closer view, from a slightly 

different angle, of the area marked in figure 4. It can be seen 

that there is an apparent constriction suggesting a possible cross 

wall. It should be noted, that such constrictions were not 

found in the transmission electron microscopic studies on strain 

Eg which will be presented later, although a diligent search 

was made for such constrictions. The smaller round bodies 

attached to the surface of the cell may represent contaminants 

or perhaps small blow-outs of material from the interior of the 

cell resulting from the vacuum treatment employed in the coating 

process or during observation. These structures were not seen in 

the transmission electron microscope. 

Figures 6 and 7 show uncoated cells of wild and E, 

strains respectively. The scanning microscope does not necessarily 

show the uncoated surface, but rather the first reflective layer 



Figure 1. ~- nidulans, 
Electron Microscope (SEM) x 

59 



60 



. 6} . 
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Fi ur 4. !· nidulan , E3 Mutant, Au-Pd 
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Figure !· nidulans, Wild Type, Uncoated. Showing Spot , 
SEM x 25 1 000. 

64 



Figure 7. !· nidulans, E3 Mutant, Uncoated, Showing Spots, 
SEM X 24,400. 

65 
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beneath the surface. These photographs were included to show 

the interesting light colored spots which may be seen on both 

the wild type and cells. Such spots could represent local

ized regions of greater electron conductance, or perhaps areas 

of poor conduction which would appear as bright spots due to 

localized surface charging. In any case, they appear to be 

irregularly spaced lengthwise along the cells of both strains, 

but seem to occur in rows along the E^ filaments. The nature 

of these spots is not' known to the author. This may be the 

first report of their existence in Anacystis. It seems possible 

that they could be produced by openings in the outer electron 

reflecting layer, perhaps some type of pore. The spots might, 

on the other hand, represent areas where the nucleoplasm is 

closer to the surface of the cell; transmission electron 

microscope pictures show a high degree of variability in the 

proximity of the nucleoplasm to the cell surfa'ce. In the event 

that the spots represent weak spots in the cell wall, there may 

be some connection between them and the round bodies seen on 

the surface of the filament shown in figure 4. 

Figure 8, while taken with a light microscope, is in

cluded for comparison with figure 3. Figure 8 shows a colony and 

some single strands of strain E^, which is of the same type muta

tion as E^ and E„ which will be included in the transmission 
4 8 

electron microscope study which follows. The jagged appearance of 

the E^ filaments (photographed on agar) suggests chains of short 



Figure 8. A. nidulans, E
1 

Mutant, On Agar, Light Microscope 
X 1, 00. 

67 
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cells, rather than the long single cells seen in E ; this obser-

vation was verified at higher magnification. 

Transmission Electron Microscopy 

It ivas hoped that investigation of thin sections of 

the filaments would provide some insight regarding the nature 

of the problem with cell division in the mutants. Lang (1968b) 

described cell divisions as constriction or simple fission. 

Inspection of thin sections of the wild type suggests that the 

division process includes a simultaneous constriction of the 

cell wall and photosynthetic lamellae, accompanied by a partial 

breakdown of the lamellae. After division, but prior to sepa

ration of the daughter cells, the lamellae seem to reform across 

the end of the cell. After viewing the scanning electronmicro-

graphs of the mutant E,» which suggest at least occasional con-
o 

strictions of the surface of the filament, one could specu

late on at least two possible processes that could be defective 

as a result of a mutation: initiation of the constriction 

process could be blocked at intervals along the filament, or 

the breakdown of the photosynthetic lamellae could be inhibited. 

Possibly, thin sections of the mutant would give a clue. 

Preparation of the Sections. Cells of + , E^, E^, 

Eg, and.Eg strains of Anacystis were collected from bubble 

tube cultures (age approximately 40 hours) and fixed in 2% 

KMnO^ for four hours. They were then washed with water and 



dehydrated in a series of changes of ethanol: 25, 50, 70, 80, 

95, and 100% at 10 minute intervals. The absolute ethanol 

was replaced with propylene oxide in three 10 minute washes, 

and the cells were then left overnight at 4° C in propylene 

oxide. 

The following plastic mixture was prepared: 20 ml 

DER-732 (Thalco Glass Fiber Products), 80 ml EPON Resin - 812 

(Shell Chemical Corp.), and 89 ml Nadic-methyl-anhydride 

(Baker and. Adamson). Fifty ml of the mixture was combined 

with 0.75 ml DMP catalyst and stirred for 15 minutes. 

The cell suspensions were gradually infiltrated with 

the plastic and the propylene oxide was allowed to evaporato0 

After the infiltration process was complete, the plastic was 

changed and the suspension was stored fox- 12 hours at 4° Co 

After one additional change of the plastic, the suspensions ; 

were put into gelatin capsules, centrifuged at 121 X g to 

concentrate the cells at one end of the capsule, and then incu

bated at 55° C for 48 hours. 

Gold and silver-grey sections were cut on a Porter-

Blum MT-2 Ultra-microtome using glass knives. The sections 

were examined and photographed on Phillips EM-100 and EM-200 

Electron Microscopes. 
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Observations. There have been several studies and discuss

ions of the fine structure of Anacystis nidulans, and other blue-

green algae, including Iiis and Singh (1961), Echlin (1964a,b,c) 

Echlin and Morris (1965), and Lang (1968a,b). 

Examination of thin sections of the wild strain of Anacys

tis revealed the general structural features that have been re

ported in the previously mentioned papers. The thylakoids or 

photosynthetic lamellae appear to be arranged as peripheral 

spirals or cylinders, usually two to four layers per cell (Fig. 9). 

Dense spots (Fig. 10) resembling the polyglucoside granules descr

ibed by Lang (1968a,b) were present in many cells, while 

in old cells which appear to be on the verge of disintegration, 

the spots have become electron transparent. However, the helical 

arrangement of these granules, described by Lang, is not apparent. 

Large, centrally located vacuble-resembling structures, frequent

ly containing smaller granules were prominent in many of the 

cells. These resemble the "vacuole-like" inclusions described 

by Panlcratz and Bowen (1963) 'in' Symploca muse.or urn. Echlin (per

sonal communication) suggests that they resemble protein bodies 

first described by Costeron (1960). Echlin and Morris (1965) 

suggest that the "polyhedral bodies}' "crystalline granules", and 

"formed bodies" reported by other workers are probably of the 

same nature. 

Lang (1968b) states that the photosynthetic thylakoids are 

totally peripheral in Anacystis nidulans. It is therefore of 



Figure 9. A. -nidulans 1 ild Type, Transmis ion Electron 
Microscope (TEM) x 41,300. 
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Figure 10. !• nidulans, Wild Type, TEM x 25 1 100. 



interest to note that Figs. 11 and 12 suggest that this may 

not always be the case in the wild type, and it will be seen later 

that it is definitely not the case in some of the mutants. Figure 11 

shows a lamella crossing a cell, completely separating the centro-

plasm in an area where cell division does not seem to be in 

progress. Figure 12 may represent a different sort of situation, 

as in the vicinity of an apparent constriction of the cell 

boundary, the inner lamellar layer appears to have completely divi

ded the central contents of the cell into separate centroplasmic 

sections. Possibly, this photograph illustrates a mechanism for 

walling off a damaged portion of the cell from the remaining part 

of the cell in the absence of division, or it could represent a 

type of mis-division of the cell, where the constriction of the 

cell was not aligned with the breakdown and reformation of the 

lamella. In either case it would seem that the process of con

striction of the cell is separable from the breakdown and reform

ation of the lamellae. 

The outer membrane of A. nidulans is observed to be 

usually convoluted rather than smooth. Echlin (1963) found the 

cell boundary of Anacystis in outana to be highly convoluted. 

Echlin and Morris (1965) suggest that the crenellations in the 

outer surface probably represent a species difference as they have 

been observed in several blue-green algae fixed by various methods. 

The outer layers pictured here of A. nidulans undulate much less 

severely than those in Echlirfs pictures of A. montaua. 



Figure ll. A. 
TEM X 37,100. 

14 
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nidulans, 
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The cell boundary structure of blue-green algae has been 

studied by Ris and Singh (1961) and Echlin (1963) and reviewed by 

Echlin and Morris (1965) and Lang (1968a). Uis and Singh describe 

the boundary as being composed of a double membrane separated by 

a dense material. The inner or plasma membrane, having a thickness 

of about 70 A is overlayered by the inner investment which they 

found to be about 100 R thick in Anacystis nidulans, and which 

ranges up to 2000 R. in Oscillatoria. The inner investment is-

overlayered by the outer membrane which is about 70 X thick and 

is frequently undulating. Echlin (1964c) reports that the inner 

investment in Anacystis montana is electron transparent, as it 

also appears in A. nidulans in the present study. In their review, 

Echlin and Morris (1965) state that the outer membrane ranges from 

100-150 X thick and that the inner investment may consist of one 

or more layers and varies from 200-400 R in thickness. They 

report some confusion regarding the existence of an inner membrane. 

In some species the plasma membrane is identical with the inner 

membrane, but in species where the inner investment is clear

ly double, the inner portion represents the inner membrane, and 

the plasma membrane is a separate structure. This latter situation 

is consistent with structures in some of the electron 

micrographs presented in the present study. Echlin and Morris 

point out that the situation may be further confused by various 

fixation techniques resulting in spaces between the layers. 
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Echlin (1964c") described the process of cell division 

in Anacystis montana as being initiated by a median constriction 

of the cell followed by an introversion of the wall material. He 

found that the inner or cytoplasmic membrane was the first compon

ent to show centripetal growth, which was followed by proliferat

ion of the electron transparent inner investment in the area of 

the initial median constriction which invaginated along with the 

inner membrane. He observed that the outer membrane and sheath 

apparently are not involved in the division process, but passively 

follow the cell contours. He suggested that this outer boundary 

is formed _de novo between the daughter cells befnre they move apart. 

Echlin noted that in Anacystis montana, the peripherally located 

photosynthetic lamellae followed the line of formation of the 

new cell wall. 

Observations of cell division in the wild strain of Ana

cystis nidulans support the process as outlined by Echlin, with 

the possible additional observation that the photosynthetic lam

ellae in the constricting region appear to often break down, and 

then reform across the end of the cell, following the line of the 

new cell wall. 

The E^ mutation . forms cells of normal length in tur

bulent culture which appear very similar to wild cells when viewed 

in thin sections. Figure 13 shows cells in a very early and a very 

late stage of cell division. The cell in early division appears 

to show a general constriction of the cell in the division region, 

the beginnings of constriction of the photosynthetic lamellae, 
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Figure 13. _. nidulana, E
4 

Mutant~ Late Diviaion, TEM x 33,000. 
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and the beginning of ingrowth of the plasma membrane. The cell in 

late division shows reformattion of the photosynthetic lamellae at . 

the ends of the daughter cells, and advanced ingrowth of the plasma 

membrane and inner investment<, The outer membrane appears to be 

following the contours of the inner investment o Figure 14 shows two 

daughter cells of E^ which appear to be ready for separation, but 

seem to be having difficulty in detaching their outer boundaries. 

Figure 15 shows another example of cells which appear to be con

nected at or just beneath the inner investment. In addition, it shows 

an example of a photosynthetic lamella transversinga cell at a 

point where division does not appear to be in progress. 

The Eq mutant is similar to E., with the exception that o 4 

it tends to form short chains of cells, even in turbulent cul

ture® Figure 16 shows one of these chains in sectiom At point 

a there appears to be proliferation of an electron-dense material 

just beneath the inner investment, or between the inner and cyto

plasmic membranes. At b and c, the cell boundaries again do not 

appear able to separate, and seem to be stretching as the distance 

between the cells increases. At d, another band of the electron-

dense material seems to be crossing the end of a cell, and this 

band again appears to be between the inner and cytoplasmic 

membranes. Figure 17 shows the initial development of this 

electrori-dense layer and its probable sandwiching between the in

ner and cytoplasmic membraneso Possibly, the layer may be inner mem

brane material separating the layers of a double inner investment0 



Figure 14. !• nidulans, E4 Mutant, Attach ent of Outer 
Boundaries, TEM x 68 1 200. 
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Figure 15. A. nidulans, E4 Mutant, Cell Attachment and Lamella 
Crossing Cell, TEM x 38,4QO. 



Figure 16e A. nidulans, E
8 

Mutant, Section of Chain, TEM 
X 26,700. 
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Fi u e 17. A .. nidulans 1 E
8 

Mutant, Mid-division, TEM x 38,500. 
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Figure 18 shows two cells joined by the same material which 

appears to be1 continuous with the inner membrane. Figure 

19 shows the degree of stretching of the cell boundary that 

can occur between daughter cells. In this Ccise, the stretching 

appears to have reduced the electron density of tlie"cementing 

layer" and tne outer membranes appear to have broken and retract

ed from this region. It is possible that this effect is 

an artifact of the fixation process. 

Both of the mutant strains E and E appear as long 
a7 3 

single celled filaments when grown in "turbulent culture. There 

appears to be no tupper limit to the length of these filaments,, 

The primary difference between the two strains* E and E_, is that y 3 

frequently a short cell is attached to the end of a long EQ cell. 

This configuration is not seen in E, which is otherwise very 

similar in appearance. Examination of thin sections of E and 
9 

E_ revealed one striking difference from the other strains so 
u 

far discussed. Many cells have additional lamellar layers which 

are not always peripheral in their distribution. Figure 20 

shows a striking example of these extra lamellar layers in strain 

E„ and their deviations from the peripheral arrangement. The 
•7 

origins of additional lamellae, some near the periphery of the 

cell can be seen as can the apparent crowding of some lamellar 

layers which are located peripherally at one end of the cell into 

the central region, to the apparent exclusion of the centroplasm 

from this area. A further example may be seen in cell a of 
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Figure 18e ~· nidulans, E
8 

Mutant, Prior to Separation of 
Daughter Cells, TEM x 49,600. 



Figure 19. A-. 
TEM x 47,800. 

8 Mutant, Separating Daughter Cells, 
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• nidulans, E
9 

Mutant, Extra Lamellar Layers, 
X 36,300. 
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Figure 21, while cell b suggests an explanation of the lamellar 

pattern seen in cell a and in Figure 20. Cell b is cut in cross 

section. If it were cut in the plane shown by the dotted line, 

the generation of patterns such as that seen in cell a can be 

visualized. This hypothesis was verified by the construction of 

clay models, representing both the peripheral distribution of the 

wild type and the pattern suggested by cell b of figure 21. This 

latter model, when cut in cross section resembled cell b, 

and when cut in longitudnal section, resembled cell a. It was 

not possible to obtain these patterns from cross, longitudnal, or 

tangential sections of models made in the wild type arrangement, 

even when such models were twisted. "Whether such lamellar 

patterns represent genetic change or are within the normal 

range of variability for Anacystis nidulans should be determined 

by growing the cells under a variety of environmental conditions 

and examining thin sections of them. 

Figure 22 shows an cell in the process of division; the 

proliferation of the inner investment is visible, as is the exter

nal constriction of the cell. It can also be seen that the outer 

pliotosynthetic lamellar layers appear to be disintegrating in the 

division region, but at this point the breakdown is incomplete 

in ..one of the inner lamellar layers. Figure 23 shows a cell 

where division is almost complete, but the innermost lamellar 

layer has not broken down and is stretched between the two 

daughter cells. Possibly, this configuration impairs separation 



-a 

b-

Figure 21. A. nidulans, E
9 

Mutant, Unusual Lamellar Pattern, 
TEM X 33,800. 
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in Division, TEN x 35,100. 



Figure 23. 
Cells, TEM 

!· nidulans, E
9 

Mutant, Lamellar Bridge Between Two 
X 96,200. 
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of the daughter cells, and may explain the frequent observation 

of shorter cells attached to the long cells in strain EQ. 

Long sections of filaraents were observed in both strains 

Eg and E^ where there appeared to be no hint of even early 

divisions, suggesting that these strains may be deficient in 

the initiation of the cell division process. Figure 24 shows 

part of a long section through an E filament. Overlapping 

photographs were taken at a higher magnification of a longer portion 

of this cell than appears in Figure 16. The detailed photographs 

do not indicate initiation of constriction of the photosynthetic 

lamellae, or of the constriction of the outer cell boundary, nor 

was any proliferation of the inner investment or invagination of 

the inner membrane visible. It would appear, that at least for 

the length of the cell covered in this section, that the initiat

ion of all of the cell division processes are blocked. This 

appears to be the case in long segments of Eg also. Attached 

daughter cells, or constricted cells that appear to be in the 

process of division, as was seen occasionally in E^ do not appear 

to be evident in the E strain. An exception to this may be seen 

in Figure 25, which reveals a very interesting configuration in 

an E_ cell. In this instance, which was the only one of its kind 

found, a material having the same electron density as the inner 

investment has proliferated just beneath the inner membrane causing 

a wide constriction of the cytoplasm and the outer photosynthetic 

lamellar layer. Regions such as this, would probably not be 
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Fi re 25 ,.. A. nidulans, E3 Mutant, Su~-sur:face Constriction, 
T X 45,600., 
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visible in the light microscope or in the scanning electron 

microscope. Possibly, this represents a proliferation of 

inner investment material central to the inner membrane 

of the cell boundary, or a double inner investment0 The 

inner layers of the photosynthetic lamellae appear to. 

have broken down, although the outer layers have not. 

Figure 26 shows a portion of an E_ cell with whorls 
3 

in the photosynthetic lamellae. These may be analogous 

to the lamellasomes reported by Echlin (1964b) in Anacystis 

nidulans. Figure 27 shows detail.of a similar structure 

in another cell. Neither cell appears to be in the 

process of cell division at these points. It is not clear 

whether Figure 28 represents a cross section of a whorl 

similar to that seen in Figure 27, or whether it is another 

example of the unusual lamellar configuration shown in 

Figure 21. It should be noted that while Echlin has 

reported lamellasomes in the wild strain of Anacystis, the 

present study has revealed such whorls only in the E 
o 

strain. Figure 29 shows deviation from the usual lamellar 

structure seen with the fixation method used in this study, 

which appears as three electron-dense layers, separated 

by two electron transparent layers. Figure 29 shows a whorling 

or aggregation of these layers, resulting at one point, in a total 

thickness of eight electron-dense layers. It is not clear 

whether this represents an aberrant proliferation 
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Figure 26. A. nidulans, E3 Mutant, Lamellar Whorls, TEM x 36,600. 
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Figure 27. A .. nidulans, E3 Mutant, La ellar . orl, TEM 
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Figure 28. !· nidulans, E3 Mutant, Cross Section, TEM x 107,100e 



Figure 29. A. nidulans, E
3 

Mutant, Lamellar Proliferation, TEM 
X 118,300. 
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and stacking of layers at this point , or a whorling 

arrangement with the thalakoid folding back and forth on itself. 

Discussion 

Prom the evidence presented in the elec

tron micrographs, it would appear that each of the mutants 

included in the electron microscopy study are distinct. E^ 

seems to be blocked at a very early stage in the cell division 

process, resulting in almost total impairment of cell division 

initiation. It rarely divides, and presumably filament proliferation 

would be due to random breakage of the single-cell filaments due 

to mechanical force. That such breakage does in fact occur, is 

suggested by the observation of fluor.escent pigments in the growth 

medium after the cells of E , E and other strains of the E, 
3 9 3 

type have been removed by centrifugation. Presumably, leakage of 

cell contents would occur through the broken ends of the fragments. 

It should be noted that pigments were not noted in supernatants 

from wild type cells or the Ej^ class of mutants. 

Eq would appear to have a similar, though less complete y 

block of cell division initiation, as some divisions are seen. A 

possible explanation for the retention of shorterdaughter cells on 

the long filament might be due to slow or incomplete breakdown 

of some of the photosynthetic lamellae, resulting in the lamellae 

themselves aiding in the holding of the two cells together until they 

are separated by mechanical shearing. Broken ends of cells of E^ 
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and in apparently heal readily, as no broken ends were observed 

in this study. 

12^ may be filamentous on agar, due to a very late block 

in the cell division process, resulting in slow or incomplete 

ingrowth of the inner investment between the daughter cells. The 

resulting attachment between the cells must be very tenuous, as 

the cells readily break apart in turbulent culture. 

Eg, while also blocked at a very late stage of division, 

must have a more substantial attachment between the daughter cells 

than E^, as short filaments are observed in turbulent culture. 

This stronger attachment may result from a "cementing effect" 

by an electron-dense substance which appears to proliferate at the 

division point between the inner and cytoplasmic membranes. 

Possibly, this may be a proliferation of inner membrane material 

itself. 

The mutant strains E_ and E_ appear to have abnormally o y 

located and additional layers of photosynthetic lamellae. Whether 

these lamellar differences are within normal variation for Anacystis, 

or are directly related to the block in the initiation of cell 

division, or are a pleiotropic effect of the mutation was 

not determined. It would also appear that while the photosynthetic 

lamellae are generally totally peripheral in Anacystis nidulans, 

this is not universally true, even in the wild type. 



SUMMARY 

1. Methods of culture and handling of Anacystis nidulans 

were discussed and a method of obtaining axenic cultures was 

outlined. 

2<> Autoradiography of the Anacystis genophore patterned 

after the method used in similar studies on E. coli and T 2 

bacteriophage by Cairns was unsuccessful) probably due to the 

fact that thymidineless strains of Anacystis were not available. 

3. Morphological mutants of Anacystis were induced by the 

mutagen nitrosoguanidine«. 

4. Transformation was attempted between wild and mutant 

strains of Anacystis by a variety of methods, including com

petence enhancement by partial degradation of the cell wall 

by lysozyme. Transformation was not observed. The problem 

of competence in bacteria and the blue-green algae was dis

cussed. 

5. Characterization of the morphological mutants was 

performed by scanning and transmission electron microscopy 

and various physiological means. The four mutant strains so 

examined appeared to differ among themselves as to the time, 

nature, or degree of cell division inhibition. Analyses of 

the free amino acid pools did not show conclusive differences 
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between the mutant strains and the wild type. The filamentous 

mutations were found not to be reversible by pantoyl lactone, 

a compound that has been shown to reverse certain filamentous 

mutations in bacteria. The nature of mutation by nitrosoguani.-

dine and the production of filamentous mutants were discussed. 
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